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Preface
Dear readers, the Proceedings volumes you are holding in
your hands were issued within the 16th International Congress
of Speleology (hereafter 16thICS) on July 21–28, 2013 in
Brno, Czech Republic. Let us welcome you to its reading.
In total, over 320 contributions (over 250 oral presentations
and over 70 posters) by more than 750 authors have been
received to be included within the Congress Proceedings.
This represents over 2,300 received e-mails and a similar
number of responses during the last 6 months, approximately
4,300 electronic files and over 1,450 printed pages of the
text. To put it simply, “really, really much interesting stuff
concerned with cave and karst subject”. The author’s
guidelines stipulated that the particular contributions should
not exceed 6 pages of text and we were delighted to find that
most authors prepared contributions close to this upper limit.
Only very few contributions did not exceed one page of text.
This illustrates a clear willingness of the cavers and karst
scientist to share their discoveries and research conclusions.

last mentioned session you can also find a small part devoted
to extraterrestrial karst. Volume I is ended by a relatively large
portion of biology-oriented papers placed within the session
“Biospeleology, Geomicrobiology and Ecology”.

The presented contributions (abstracts/papers) stand for both
oral and poster presentations as indicated in the headings.
Contributions in each session are arranged alphabetically by
the last name of the first author. All contributions were
reviewed from the viewpoint of technical quality and scientific
content by members of the scientific committee and invited
reviewers. The authors had the opportunity to revise their
papers in response to reviewer’s comments and we were
pleased to see that the reviews have improved the clarity and
readability of the contributions. However, profound
improvement of the English language could not be arranged
due to the shortage of time and insufficient human resources;
the authors themselves are therefore responsible for the
linguistic level of their contributions.

Volume III also starts with traditional, heavily attended topics
organized in two sessions: “Karst and Caves in Carbonate
Rocks, Salt and Gypsum” and “Karst and Caves in Other
Rocks, Pseudokarst”. These topics are supplemented by the
related session “Speleogenesis”. This last volume of the
Proceedings is ended by the study of cave minerals, included
in a specific session “Cave Minerals”.

Volume II contains the traditionally heavily attended session
“Exploration and Cave Techniques” and by the related
session “Speleological Research and Activities in Artificial
Underground”. These exploration topics are, we believe,
logically supplemented with contributions from the field of
“Karst and Cave Survey, Mapping and Data Processing”. The
content of the second Volume is completed with a somewhat
more specialized session “Modelling in Karst and Cave
Environments” and with session “Cave Climate and
Paleoclimate Record”. The last mentioned session probably
better fits to the end of Volume III, but it was placed into
Volume II in order to reach balance in the extent of the
individual volumes.

It is clear already from the previous ICS meetings that the
range of the published topics becomes wider and wider,
including localities in the whole world but also – owing to the
access to high-quality spacecraft images – from other
planets. The range of the instrumental, analytical and
software methods employed in cave and karst research is
remarkable and shows that the topic of “cave & karst
exploration“ attracts an ever increasing number of
researchers even from already established scientific
disciplines.

Thirteen thematically different sessions and six special
sessions were scheduled within the call for your contributions
to cover the whole range of subjects to be discussed within
the wide scope of the 16thICS. The low number of
contributions for some of these “detailed” sessions
necessitated their merging with others. As a result, eleven
original and three joint sessions are presented within the
Proceedings. The contributions were grouped into three
separate volumes. The purpose of this arrangement was that
each particular Volume is filled with a certain logical hierarchy
of topics, and that related topics are presented together. It
was also the intention that the content of each Volume is
topically balanced and contains both generally interesting
(popular) topics with rich photographic documentation and
hardcore scientific topics dominated by tables and plots.

Let us also say a few words about the selection of the cover
photos for the Proceedings volumes. The idea was to select
such photos which would best represent all topics (especially
those enjoying the highest interest) in each particular volume
and be of high technical quality. Since we believe the cover
page is a place for a serious presentation of the inner content,
we made our selection from photos used in the presented
papers. In one case the additional photo was requested to
get a better representation of the topic. For our purpose, we
decided to place several photos on the cover page of each
volume. We hope that you enjoy them.
We wish to take this opportunity to apologize for the all
mistakes which might have possibly originated within the
operations with different versions of the manuscripts and
other related files and e-mails which passed through our
computers. We believe that everybody find their interesting
reading in the Proceedings and we wish that the whole
publication (Volumes I–III) becomes a valuable record of the
16th meeting of enthusiasts addicted to the fascination of the
underground world.

Volume I starts with three plenary lectures representing
three global topics related to 16thICS subject. Further it
contains papers concerned with history of research (session
“History of Speleology and Karst Research”), archeology and
paleontology (sessions “Archaeology and Paleontology in
Caves”), topics focused on management and preservation of
caves and karst areas and other social-related aspects
(sessions “Protection and Management of Karst, Education”;
“Karst and Caves: Social Aspects and Other Topics”). In the
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Finally we wish to thank all the authors for their contributions.
Enormous thanks belong to the reviewers and especially
convenors (members of the scientific committee) of the
particular sessions for their time and effort in the
improvement of the overall message of the texts. We also
wish to thank Michal Molhanec who significantly helped with
the on-line form for the contribution submission, to Jiří
Adamovič who repeatedly helped us with the improvement
of our English, and to Jan Spružina, Zdeněk Motyčka, Jana
Holubcová, and Renata Filippi who contributed to the
preparation of the Proceedings.
After the few introductory words, let’s now enjoy the papers
from localities all over the world, presenting all forms of
activities in karst, caves and other related surface and
subsurface environments!

Michal Filippi and Pavel Bosák
Proceedings editors
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FROM OLOMOUC 1973 TO BRNO 2013: A REVIEW OF PROGRESS
IN PHYSICAL SPELEOLOGY DURING THE PAST FORTY YEARS
Derek Ford
School of Geography and Earth Sciences, McMaster University, Canada, dford@mcmaster.ca

In the forty years between the Olomouc and Brno congresses our exploration and knowledge of the world’s natural
solutional caves has increased enormously. There have been exciting new discoveries in every region, with particularly
great expansions in eastern Asia and Latin America. There are 22 mapped cave systems longer than 100 km in the May
2013 list of longest caves (including two that are largely or entirely underwater), and more than 300 longer than 15 km
which is sufficient to provide abundant genetic information. More than 160 caves have been descended to depths greater
than 750 m, twelve of them being > 1,500 m. What has been learned from these advances in caving? This paper presents
the author’s personal assessments of some of the significant advances that have occurred in our understanding of physical
speleology.

1. Speleogenesis

discovered in the past forty years, Lechuguilla (1986) in the
Guadalupe Mountains, New Mexico. The H2S studies have
also drawn our attention to the importance of condensation
corrosion (CO2-driven as well as H2S) in all caves, epigene,
hypogene and marine. I think that understanding is still
lacking for shaft-type hypogene caves and hypogene
solutional overprinting on complex paleokarst such as is
found at Budapest, in the Jewel and Wind maze caves of
South Dakota and in parts of Lechuguilla.

1.1. Meteoric water caves
We have a much better appreciation today of the
morphologic and genetic range of solutional caves that are
found in the karst rocks, and are able to distinguish between
them more clearly. The principal type (quantitatively
dominant in most caving regions) is the unconfined (or
hypergene, epigene) meteoric water cave system. In the
1950s and 1960s the foremost genetic problem was seen to
be the relationship between these systems and local water
tables. This was substantially resolved in 1971 by
recognition that four different basic geometric relationships
can and do occur in Nature, plus combinations of two or
more of them. The 1973 Olomouc congress proceedings
also include a first formal hardware model study of how the
plan patterns of hypergene caves develop. By 1975 physical
model studies of the range of their recharge geometries had
been completed and causes of the development of complex
patterns of passages such as the Holloch, Switzerland, were
well understood. The solution kinetic basis for the
cascading sequences by which such patterns are built was
elucidated in 1977 and after. Later refinements have
emphasized the importance of epiphreatic passage creation
in alpine systems.

1.3. Marine mixing zone caves
A third distinct class of solution caves that we now
recognise is that of fresh water/marine mixing zone cavities.
They have been well explained in a sequence of conceptual
models based on examples in young limestones in the
Caribbean and Pacific. Coastal caves in older, harder and
deformed, limestones tend to be more complex mixtures of
epigene development with marine overprinting related to
changing sea levels.

2. Computer simulations of cave genesis
The advent of much cheaper computing with PCs in the
1980s opened up computer modeling of groundwater flow
and cave genesis in soluble rocks. The early focus was upon
testing the cave plan hardware model results of 1971–5,
which were confirmed and then extended by addition of
local mixing corrosion and other effects. In 1997 addition
of a code allowing standard deviations up to 2.0 about the
mean aperture within a given fracture significantly
advanced our understanding of differences in genesis on
joints and bedding planes. Modeling of cave system
development in depth has not yet been successful because
it has not reproduced the cascading effects. Modeling of
hypogene speleogenesis is in very early stages. A challenge
I propose for future modellers is to take an intersecting 3D
network of fractures and bedding planes with standard
deviations ranging 0.2–2.0 in aperture and attempt to
reproduce the real caves that we climb and crawl in –
computing is so much cheaper now than it was at Olomouc!

1.2. Hypogene caves
Ascending water (hypogene, often thermal) solutional cave
systems are more widespread than was recognised in 1973,
and are now much better differentiated. Understanding of
the role of inter-formational groundwater flow in cavern
morphogenesis has been greatly enhanced by studies in the
giant gypsum maze caves of the Ukraine and Moldavia. At
the Olomouc congress there was discussion of the potential
genetic significance of sulfuric acid produced by oxidation
of pyrite in bedding planes but no real inkling of the
explosion of understanding that was to come after 1978
with recognition of the distinct H2S class of water table
notch caves that may be found in carbonate rocks: work
primarily in the western USA has predominated here,
including perhaps the most spectacular individual cave
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3. Mud and other crud: Clastic deposits in
caves

H2S caves common clay minerals in the limestone may
react with the acid to produce hydrated sulfates such as
alunite, a compact and hard crystalline substance that can
be dated by the 40Ar/39Ar radiometric method. This is a
means of dating the true time of genesis of the host cavity.
It was applied to the H2S caves of the Guadalupe Mountains
in 1997 to show a convincing range of ages, oldest to
youngest, from 12 million years ago down to the present. It
is unfortunate that its geologic range of application is quite
limited – at the present time at least.

Since 1973 there has been an immense amount of new work
on deposits in caves. Neglecting the distinctive facies of
entrance zones, studies of clastic materials (the clay, silt,
sand, pebbles, boulders, etc. that make us happily filthy and
bruised) have largely proceeded along the conventional
lines of sedimentary classification. In the author’s opinion
there are now too many slightly differing classifications
being proposed, newcomers not troubling to familiarise
themselves with the previous literature: UIS might strike a
sub-commission to propose a standard framework, based
on facies concepts for my preference. There has been
distinguished work on the weathering of cave walls and
clastic sediments, particularly in the ancient caves of
Australia and Slovenia. The nature and mechanics of
breakdown are now well understood, chiefly from work in
the USA; this does not make me any less uneasy when
crawling through a boulder choke.

5. Dating and paleo-environmental studies of
calcite and aragonite speleothems
The precise dating of calcite and aragonite stalagmites and
flowstones, and study of the oxygen and carbon isotope,
trace mineral, and other ratios in them to extract past
temperatures and other paleo-environmental information,
has been the principal focus of speleothem studies. 14C
dating was applied first but has a limited time range and
other problems. In 1973 the applicability of what is the chief
method today, 230Th/234U (uranium series) dating had just
been established by a statistically sufficient number of ages
from a handful of labs, with the first geomorphic application
(the age of an antecedent river canyon in the Northwest
Territories, Canada) being published that year. The
230
Th/234U methodology of the time was crude, however,
requiring large amounts of sample with comparatively high
U content and two weeks on a radiation counter to obtain
just one age with ±10 % error. The breakthrough that
launched what must be described as “the modern
bandwagon in speleothem studies” came with successful
application of mass spectrometry to the counting problem,
first for corals in 1986/7 and then for stalagmites (and even
ostrich egg shells) in 1989. Today one gram of sample or
less will suffice, an age can be obtained in as little as twenty
minutes on the machine and the age range of the method is
extended from 350,000 to ~600,000 years B.C.E. The cost
of establishing your lab has increased by an order of
magnitude too, of course.

The physical dating of cave clastic sediments has advanced
in fits and starts. The first major achievement was the
measurement of paleomagnetic profiles in the late 1970s in
clay sediments in Mammoth Cave, Kentucky, which
detected two magnetic reversals and gave an initial and
reasonable chronology for that great system. It has been
extended to Tennessee, and widely applied in central
Europe by a Czech and Slovenian team headed by the
President of this congress. The problem of convincingly
locking the sequence of magnetic excursions and reversals
measured in a cave to the global magnetic record based on
precisely dated lavas remains. More recently “cosmogenic
dose” (or 10Be:26Al) dating of quartz sands and pebbles has
been applied in North America, where it firmed up and
extended the paleomagnetic chronology in Mammoth and
some other caves, and in Siebenhengste in the Alps. The
method is limited to the past five–six million years at
present, and will always give the maximum residence time
for a sample at a given site rather than establish its true time
there: however, it has the greatest promise for clastic dating
at present.

In 1975 the first published U-dated records of O isotope
patterns that extended over one glacial cycle or longer, from
stalagmites from West Virginia and the Canadian Rockies,
showed reasonable correlation with the O isotope
paleoclimate patterns then being discovered in deep sea
sediments. In 1976 the first report on remnants of the
precipitating water in stalagmites (their fluid inclusions)
appeared; “flu inc” studies have continued ever since but
remain tantalising in their promise of precise cave paleotemperatures that never quite convince me. In 1979 it was
shown that many speleothems preserve chemical and
detrital paleomagnetic records, allowing expansion of
measured timescales to 780,000+ years in samples from the
Canadian Rockies and elsewhere. Alternating periods of
growth and then cessation with minor weathering began to
permit better definition of the ice ages in mountain regions.
In the 1980s annual or seasonal banding in stalagmites
began to be recognized via an increasing number of
phenomena. There were lighter-darker calcite pairs in
flowstones deposited in a 19th Century Belgian canal tunnel,
the alternation of calcite and aragonite at microscopic scale

4. Cave minerals
Beyond question, interest in the precipitates in caves has
drawn more scientists into physical speleology than any of
the other subjects discussed above (or, probably, more than
all of them combined). At the 1997 speleo congress at La
Chaux de Fonds, the UIS and National Speleological
Society of America launched “Cave Minerals of the World”,
an international effort involving thirty two contributors
from fifteen different countries. The number of different
minerals confirmed in that volume exceeded 200. There
have been some breathtaking individual discoveries such as
the giant gypsum crystals of Naica Cave, Mexico, the
improbable “Chandeliers” of Lechuguilla, and the
enormous stalagmites and flowstones of the river caves of
China, Malaysia, Laos, etc. Russian speleologists have
taken the lead in describing the ontogeny (competitive
construction of crystals) in calcites, aragonites and gypsum,
Romanian speleologists in studies of ice in caves. Standing
in a class of its own has been the recognition that in some
16

Plenary Lectures

2013 ICS Proceedings

in ‘mites from South Africa indicating wetter and drier
seasons respectively and, most widely applicable, the
demonstration with Bulgarian samples that many
speleothems carry important luminescence signals
originating from soil organic acids. Luminescence studies
yield very high temporal resolution and can bring the
researcher to the interface with biospeleology. Following
the introduction of U series mass spectrometer dating there
has also been an explosion in studies of modern drip rates,
water chemistry and isotopes in caves in many different
environments to better interpret the past deposits. Teams
today seek and find correlations with NAO, El Nino, ENSO
regional climatic events, etc. The statistical analytic
methods being applied have become very sophisticated.

6. Back into “deep time”
In conclusion, it should be recognized that caves are the
longest lasting elements in a landscape because parts of
them are protected inside the host rock. Filled paleokarst
caves are known in Archean and all younger rocks.
Uranium in speleothems in caves will eventually decay to
stable lead. The first successful Pb/U dating of limestones
was reported in the 1980s and was achieved in a speleothem
in 1996. This method can date the oldest rocks and
landforms on Earth. An age of ~90 million years for the
earliest phase of cave development in the Guadalupe
Mountains was published in 2000 and there are hints of
much greater ages from the ancient karst landscapes of
Australia.
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THE MORAVIAN KARST IN THE ANTHROPOLOGICAL PERSPECTIVE
Martin Oliva
Moravian Museum – Anthropos Institute, Zelný trh 6, 659 37 Brno, CZ, moliva@mzm.cz

Although the Moravian Karst is our main karst region with the longest caves, its greatest originality rests in its anthropic
dimensions. The process of prehistoric settlement was influenced by two factors, i.e. positively by a mild climate and
presence of natural shelters, and negatively by the ca 10 km distance from the nearest river. The densest occupation is
documented in the Middle Palaeolithic and in the Magdalenian. Very important for the human image of the Moravian
Karst are also the phenomena relating to the dense settlement of this territory in the historic periods and to the proximity
of Brno city as a centre of research.

1. Introduction

ends represents the first bone tools. There are about one
tenth of retouched implements among ten thousand lithic
artefacts. The prevailing spongolites were brought to the
cave in a slightly modified form; numerous cortical flakes
attest to this. With the exception of local coarse raw
materials, or contrariwise the most distant imports all stone
materials (spongolite, Jurassic chert, quartz and quartzite)
were processed by the same method, mostly until the total
exploitation of the core. However, chopping tools were
manufactured almost exclusively from pebbles of the local
Culmian graywackes. Perhaps the most distant import may
be a handaxe made of Central Slovakian (?) or Hungarian
andesite. Raw materials of a more distant provenance
appear in the form of retouched tools more often. The
eagerly anticipated remains of Neanderthals appeared in the
form of a parietal bone fragment, the right part of upper jaw
with 4 teeth, and 3 deciduous teeth, perhaps lost in
exfoliation. Radiometric date from 49 to 43 thousand years
BP was acquired from burnt bones found near the jaw.

Since this introductory paper deals with humans in the
Moravian Karst, not with its geology and karsology, only
some basic data relating to this region will be mentioned.
The Moravian Karst with the area of 85 square km lies in
the southern part of the Drahany Upland, at the average
height 450 m above sea level. It consists of Devonian
limestones and some of its valleys are filled with Miocene
sediments. It is the largest and most developed karst
territory in the Czech Republic that is divided into three
parts: northern with the underground Punkva River, central
with the Jedovnický and the Křtinský brooks, and southern
with the Říčka Brook (Balák and Flek 2009).

2. The Palaeolithic occupation
In principle, the process of prehistoric settlement was
influenced by two factors, i.e. positively by a mild climate
and negatively by the ca 10 km distance from the nearest
river (the Svitava). Together with non-preservation of intact
ante-Saalian sediments this has caused that the traces of
Lower Palaeolithic are found missing. The oldest finds from
the Kůlna Cave (Fig. 1) originate from the end of the
Saalian glacial period (Valoch 1988). These are several
flakes and cores showing the use of the Levallois reduction
strategy. For the Eemian interglacial there is a rich industry
of the Taubachian occurring, which features microlithic
tools and – apart from the dominant spongolite – a
considerable representation of quartz among the raw
materials. Both of these raw materials occur also in the
immediate vicinity of the cave, although the main sources
of Cretaceous spongolite are located 10 km westward in the
valley of the Svitava River. The third and last Middle
Palaeolithic culture the bearers of which have settled in the
cave is Micoquian. It comprises mainly smaller bifaces with
a thick base, at times of asymmetric shape, bifacial knives
and a number of side scrapers. The oldest layer containing
such implements, i.e. 9b from the transition of Eemian and
lower Vistulian, yielded also 2 leaf points. The richest layer
7a was deposited in a relatively mild climate, although still
much colder than that of today. Reindeer were the main
game animals, and the remains of mammoths (almost
exclusively tusks and molars) probably originated only
from gathering. A great proportion of bones bear traces of
cutting, or were utilised as retouchers. Roughly modified
adzes made of reindeer antlers and a rib with sharpened

Figure 1. Kůlna Cave before the war.

The fauna from the most recent Micoquian layer 6a
indicates very rough (cold and dry) climate. A Neanderthal
mandible and a scarce lithic industry come from the Švédův
stůl Cave in the southern part of the Moravian Karst.
Although the two mentioned cave sites are best known due
to the finds of Neanderthal remains, many more Middle
Palaeolithic localities are found in the open field in the area
of the Boskovice furrow, ca 10–15 km to the west (Bořitov,
Doubravice, Černá hora etc.), where rich outcrops of
spongolite occurred. It is difficult to make an estimate, to
what extent Neanderthals intentionally sought after these
areas of raw material resources, and to what extent it is only
the effect of increased clarity of the remains caused by the
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quantity of chipped raw material.

Palaeolithic civilization, the Magdalenian. Nearly all the
sites are located in the valleys or their parts, through which
some brook flows even. The most important of these are the
Pekárna and the Kůlna caves. Especially the Pekárna Cave
with its quantity of relics and unique works of art counts
among the foremost sites of this culture in general.
Engravings of animals and magical marks on spoon-like
items made of lower jaws of horses and complete scenes
carved into horse ribs belong to unique objects in Europe
(Valoch 2001). Hunter equipment has improved by the
introduction of thrower of spear and harpoon, i.e. a weapon
with a separable point (provided with a blood groove or
backward teeth), which was intended to remain in the
animal body and to cause exhaustion through blood loss.
Although most of the raw materials come from the
glacifluvial sediments in Silesia, the interest in local sources
has revived – a proof of this is an intense production of
blades from the local chert in the so-called Southern branch
inside of the Býčí skála Cave (Oliva 1995). This is why the
absence of any trace of the Magdalenian in the exploitation
area for spongolite in the Boskovická Furrow is surprising,
even more so that open-air settlements are found in the
surroundings of the Moravian Karst. If reindeer and horses
occurred in the valleys and on the plateaus of the Moravian
Karst, they had to move around this area so much the more.

Only a small number of scarce tools, mainly leaf points
discovered in the caves Pod hradem, Rytířská (Fig. 2) and
Pekárna, which apparently served as hunting stations, were
preserved from the Early Upper Palaeolithic period. These
belong to the Szeletian culture, the bearers of which have
probably been Neanderthals still. Just as inconspicuous are
the traces of presence of the so-called mammoth hunters
that rendered Moravia famous through sites like Předmostí
and Dolní Věstonice. In contrast to the preceding cultures,
the Gravettian hunters have not settled in the margins of
uplands, but consistently along rivers to have a view of
broad river valleys. This was probably connected with the
movements of mammoth herds (these pachyderms could
not move very far from rivers because of their large
demands of water) and the need of inter-group
communication of hunter bands during seasonal mammoth
hunts. Large depots of Northern flint attest to such contacts
(Oliva 2007). The local sources of cherts ceased to be of
interest at that time, and the Svitava River valley rising
towards hilly region was not a favourite mammoth corridor.
The radiocarbon dates from the classic phase of the
Gravettian (Pavlovian) originate only from the Pod hradem
Cave, but the associated lithic industry is inconspicuous.
An assemblage with large retouched blades of spongolite
from layer 6a in the Kůlna Cave can be dated as Late
Gravettian, i.e. around 22 thousand years noncal. BP.
Auerochs and bizons were supposed to prevail in the game
fauna but the dates acquired directly from their bones are
much more recent – thus we probably have to do with a
contamination of layers. A roll made of tusk and decorated
with dots and platelets of ivory with parallel grooves were
unearthed during older excavations (Valoch 1988, Fig. 17).

The occupation of the Kůlna Cave has continued until the
Final Palaeolithic (layers 4 and 3: Valoch 1988, 21–24),
whereas for the Mesolithic it has not been corroborated so far.

3. Later prehistoric periods
The Neolithic is only represented by the developed phase
of the Linear Pottery Culture (LBK). The ceramics with the
so-called Notenkopf ornamentation was found mainly in the
caves Výpustek, Barová and Koňská jáma. A shard
depicting a human face originates from the latter situated
in the northern part of the Moravian Karst (Fig. 3). In the
Výpustek Cave, the LBK vessels were found in a very damp
and draughty corridor with a difficult access, i.e. in a place
entirely unsuitable for occupation. Researchers from the
19th century mention thick layers of sinter with fireplaces,
pottery, and animal bones. The effect of the draught has
perhaps fanned the fires during some kind of ceremonies.
One pot contained burnt human bones; therefore this used
to be a burial place as well (Wankel 1871; Hochstetter
1883). Of other Neolithic cultures, the traces of the Late
Lengyel and the Jevišovice cultures occurred in the caves
(Skutil 1970). A pattern carved into the ceiling of the
Southern branch in the Býčí skála Cave discovered by M.
Oliva in 1994 probably dates back to the period of the
Baden culture (Oliva 1995, 36).
In the Bronze age, the stay in the caves can be hardly linked
with aridization, as it is maintained e.g., for the Urnfield
Period (Jäger and Ložek 1978). Exactly the karst areas
belong among the driest; only the interiors of the caves
themselves are humid. Although aridization could have
made the long-term stay in the damper parts of the caves
more pleasant, humans have always avoided occupation of
such caves. The reason to dwell in the inhospitable parts of
the caves could not have been the move of humans after
fertile soil either, especially not within the karst. If the

Figure 2. Leaf point from the Rytířská Cave.

Contrary to Gravettian, the entrance parts of the caves
attracted the reindeer and horse hunters of the last great
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population really suffered from aridity, the dampness of the
karst caverns could have possessed psychic and symbolic
meaning, and some parts of the caves might have become
the scenes of various ceremonies. It is a question whether
reasoning about the purpose of the stay in a cave based on
the character of the objects left behind is indeed as
groundless as it is sometimes stressed. As a rule, most of
the profane functions (as a shelter for shepherds, casual
hunters, woodcutters, outcasts, threatened people) do not
leave behind any pottery, the carrying of which is very
impractical and usually unneeded. It is symptomatic that
exactly the caves most suitable for human occupation yield
very small numbers of such finds. However, vessels of any
kind (drinking cups, bowls for food, storage jars to hold
sacrificed products etc.) were necessary in places, where
some special activity required also formalisation and
representativeness of the equipment. Obviously, such
activity is more likely performing of ceremonies than
occasional overnight stays of several individuals. Pottery is
also important as grave goods, as isolated graves from the
Early (Hadí, Kůlnička caves) and Middle Bronze Age (pod
Kůlničkou Cave) prove (Stuchlík 1981). Therefore, even if
the caves have been used mainly for profane purposes,
which is probable, the majority of the documented finds
would testify to rather non-profane activities, and
archaeological perspective would thus make the rendered
picture markedly distorted. An exception probably is the
Pekárna Cave, situated at the southern margin of the
Moravian Karst, adjacent to the region that used to be
densely settled in prehistoric times. At the times when
people were threatened, they might have taken a refuge in
this prominent and hospitable cave, taking all their
equipment inclusive of utensils with them (Červinka 1926).

a different diameter, men prevail among the dead, the
alleged altar is grinding slabs. J. Nekvasil (1969) has linked
this ceremonial madness with the panic aroused by the
incursions of the Scythians. At present this eerie find is
regarded as a long-term ritual centre, to which crops and
riches used to be brought from far and wide and where
humans, perhaps captives, used to be buried, and maybe
even killed (Parzinger et al. 1995; Golec 2007).
There are no La-Tène finds occurring in the Moravian
Karst, and only a bronze brooch originating from the
Roman period was discovered in the Kůlna Cave
(Podborský 2012).

4. Historical times
In the Old Slavonic period (end of 8th to 11th century)
production of iron developed but settlements were still
missing (Souchopová 1986). The oldest occupation of the
deserted village Bystřec near Jedovnice does not fall before
the 13th century (Belcredi 2006) and was made by colonists
from Lower Austria. The villages in this area were founded
both by the bishops of Olomouc and by the local nobility,
whose fortified castles on the rocks have distinctly marked
the landscape of the Moravian karst. It is clear that the
castles and caves in the deep dry valleys became the refuges
of outlawed knights and brigands. Well known is the
Hladomorna (i.e. Dungeon or Oubliette) Cave connected
by a small corridor in its ceiling with the Holštejn fortified
castle; as late as in the 19th century numerous human bones
inclusive of child bones used to be found there. A medieval
fortification has also been discovered in the big portal-type
Rytířská Cave (the Knight’s Cave). Without doubt, tales
about fairies (e.g., in the Balcarka Cave) and devils emerged
already in the Middle Ages; the activities of the latter within
the karst area are supported by the numerous toponymic
names (e.g., Devil’s Bridge, Devil’s Gate, Devil’s Windows
etc.). Apart from agriculture and pasturage, an important
part of economy continued to be ironmongery. Iron ores
were extracted mainly near the Rudice village, and
ironworks were founded in the towns Adamov and Blansko
in the 19th century. Towards the end of the 19th century,
especially the northern part of the karst was so overgrazed
by sheep that it was reminiscent of the Balkan landscape
(Fig. 4).
The reports by the Renaissance and Baroque scholars
regarding the finds of fossil bones in the cave loam
constituted the early stages of scientific research in the
Moravian Karst. These bones were rightfully considered
very ancient, “antediluvian”, and their curative properties
were likened to the wholesome effect of unicorn bones. In
1669, Johann Hertod of Todtenfeld metered the depth of the
abyss in the Sloupské Caves in the Lord´s Prayers he was
able to recite before the stone he threw reached the bottom.
The first to descend into the Macocha Abyss was the Minorite
Lazarus Schopper in 1723. Johannes A. Nagel, the court
mathematician, set on the journey to the Moravian Karst at
the command of the Holy Roman Emperor Francis I in
1748. The most outstanding caver and speleoarchaeologist
of the 19th century was undoubtedly dr. Jindřich (Heinrich)
Wankel (1821 Prague – 1897 Olomouc), who has proven
the contemporaneity of humans with cave bear and

Figure 3. Shard of LBK wessel with the human face, width 10 cm,
Koňská jáma Cave.

In the Hallstatt Period, the Moravian Karst might have
attracted people as a source of iron ore, although there are
no exploitation or metallurgy activities known from that
period. Among the not too numerous relics from that time
the famous ritual centre in the Býčí skála Cave stands out,
regretfully explored by J. Wankel too early (1871–1873).
The original interpretation of the finder that it is a burial of
a chief on a chariot, accompanied by damaging of property
and human sacrifices, especially of young women, has
gradually been abandoned. Each of the chariot wheels has
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THE CAVES THAT MICROBES BUILT –
THE FRONTIER OF CAVE AND KARST SCIENCE
Annette Summers Engel
University of Tennessee, Department of Earth and Planetary Sciences, Knoxville, Tennessee, 37996 USA,
aengel1@utk.edu
Life in caves can take many forms, from pigmentless, eyeless animals, such as fish, salamanders, spiders, and beetles, to
colorful, passage-covering slime and microbial biofilms floating in water. Cave animals have been the subject of study
since the sixteenth century in Europe and China, although the formal discipline of biospeleology has existed only since
the middle of the nineteenth century. Most biospeleological investigations focus on understanding the distribution of caveadapted animals in the subsurface, their population sizes and dynamics, life cycles, and the genetic basis of adaptation to
darkness and extreme environmental conditions, such as nutrient and energy limitation and oxygen deprivation. However,
there is still much to be learned about obligate cave fauna, nutrient cycling, and cave ecosystem dynamics. Oddly enough,
investigations of the microbial diversity and ecology from cave and karst landscapes could improve our knowledge of life
in caves overall. Early biospeleologists considered microbes that colonized caves to be merely a subset of surface
microorganisms, predominately serving as secondary organic matter degraders and food sources for higher organisms.
The discovery of chemosynthetically-based ecosystems at the deep-sea hydrothermal vents, in groundwater, and in caves,
toppled the dogma that all life on earth was dependent on sunlight. It is now well known that reactive air, water, and rock
interfaces in the subsurface contain abundant and active microbial biomass. Because subsurface habitats can exist for
thousands to millions of years, microbial activities can significantly affect ecosystem development by cycling nutrients
and degrading or producing organic matter that serves as the energetic base of the ecosystem. In essence, these microbial
activities drive the biodiversity we observe in caves today. But, microbial activities also alter solution geochemistry and
overall cave geology by causing rock dissolution or mineral precipitation. Consequently, not only do microbes impact
how cave ecosystems function, as well as how cave-adapted animals likely survive and persist through time, but the actual
habitats themselves are being modified and formed by microbial processes. Current technological and experimental
advances that incorporate metabolic assays, isotopic labeling, and genomic, transcriptomic, and proteomic approaches
now permit the study of microbial diversity and functional activities in ways that were impossible decades ago. Exciting
discoveries will continue to increase our knowledge of cave ecological and geological processes, and eventually lead to
better ways to protect and conserve these novel places.

1. Introduction

speciation of redox-sensitive elements, and the types and
loading of carbon and other nutrients.

The cave habitat is divided into three major zones based on
light intensity: entrance, twilight, and dark zone. Each zone
has specific physicochemical and nutrient conditions that
control the types of organisms present in that zone.
Biospeleologists who first began investigating the life of
caves were predominately interested in the strange and
exotic animals that they found throughout caves.
Troglobites are obligate cave-adapted terrestrial animals,
and stygobites are obligate groundwater-adapted animals.
Obligate cave- and groundwater-adapted animals have
evolved unique characteristics suitable for the subsurface
habitat. Some of the organisms that live in caves and aquifer
are able to move freely in and out of a cave (e.g.,
trogloxenes, such as bats and cave crickets), whereas other
organisms (e.g., microbes) are more likely to be dependent
on transport or translocation to move them into or
throughout a cave.

Figure 1. Water droplets condense on the hydrophobic surfaces of
colorful microbial biofilms on a cave wall in Slovenia.Usually,
such macroscopic biofilms can be white, yellow, orange, or pink
in color, especailly if they are from within the dark zone. If near
the cave entrace, biofilms can have a dark green to pale green and
even purple color. Each of the colors can be correlated to specific
microbial groups.

Cave and karst habitats can have nearly constant
temperatures and stable geochemical conditions, although
some sections of a cave may change rapidly, such as in a
stream due to seasonal or periodic flooding, or even within
the entrance zone from daily changes in light. The diversity
and metabolism of organisms that can and will colonize
these habitats are affected by the juxtaposition of
physicochemical conditions, changes in extreme
circumstances (i.e. during a flood), availability and

In general, cave and karst fauna can have rich diversity, with
representatives of roughly a third of the recognized bacterial
phyla, half of the recognized archaeal phyla, and broad
representation among the microbial eukaryotes, although
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knowledge of microeukaryotic diversity is fairly limited.
Because microbes colonize virtually every surface and
interface with all zones of a cave system (Figure 1),
including in cave streams with dynamic geochemical
interfaces (Figure 2), understanding microbial diversity and
function is central to all of the karst-related sciences.

Prior to the research done in Movile Cave, which also
coincided with the development and application of
molecular genetics techniques in the 1980s and 1990s,
earlier investigators relied heavily on routine methods
developed from medical microbiology. Many microbes
were discovered by these techniques, and for many years
these were the only methods to obtain information about
microbial diversity and nutrient cycling from karst settings.
Nonetheless, even when the metabolic requirements are
known, laboratory enrichment and pure culture isolation has
been difficult because many of the cave and karst habitats
are oligotrophic and culturing selects for fast-growing rather
than slow-growing groups. In fact, it is estimated that less
than 1 % of known microbes are culturable using current
techniques.
More recently, advances in molecular techniques have made
it possible to circumvent culture-based problems and to
identify microorganisms based on the evolutionary
relationships of genes isolated from materials originating
from caves and karst. Unlike animals, microbial
classification is complicated by different levels of genetic
relatedness and the extent of gene flow within and between
taxa (i.e. horizontal gene transfer). This has resulted in a
limited assessment of microbial diversity from caves. Since
the 1990s, cave and karst microbiological studies have kept
pace with new technology and most research has focused
on the census of microorganisms colonizing a particular
habitat. By comparing all of the known gene sequence data
from caves around the world, related microbial groups are
found in geographically separated cave systems. This
suggests that colonization of the subsurface is not an
isolated phenomenon. Consequently, the genetic diversity
of cave and karst microbial communities may be
particularly important to characterize and understand
microbial species and ecotype concepts because of the
global distribution of caves having similar physicochemical constraints from cave zone to cave zone, and from
cave to cave in different regions.

Figure 2. White filamentous microbial mats in the sulfidic cave
stream from Lower Kane Cave, Wyoming (USA). The microbial
mats extend from a spring in the cave for more than 20 m along
the stream.

This extended abstract summarizes a plenary lecture that
highlights the history of cave and karst microbiological
studies, the importance of microbes to cave ecology, and
describes how microbes influence geological and
geochemical processes in caves. The abstract concludes
with future prospects that will continue to push the frontiers
of cave and karst sciences from microbiological research.

2. History of Cave and Karst Microbiological
Studies
The earliest microbiological studies of cave and karst habitats
examined sediment and water by using microscopy or
enrichment and isolation culture-based approaches. From the
1900s–1940s, many cave deposits were considered to have a
microbiological origin, even if researchers could not prove it
until more recently, including cave nitrate (saltpeter or
saltpetre) deposits, carbonate moonmilk, and other
speleothems. Some iron- and sulfur-oxidizing bacteria were
identified from caves, and these groups, specifically sulfuroxidizing bacteria, were implicated in the sulfuric
acid-promoted dissolution of limestone as early as the 1930s.
In the 1960s through 1980s, based on what was known of
microbial diversity from culture-based approaches available
at that time, cave and karst microbes were thought to be a
subset of surface (e.g., soil) microbes flushed into caves from
meteoric drip waters, surface streams and air currents, or
carried into the caves by animals. Consequently, the
ecological role of most microbes in caves was assumed to be
primarily as secondary degraders and food sources for higher
organisms. The role of microbes as primary producers in
caves was not established until the mid-1990s from
geochemical, isotopic, and ecological work done in the
Movile Cave, Romania. The Movile Cave was discovered in
1986, following soon after the discoveries of chemosynthetic
ecosystems at the deep-sea hydrothermal vents.

Recently, new research directions attempt to understand
what microorganisms are doing to the cave physically (e.g.,
geochemical and geological impact) and to the cave
ecosystem functionally. Broadly speaking, however, most
research is still descriptive, using molecular surveys and
culture-based analyses of habitats. The future of cave and
karst microbiology research, and potentially most of the
cave sciences, will improve by connecting phylogeny to
function and by utilizing a combination of culture-,
genomics-, and proteomics-based analyses. Through the
biochemical evaluation of genes, enzymes, and metabolites,
our knowledge of the ways that microbes shape their habitat
and of the role that the cave and karst habitat has in
selecting the metabolic and functional types of microbes
within that habitat will improve.

3. Ecological Roles of Microbes in Caves
Photosynthesis is not possible in the dark zone. Therefore,
most cave and karst ecosystems are assumed to be
dependent on allochthonous material (brought into the
cave) from wind, drip waters percolating through the
epikarst from the surface, stream drainage, or even as
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guano. The most common type of allochthonous material
is as dissolved and particulate organic matter. A range of
allochthonous organic matter can occur in caves, as anyone
knows from encountering leaves, tree trunks, and even
automobiles deep inside caves (Figure 3). In some shallow
cave settings, including in lava tubes, plant roots
(“rootsiscles”) can also penetrate cave passages or aquifers,
which can have rich (micro)biota.

carbon as an autotroph, or assimilating organic carbon
initially produced by autotrophs. Heterotrophs use existing
organic carbon for cellular energy and their carbon sources.

Figure 4. Physella spelunca coexisting with microbial mats in the
sulfidic stream from Lower Kane Cave. The snails have isotopic
compositions that demonstrate they consume carbon sourced from
microbial chemolithoautotrophy.

The physiological mechanisms for capturing chemical
energy are diverse, and the distinction between a
chemosynthetic and a photosynthetic organism is based on
whether the initial energy source comes from inorganic
chemicals (litho) or light (photo). Microbes that gain energy
through chemosynthesis and fix inorganic carbon are
chemolithoautotrophs (literally “self-feeding rock-eaters”).
During chemosynthesis, microbe gain energy by
transferring electrons from one chemical (electron donor)
to another (electron acceptor) that originates from
groundwater or rocks and minerals. Inorganic electron
donors can include, but are not limited to, molecular
hydrogen or reduced sulfur compounds. Microbial
dependence on oxygen is also important. Aerobes require
oxygen, which serves as the terminal electron acceptor for
oxidation of reduced sulfur compounds (e.g., sulfide,
thiosulfate), iron oxidation, or ammonia oxidation. In
reducing environments, anaerobes do not require oxygen,
and use alternative electron acceptors for respiration in the
following order: NO3-  Mn4+  Fe3+  SO42-  CO2.
Consequently, microbial harvesting of energy from rocks
and from water influences the mineralogy of the habitat and
geochemistry of the system. This means that cave and karst
settings provide unique sites to explore geomicrobial
interactions compared to other subsurface environments
because the habitats can be explored by humans or easily
by remotely operated autonomous vehicles.

Figure 3. Pile of organic matter, ranging in size from fine to course
particulate material in a Kentucky (USA) cave entrance. Cavers
are behind the pile for scale. Just like on the surface, where
microorganisms (e.g., bacteria, fungi) are responsible for the
majority of decomposition of organic matter, microbes are also
important to breaking down organic matter in caves.

Microbes are also responsible for processing organic matter,
although the flow of carbon and energy in cave ecosystems
has been poorly investigated compared to open surface
streams. Most microbes in epigenic cave systems are
degraders and food sources for animals. But, since the
1990s, increasing evidence suggests that microbial primary
productivity (i.e. chemosynthesis) augments cave ecosystem
carbon and energy budgets. There are now more than a
dozen caves worldwide, most being hypogenic systems,
where energy sourced from microbial chemolithoautotrophic
primary productivity supports cave ecosystem (Figure 4).
Chemolithoauto-trophy sustains large population densities
of obligate troglobitic and stygobitic animals at several
trophic levels, with Movile Cave being the exemplar
chemolithoauto-trophically-based cave system. If the base
of these ecosystems is impacted, such as from changes in
water quality, then the ecosystems would likely collapse.
This fact makes conserving the entire karst system at the
level of the groundwater basin and watershed, and not just
the cave, critical for protecting these fragile systems.

Although geomicrobial processes have been studied since
the 1900s, recent studies provide evidence that microbes
are responsible for metal and nutrient cycling in caves and
lava tubes, including iron and manganese, nitrogen, sulfur
and carbon, as well as for processes related to mineral (i.e.
carbonate) precipitation and carbonate dissolution in
epigenic and hypogenic systems. For example, microbes
cycling iron and manganese in caves form metal-rich
deposits (Figure 5), and active carbon metabolism (e.g.,
respiration) affects carbonate formation rates of
speleothems. In essence, microbes are responsible for
physically and geochemically shaping their habitats.

4. Geomicrobiology of Caves
Microbes profoundly impact geochemical and geological
processes in karst, even if we currently cannot recognize or
understand all of the microbial geochemical and geological
forces in subsurface settings beyond where we can explore
and experiment. Microbes affect the geological and
geochemical systems due to their metabolism, from
obtaining carbon, along with other nutrients, to gaining
energy. Carbon for cellular growth originates by either
converting inorganic carbon (CO2, HCO3-) to organic
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on limestone over time.
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SPELEOLOGY OF GEORGIA
Lasha Asanidze, Kukuri Tsikarishvili, Nana Bolashvili
TSU, Vakhushti Bagrationi Institute of Geography, 0177, 6 Tamarashvili, Tbilisi, Georgia, asanidze.lasha@yahoo.com
Georgian mountainous karst region is one of the unique in the world. Due to karst-creation standard conditions the
maximum depth of karsting exceeds 4,000 m. The similar hydrogeological potential has only the mountain regions of
Mexico, Indonesia, Turkey and China. According to the data of September 12, 2012, number of researched caves exceeded
1,300 in our country, out of which 820 (63 %) cavities are vertical and 480 (37 %) – subhorizontal. It is remarkable that
out of more than 1,000 m deep 60 karst caves of the world 6 caves are found in Georgia, they are: world # 1 “cavechampion” – Kruber cave (2,197 m deep), Sarma cave (1,830 m), Tovliana-Mezheni cave (1,753 m) Pantiukhin cave
(1,508), Iliukhin cave (1,275 m) and Dzou shaft in Gagra and Bzipi massifs.

1. Introduction

or 6.4 % of the total area of Georgia. According to the
hypsometrical data the karst belt is characterized by a
sharply delineated vertical zonation, from the coastal area
(with its submarine springs) to 2,757.6 m a.s.l. (at the Peak
of Speleologisis on the Arabika Massif).

By an active participation of our expedition groups in
high mountain limestone massifs of Georgia the waterbearing system of Napra-Mchishta (Bzipi massif) was
revealed, which is also one of the deepest (2,345 m) in the
world, whereas the depth of Iliukhin-Reprua (Arabica)
hydrogeological system reached 2,307 m. Today similar
hydrogeological systems can be found only in Mexico
(“Cheve” 2,553 m) and China.

2. Methods
For investigation visual, yearly geomorphological and
climatological observation data were used. According to
them speleological map was composed in GIS system.
Distributions of Georgian caves according to sub provinces
are given.

Lowland karst caves are distinguished mainly by sub
horizontal, watery, often multistory labyrinth caves and
water-abundant karst river outlets including one of the
largest (3,285 m) in capacity (≈1.5 million m3) Akhali Atoni
Cave System and many entries labyrinth type cavity of
Tskhaltubo (Kumistavi) discovered in early 80s, researched
part of which exceeded 15 km.

3. Results and discussion
On the basis of the results of complex geographical and
speleological investigations the karst of Western Georgia is
subdivided into:

Geophysical researches conducted in 1982 proved existence
of unknown (without natural entrance) karst cavities full
of air and water in the amphitheatre-like depression of
the Mchishta at the depth of 50–70 m below surface. In the
300 m long siphon corridor of complex morphology, where
the strong stream of the Mchishta River (9.5 m3/sec. – mean
annual and 200 m3/sec. – during flood, maximum depth of
water reaches 46 m. Such long and deep siphons are very
few in Eurasian continent. Besides, none of the water
abundant underground rivers of Georgia (Mchishta,
Tsachkhura, Tsivtskala et al.) have been studied entirely.

a) the middle and high mountain limestone massifs
(>1,000 m a.s.l.), comprising the Arabika, Bzipi and
Gumishkha high mountain and the Okhachkue, Kvira,
Gaucha, Mingaria, Askhi, Khvamli, Racha and Kudaro
middle mountain limestone massifs;
b) the foothills and intermontane plain (low mountain)
limestone massifs (<1,000 m a.s.l.). From the Gagra area
to the Psirtskha. Gumista, Chaama Tsebelda and Panavi
limestone massifs in Abkhazia; the Urta and Unagira
limestone massifs (Ekismta, Abedati and Nakalakevi) in
Samegrelo; in the Kvemo Imereti region – the SatapliaTskhaltubo and Okriba massifs (Kutaisi-Navenakhevi
and Okriba-Argveta) and the Zemo Imereti structural
plateau together with all of the Chiatura district;

Western Georgia karst outcrops lie along the southern slope
of the Greater Caucasus mountain range extending some
325 km from the Psou River to the Ertso Lake area. The
total area of karst rock outcrop amounts to about 4,475 km2,

c) the clasto-karstic massifs of the plain, represented by the
Bach-Otkhara and Duripshi plateaus, the Jali and
Tsebelda conglomerate massifs (in Abkhazia) and the
vast clasto-karstic regions of Central Samegrelo
(Tintilozov 1976) – (Fig. 1).
According to data available on November 2012, the number
of the caves investigated in Georgia exceeds 1,300, whereas
in the 1960s the number of recorded caves barely exceeded
300 (Kipiani et al. 1966; Tatashidze et al. 2009). The total
length of the explored caves is 240 km and the depth of the
Figure 1. Speleological map of Georgia.
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known systems is more than 61 km. 65,5 % of the caves
investigated lie in the middle and high mountain massifs
(1,900–2,400 m a.s.l.); 30.4 % caves are in the foothills and
intermountain lowland and 4.1 % are developed on the
limestone conglomerates of the plain (Fig. 2).

The most important discovery was made in 1961 in Akhali
Atoni vicinity, when unknown underground emptiness
(void) were found with 50,000 m2 area and 1.5 million m3
volume. Republic authority with recommendation of
management of Institute of geography passed a resolution
for organization of public services and amenities on this
monument. With this resolution was founded further
development of speleo tourism in Georgia.
Significant speleological discoveries were made on
Tskaltubo limestone massif in the beginning of 80th of last
century. Expedition group of institute of geography had
found many entrance labyrinth types Tskaltubo (Kumistavi)
cave system, which now is made for tourists according to
modern standards.

4. Discussion and Conclusions
Figure 2. Speleological map of Georgia.

There are few karst regions on the earth, which
hydrogeological potential is more than 2,000 m. As it is
turned out, there are great perspectives of deep penetration
into the karst provinces of Mexico, Indonesia, India,
Georgia and Turkey. It is proved in our country, yet in 60s
of the last century – in the Arabika limestone massif (in the
range of Gagra) number of deep mines and karst shafts
discovered and partly investigated by Georgian researchers
(Maruashvili et al. 1961; Tintilozov et al. 1965; Kiknadze
1972).

Some 326 caves (67.7 %) out of 480 registered horizontal
caves are about 100 m long. 120 caves (24.9 %) are from
101 m to 500 m. 25 caves (5.4 %) are from 501 m to 2,000
m and 9 caves (2 %) are more than 2,000 m long (Fig. 3).

A valuable contribution was made by the speleosections and
amateur speleologists’ expeditionary units of different cities
of Russia and Ukraine (Voronezh, Dnepropetrovsk, Kiev,
Krasnoyarsk, Moscow, Novokuznetsk, Novosibirsk,
St. Petersburg, Simferopol, Tomsk, Cheliabinsk, etc.) to the
discovery and research of the deepest karst caves of
Georgia. (Iljukhin 1974, 1978; Кasian 2005; Кiselev 1987,
1990).
As it is proved by studies, the limestone massifs of Bzipi
and Arabika (Abkhazia, Georgia), in which the world’s
deepest shafts are formed, are clearly distinguished by the
perspectives of depth penetration (Fig. 5).

Figure 3. Caves according to longitudinal gradation.

Among the 826 vertical caves cuttently registered in
Georgia, 724 (87.6 %) are 100 m deep, 88 (10.6 %) are from
101 m to 500 m deep. 7 (0.9 %) are from 501 m to 1,000 m
deep and 8 (0.9 %) are more than 1,000 m deep (Fig. 4).

Figure 4. Caves according to depth gradation.

In Georgia Interest in caves begins from late past periods,
but for 60th of 20th century in scientific literature only
60 well explored horizontal caves and pits were known
(Kipiani et al. 1974).

Figure 5. Large cave – abysses location scheme on the Bzipi and
Arabika limestone massifs.
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At present there are 89 karst abysses on our planet with the
depth of more than 1,000 m. 17 out of them are located in
Austria, 16 – in Spain, 13 – in Italy, 9 – in Mexico, 7 – in
Georgia, 7 – in Slovenia, 6 – in France, etc. (Gulden
28. 03. 2011). An absolute world record was established
when the record depth of more than 2 km (2,197 m) was
overcome in the Krubera (Voronja) Cave (Abkhazia,
Georgia) on the limestone massif of Arabika.

Nowadays from more than 100,000 karst caves registered
longer than 50 km length are 57, more than 100 km length
are 20 caves. World largest horizontal bottom caves are
Mammoth (USA, length 627.6 km), Jewel (USA, 257.5 km)
and Optymistychna (Ukraine, 236.0 km). Areas of those
massifs, where world’s longest caves are situated quite
smaller than Bzipi (150 km2), Askhi (200 km2) and Arabika
(100 km2) watershed basin areas on western periphery of
Georgian karst zone, where Mchishta, Tsachkhura and
Tsivtskali underground rivers flow (Table 2).

We have basis to assume that development of speleo
investigations in Georgia is optimistic and realistic. From
world’s ten deepest karst caves 4 are situated in Georgia.
First three position occupy Kruber (2,197 m), Sarma
(1,830 m) and “Iluzia-snow-Mejeni” (1,753 m) caves
situated in high mountain limestone massifs (Table 1).

Table 2. Some data about development of world longest caves.
# Cave
name

Table 1. World’s deepest caves (Gulden 2012).
# Cave
name

Depth
(m)

Length
(m)

Country
(Region)

1 Krubera
(Voronja)

2,197

16,058

Georgia
(Abkhazia)

2 Sarma

1,830

6,370

Georgia
(Abkhazia)

3 IllyuziaMezhonnogoSnezhnaya

1,753

24,080

Georgia
(Abkhazia)

4 Lamprechtzofen
Vogelschacht
Weg Schacht

1,632

38,000

Austria
(Salzburg)

5 Gouffre
Mirolda/Lucien
Bouclier

1,626

13,000

France
(Hautle
Savoie)

6 Reseau Jean
Bernard

1,602

20,536

France
(Hautle
Savoie)

7 Torca del Cerro
1,589
delCuevon (T.33)Torca de las
Saxifragas

7,060

Spain
(Asturias)

8 Shakhta
Viacheslav
Pantiukhina

1,508

5,530

Georgia
(Abkhazia)

9 Sima de la
Cornisa – Torca
Magali

1,507

6,435

Spain
(Leon)

1,502

5,291

Slovenia
(Julian Alps)

10 Cehi 2

Current
total
length
(km)

Area of the Maximum
massif
extent
holding the of the massif
cave (km2) (km × km)

1 Mammoth
Cave System
(National Park)

627.6

35–45

10.5 × 8.5

2 Jewel Cave
(National
Monument)

257.5

6.5

6 × 2,5

3 Optymistychna
236.0
(Optimisticeskaja)
(qypsum)

1.5

1.9 × 2.2

4 Mchishta, Georgia

?

200

25 × 25

5 Tsachkhura, Georgia ?

150

10 × 15

6 Tsivtskala, Georgia

100

13 × 11

?

5. Conclusion
An investigation result gives us opportunity to assume
existence of giant cave systems in Georgian abounding
underground river basins. There are several tens unstudied
underground monuments in Apkhazeti, Samegrelo, Racha
and Imereti regions. During the last 50 years a lot of work
was done, but hence we do not know much about Georgian
the most interesting underground phenomena. For
abounding in debit underground basins are still inaccessible
for investigators (Shavtskala, Tsachkhura, Rechkhi and
others)
Studies conducted until present not only confirmed the
prognosis of Georgian researchers about the truly great
prospects of Speleology in our country (Tintilozov 1988;
Tintilozov et al. 1987; Tintilozov et al. 1988; Tatashidze et
al. 1993), but by the obtained results Georgia strongly
embedded among the countries with the first degree speleoresources in the world.

Georgian karst caves are the deeper than the deepest
karst abysses (Lamprechtsofen depth 1,632 m; Mirolda
1,626 m; Jean Bernard 1,602 m), which were assumed as
an “underground poles” for many years.
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The number of caves in Turkey is estimated to about 40,000. Ca. 3,000 of them were investigated by the end of 2012 and
about 200 are studied annually. Cave research in Turkey dates back to 1927 but continuous work began in 1955, when
Temuçin Aygen and his friends initiated the scientific exploration of caves in Turkey. This individual effort continued until
1964, when the Cave Research Society was founded that speeded up cave research once more. Today, caving and cave
science are carried by government research institutes, associations, university clubs and independent groups. Clubs and
associations studying caves decided to form a Federation in 2008 and became the Speleological Federation of Turkey in
2009. The SFT today initiates cave studies and organizes cave rescue and speleological training workshops. With
commissions on cave rescue, documentation, standardization and cave protection, the SFT continues its studies according
to UIS standards.

1. Introduction

deeper caves were initiated.

40 % of Turkey’s surface area consists of carbonate and
sulfate rocks prone to rapid erosion (Nazik et al., 2003).
This shows that Turkey is very rich in terms of karst and
caves. Many authors estimate the total number of caves in
Turkey to be around 40,000. Approximately 3,000 caves
have been studied by the end of 2012.

Until the mid ‘80s only three groups (Cave Research
Association, Boğaziçi University Cave Research Club, and
General Directorate of Mineral Research and Exploration)
carried out speleological research with almost no
communication between the groups; communication was
only among individuals. After the early 1990s when the first
deep cave exploration was done by the Turkish cavers,
caving in Turkey accelerated and new student clubs and
communities were founded.

As all over the world the interest for outdoor sports has
recently increased in Turkey. As a consequence, caving
activities and speleological studies have increased as well.

The First Speleology Symposium in 1990, in İstanbul, was
the first truly national meeting of Turkish cavers. At the
beginning of the symposium the groups had a chance to
introduce themselves and their research. The Cave Research
Community, the Boğaziçi University Cave Research Club,
the General Directorate of Mineral Research and
Exploration, the Nature Researches Association, the
İstanbul Technical University Diving Club and the
Zonguldak Cave Research Club participated in the
symposium. This was the first glimpse on a national
federation but its prospects were not seen promising at that
time. At the end of the symposium it was decided to settle
first for a communication web among cavers.

Here we give a short history of cave studies in Turkey,
followed by an introduction to the Speleological Federation
of Turkey, founded in 2009.

2. The Speleological History in Turkey
In Turkey, cave research started rather late. According to
the records, the first cave study is the one carried out in
1927 by Professor Raymond Hovasse from Istanbul
University in the Yarımburgaz Cave in Istanbul on its
biology (Pancarcı and Ünlü, 2003). The second study was
conducted by Professor Cemal Alagöz from Ankara
University and called “Karst Phenomenon in Turkey”
(Alagöz, 1944). Later in the years 1949 and 1950 K.
Lindberg from Sweden did research on the fauna of some
caves in Anatolia and published it in Annales de Speleologie
in France with the title of “Notes on a few Turkish Caves”
in French (Pancarcı and Ünlü, 2003).

In 1992 the Boğaziçi University Cave Research Club had
an accident in Düdenyayla and the Cave Research
Community joined the group in the rescue. After that the
importance of communication among the groups and the
necessity of a cave rescue group were understood well.
In 1993 a panel was held in İstanbul on the “The problems
of Turkish Caving and Suggested Solutions”. Here a
national union was mentioned for the first time under the
name “Turkish Cavers Union”. As a result of this meeting
the “Turkish Caving Groups Coordination Board” was
founded and the prime goals of the group were defined as
to provide inter-group communication and coordination, to
have a rescue organization, to establish a Turkish cave
inventory and to organize communication with foreign

The first team to investigate a cave in Turkey was that of
Temuçin Aygen and his friends that studied the Konya
Maraspoli Cave in 1955. Until 1965 many caves were
investigated under Aygens leadership. In 1964, upon the
establishment of the Cave Research Society caving studies
speeded up (Pancarcı and Ünlü, 2003). University clubs and
associations founded afterwards increasingly contributed to
the speleology of Turkey. Technical abilities were
developed more and more and serious expeditions into the
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• The Cave Protection Commission determines possible
threats on caves, prepares and performs action plans on
cave protection, and conducts courses on cave protection.

groups because of an increasing number of unauthorized
explorations by foreign cavers.
With the proclamation prepared and presented by the Cave
Research Community and the Boğaziçi University Cave
Research Club during the Second Speleology Symposium
held in Ankara, the foundation of the Turkish Cavers Union
was announced and a legislation proposal was presented.
The association was accepted by the other groups
participating in the symposium. The proposal contained the
definition and the goals of the association, terms of
membership, composition of an executive council, and rules
and missions of the procedure. A short text announcing the
foundation of the association informed caver groups abroad.

• The Training and Documentation Commission keeps
training standards updated, formulates documents and
organizes publications within the federation.
These are the current members of the SFT and the
organizations working in close cooperation with it:
• Mağara Araştırma Derneği (MAD) / Cave Research
Association: It was the first caving organization to be
founded in Turkey, Ankara, 1964. It cooperates with other
clubs during cave expeditions both nationally and
internationally and conducted many cave meetings. It
keeps the Turkish cave inventory and trains new cavers.
It still plays an important role in Turkish caving and is
active in Ankara and Bursa.

The first meeting of the Turkish Cavers Union was held on
14th January, 1995, in Ankara leading to the commissions
on standardization and rescue.
After the meeting in 2004, the work of the Union accelerated.
In regular workshops cave rescue was trained. To some of
these cave rescue teams from Bulgaria, Belgium, France
and Slovenia were invited for cooperation and training.
After the meeting in Eskisehir in 2004, SRT techniques
were practiced in Olympos, Antalya. Following this,
cooperative rescue was trained with Bulgarian cavers in
Oylat, Bursa, in March 2005. Belgian, French, and
Slovenian cave rescue teams were invited at different times
and cooperation and training was organized. These
activities strengthened the Union and meetings were held
annually: İstanbul 2006, Eskişehir 2007, İzmir 2008 and
Antalya at the end of 2008.

• Boğaziçi Üniversitesi Mağara Araştırma Kulübü
(BÜMAK) / Boğaziçi University Cave Research Club:
This is the first university caving club, founded in 1973.
It conducted many successful expeditions into deep caves,
such as reaching the endpoint of Peynirlikönü Düdeni
at 1429 meters depth, still the deepest cave in Turkey. It
is still active in İstanbul.
• Maden Tetkik ve Arama Genel Müdürlüğü
Mağaracılık Birimi (MTA) / General Directorate of
Mineral Research and Exploration Caving Unit: This
is the first governmental speleological organizing,
established in 1978. Until now it is pioneering the Turkish
cave inventory, and provided a great deal of information,
helping other institutions, associations, university clubs
and groups. It is active in Ankara.

During the last general assembly of the Turkish Cavers
Union it was decided to become a federation. As a result,
the Speleological Federation of Turkey was founded
17th November, 2009.

• Hacettepe Üniversitesi Mağara Araştırma Kulübü
(HÜMAK) / Hacettepe University Cave Research
Club: Founded in 1988, it surveyed many caves,
organized symposia and caving photography contests. It
is active in Ankara.

3. Speleological Federation of Turkey (SFT)
The SFT unites caving communities and university clubs.
The SFT’s prime missions are:

• Dokuz Eylül Üniversitesi Mağara Araştırma Kulübü
(DEÜMAK) / Dokuz Eylül University Cave Research
Club: It was founded in 1994 and is active in İzmir.

• To provide communication among caving groups;
• to maintain a national cave rescue team;
• to protect our caves and karst landscapes;
• to defining training standards; and
• to represent Turkish cavers at national and international

• Eskişehir Mağara Araştırma Derneği (ESMAD) /
Eskişehir Cave Research Association: It started cave
research in 1995 and became an institution in 2006. It is
active in Eskişehir.

platforms.

• Ege Üniversitesi Mağara Araştırma Kulübü (EMAK)
/ Ege University Cave Research Club: It was founded
in 1996 and is active in İzmir.

By end of 2012 six associations and nine university clubs
are members of the SFT. In addition the SFT cooperates
with the General Directorate of Mineral Research and
Exploration, the Ministry of Forestry and Water Affairs, and
the Directorate of Nature Conservation and National Parks.

• Toros Mağara Araştırma ve Koruma Derneği
(TAMAK) / Toros Antalya Cave Research and
Conservation Association: It started as Toros Outdoor
Sports in 2002 and became an association in 2008. It is
active in Antalya.

The administrative board of the SFT is formed by
representatives of all associations and university clubs. Its
main duty is coordination among groups. The tasks of the
federation are performed by the following commissions:

• Ankara Üniversitesi Mağara Araştırma Birimi
(ANÜMAB) / Ankara University Cave research Unit:
It was founded in 2004 and is still active in Ankara.

• The Cave Rescue Commission organizes national rescue
trainings, coordinates with national and international
search and rescue organizations and manages S&R
operations in case of caving accidents.

• Akdeniz Üniversitesi Mağara Araştırma Kulübü
(AKÜMAK) / Akdeniz University Cave Research
Club: It was founded in 2006 and is active in Antalya.
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• İstanbul Teknik Üniversitesi Mağara Araştırma
Kulübü (İTÜMAK) / İstanbul University Cave
Research Club: It was founded in 2007 and is active in
İstanbul.

The federation holds regularly a national cave
science symposium. The last one was in Eskişehir,
1st Balkan Speleology Symposium and 6th National
Cave Science Symposium in November 2012.
(www.speleolojisempozyumu.org). Also, the federation
publishes a magazine called SpeleoTurk since 2004.

• Ege Mağara Araştırma Derneği (EGEMAK) / Aegean
Cave Research Association: It was founded in 2008 and
is active in İzmir.
• Boğaziçi Uluslararası mağara araştırma Derneği
(BUMAD) / Boğaziçi International Cave Research
Association: It was founded in 2008 and is active in
İstanbul.
• İzmir Mağara Araştırma Derneği (İZMAD) / İzmir
Cave Research Association: It was founded in 2008 and
is active in İzmir.
• Anadolu Üniversitesi Doğa Sporları Kulübü
(ANADOSK) / Anadolu University Outdoor Sports
Club: It was originally founded in 2000 and established
a caving unit in 2008. It is active in Eskisehir.
• Doğa Koruma ve Milli Parklar Genel Müdürlüğü
Mağara Koruma Birimi (DKMP-MKB) / Directorate
of Nature Conservation and National Parks Cave
Protection Unit: It was founded as a unit affiliated with
the Ministry of Forestry and Water Affairs, in 2008. It is
active in Ankara.

Figure 1. SFT Logo.

The official web site of the SFT is www.tumafed.org. The
logo of the SFT is shown in Figure 1. The contact person
of the SFT is the General Secretary Meltem Pancarcı
(meltempan@yahoo.com, +90 506 3307560).

• Uludağ Üniversitesi Mağara Araştırmaları Topluluğu
(UMAST) / Uludag University Cave Research Group:
It was founded in 2012 and is active in Bursa.
The alphabetical order of clubs and associations in the SFT
are listed in Table 1. These clubs and associations add
nearly 200 caves to the inventory every year during the
expeditions they organize.

4. Summary
Caving and speleological research accelerated noticeably
after the 1990ies in Turkey. Caving associations and
university clubs at first joined under the umbrella of the
Turkish Cavers Union (TCU) in 1998 and then founded the
Speleological Federation of Turkey, 17th November, 2009.
Cave training standards were improved and national
training camps, and workshops and symposia on cave
science were conducted. A group for cave protection was
established and the SFT is working with related ministries
on rewriting cave protection laws in Turkey. Furthermore a
national cave rescue team was established. SFT is open for
cooperation with cavers from abroad.

Table 1. Associations and university clubs in the SFT.
Name

Type

AKÜMAK
ANADOSK
ANÜMAB
BUMAD
BÜMAK
DEÜMAK
EGEMAK
EMAK
ESMAD
HÜMAK
İTÜMAK
İZMAD
MAD
TAMAK
UMAST
Total

Univ. Club
Univ. Club
Univ. Club
Association
Univ. Club
Univ. Club
Association
Univ. Club
Association
Univ. Club
Univ. Club
Association
Association
Association
Univ. Club

Year of
Foundation

No.of
Members

2006
2000
2004
2008
1973
1994
2008
1996
1995
1988
2007
2008
1964
2002
2012

30
11
12
30
60
36
25
45
35
30
42
30
73
16
20
495
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A HISTORICAL DATASET: MARCEL LOUBENS AND THE GOUFFRE DE
LA PIERRE ST. MARTIN
Arrigo A. Cigna
UIS-SSI, Str. Bottino 2, I-14023 Cocconato, Italy, arrigocigna@tiscali.it

This brief article reports about a significant documentation, quite relevant to the history of speleology, eventfully found
quite recently: seventeen photographs, dating back to the 50’s of the last Century, and concerning the incident of Marcel
Loubens in the “Gouffre de la Pierre Saint Martin”.

1. Introduction
Some years ago in a flea market, an envelope with 17
pictures was found, with a written note on it: “Photos sent
by the French Consulate in Florence on May the 17th 1955”.
In June 2012, two commemorative plaques in memory of
Beppo Occhialini and Giulio Racah were set on the wall of
the Corchia Show Cave entrance, the sa called Antro di
Corchia, a cave system in the Apuan Alps (Italy). Occhialini
and Racah carried out many explorations in the Corchia
Cave, during the ‘30s of the last Century. This event called
the attention to the old photos, forgotten in a drawer. It
seems to the owner of the photos rather appropriate to
deliver such memories to the 16th International Congress of
Speleology, especially for their intrinsic historical value.

Figure 2. Marcel Loubens at the entrance of the pothole “Gouffre
de la Pierre St. Martin” in August 1951.

Figure 1. The boundary stone between the French and Spanish
border, which gave the name to the pothole.

Figure 3. The preparation of the Loubens’ rescue inside a
shepherd’s hut.
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Figure 4. After the cable failure and Loubens’ fall, the Lyon scouts
try to descende by ladders (August 1952).

Figure 6. The special container for the recovery of Loubens’ body
is transferred to the camp at the entrance of the doline. In front
Norbert Casteret (right) and José Bidegain, behind Robert Lévi
and George Lépineux.

Figure 5. August 1954: the Loubens’ body recovery operation
starts. Three tons of various equipment are parachuted on the top
of Soum de Lèches. A special container for the recovery of
Loubens’ body was also used.

Figure 7. Robert-J. Lévi (left) and Norbert Casteret (middle).
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Figure 8. The Lyon scouts move from Picq Atheray towards the
pothole for the recovery of Loubens’ body.

Figure 10. Assembling of the winch.

Figure 9. The doline at the top of the pothole.

Figure 11. The engineer Corentin Queffélec at the winch board.
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Figure 12. The preparation for the descent: waterproof caving
suit, helmet and harness.

Figure 14. Jacques Labeyrie descending into the pothole.

Figure 13. Norbert Casteret, the first one to enteri the pothole.

Figure 15. The container for Marcel Loubens’ body descending
the pothole.
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Figure 16. José Bidegain, who will recover Marcel Loubens’ body, going down with his descender.

Figure 17. The first grave of Marcel Loubens with the inscription written by Beppo Occhialini: ICI MARCEL LOUBENS A VEÇU LES
DERNIERS JOURS DE SA VIE COURAGEUSE (Here Marcel Loubens lived the last days of his brave life).
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The Alburni Massif (Campania, southern Italy) is a karst mountain extremely rich in caves and other karst landforms,
situated between the valleys of the rivers Calore and Tanagro. After some initial activities at the turn between the 19th and
20th centuries, systematic speleological explorations were carried out in the early 50s by the Commissione Grotte “Eugenio
Boegan”. During the following decades, the push toward further explorations reduced, until, in the late ‘80s the will to
explore together gave life to AIRES, an association joining cavers from many different grottos. The main outcome of this
co-operation was a book, entirely dedicated to the Alburni caves, which is still today the most important reference to study
the area. In the 90’s, the activities went on, even though not within the framework of a co-operated action. Nevertheless,
several important exploration results were obtained. Recently, it was again decided to make a joint effort in order to better
plan and carry out research in the Alburni; thus, the Alburni Exploration Team was born, and since 2009 all the activities
in the area are duly coordinated, and the news about any discovery is shared with all the interested cavers in real time,
also by means of a dedicated website. The present article describes briefly the history of explorations in the Alburni Massif,
following the main phases of research, and then focusing on the activities carried out in the last years. Aims of the paper
are to present to an international audience the potentials of this karst area, to attract the interest of other cavers, and
disseminate the information about karst and caves of Alburni to the local population, as a fundamental step toward
protection and safeguarding of this precious natural environment.

1. Introduction

and to show the many potentialities it has for further
developments; following a geological and morphological
introduction to the area, the main activities carried out
during the years will be described, and the new (still ongoing) research mentioned, before concluding the article
with future perspectives for caving activity in the area.

The Alburni Massif (Fig. 1) is located in the Apennine
Chain of Italy (Campania region), and represents the most
significant karst area of Southern Italy. The name Alburni
takes its root from a word meaning white, due to the main
color characterizing the area, related to exposure of the
carbonate rocks. The massif has been the object of several
cave expeditions, due to a greawt variety of karst landforms,
including some hundreds of caves. After a period of relative
still in the exploring activities, in recent years a new phase
was started, thanks to the re-established co-operation among
the main grottos working in the area.

2. Geological and morphological setting
The Alburni Massif is in the heart of the Cilento and Vallo
di Diano National Park, between the valleys of the rivers
Calore and Tanagro, and represents a karst ridge extremely
rich in dolines, ponors, caves, and swallow holes. The karst
nature of the area is illustrated by the presence of over 400
caves explored so far (Table 1). Among these, the most

This article describes the history of the main phases of
caving research and exploration in the Alburni Massif,
aimed at highlighting the importance of this karst area,

Figure 1. The Alburni Massif seen from NW (photo: F. Maurano).
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Figure 3. Morphological sketch of the Alburni Massif (after
Santangelo and Santo, 1997). Key: 1) swallow holes along fault
walls; 2) swallow holes in valleys; 3) surface solution shaft; 4)
intrastratal caves; 5) collapse sinkhole; 6) spring; 7) inverse
erosion shaft; 8) cave due to lateral spreading; 9) fossil hanging
phreatic conduits; 10) phreatic conduits related to the present
water table; 11) water table karst conduits; 12) vertical shaft
along fracture; 13) basal spring.

Figure 2. Geological sketch of the study area. Key: 1) alluvial
deposits; 2) debris; 3) lacustrine deposits; 4) conglomerates
(Pliocene); 5) marly limestones and quartz sandstones; 6)
varicoloured clays; 7) limestones and marls; 8) Mesozoic
limestones; 9) dolostones and dolomitic limestones (Upper
Triassic – Jurassic); 10) fault; 11) overthrust.

Location of these springs between elevation from 260 to
70 m a.s.l. shows that the overall thickness of potentially
karstifiable limestones exceeds one thousand meters
(Santangelo and Santo 1997).

famous are represented by the show caves of Castelcivita,
the longest in Southern Italy with a total length of 5.4 km,
and of Pertosa, about 3 km long (Parise 2011). Covering a
total area of about 280 square kilometers, the massif is one
of the many carbonate ridges of Southern Italy, mostly
consisting of limestones and dolomitic limestones
of Mesozoic age, originated in carbonate platform
environments. Karst features are mostly concentrated within
the Cretaceous sequence, with overall thickness over one
thousand meters. Apart from the Mesozoic deposits, more
recent, Miocene terrigenous formations can be found
laterally to the limestones along the sides of the massif, and
as filling materials within structural basins developed at the
highplain.

In addition to classical karst caves in the Mesozoic
limestones, it has to be pointed out that different types of
caves can be observed, which also include those produced
by landslides in the slope breccias deposits (“lateral
spreading caves” according to Santangelo and Santo 1997).
Several caves open in correspondence of swallow holes, as
described by Santangelo and Santo (1997): vertical inputs
from perforated overlying beds, and lateral inputs from
adjacent impervious rocks (contact ponors), represented by
the clays of the Miocene flysch formations. As concerns the
morphological position of the swallow holes, these are
mostly located along fault scarps or at the lowest points of
endorheic valleys and basins.

Table 1. Main caves in the Alburni Massif. The star in the last
column indicates spatial development of the cave.
Cadastral
no.

Name
(m)

Cp 94
Cp 255
Cp 472
Cp 1406
Cp 244
Cp 253
Cp 487
Cp 92
Cp 671
Cp 93
Cp 86

Fumo
Gentili
Piani S. Maria III
Campo
Gatti I
Vitelli
Ossa
Madonna del Monte
Confine II
Melicupolo
Piani S. Maria I

Depth
443
437
422
403
402
385
291
288
266
259
253

Development
(m)
1,590
2,036 *
1,850
1,542 *
657
1,800
250
435
461
154
755

As concerns the geomorphological setting, the Alburni
Massif can be described as a monoclinal structure gently
dipping to the SW; delimited by fault scarps (main systems
N 030°, N 070°, and N 120°), the massif shows a summit
plateau, developed in elevation between 1,000 and 1,500 m
a.s.l., where many closed basins of karst origin can be
identified. A great variety of surface and subterranean karst
landforms has developed in the area, and represents the
main character of this mountain.

Figure 4. Network of the main karst systems in the central sector of
Alburni. Key to symbols: 1) caves (numbers indicate the entry in
the Campania register); 2) main endorheic basins (see Table 2);
3) underground flow direction, by cave explorations and tracing tests.

Basal springs are distributed at the SW and NE sides, with
mean discharges ranging from 3 to 7 m3/sec (Celico 1979).
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Progressive development of erosional processes in many
cases caused the downward migration of the input sites,
which resulted in the presence of both inactive (the oldest
and highest) and active (the youngest and topographically
lowest) ponors. There is an overall dependence of the size
of ponors (and the related subterranean karst systems as
well) with that of the feeding catchments: the dimensions
of the inactive ponors are larger than those of the active
ones, which should derive from wider areas collecting water
and transporting it toward the input points.

entered 300 m into the cave. They were not able to find their
way out, and were rescued only eight days later. One of the
brothers died soon after, and the other went insane.
The Castelcivita karst system became a show cave in 1930,
and two years later also at Pertosa the cave was opened to
the public. At this latter site, however, the first lighting
system was installed only 30 years later, due to a dispute
between the municipalities of Pertosa and Auletta (Russo
et al. 2005; Parise 2011).

Table 2. List of the main caves in the central sector of Alburni Massif (shown in Figure 4), and their main characteristics. In the last
column, the first letter indicates position of the cave access at the valley bottom (v) or along a faults scarp (f), and the second (in upper
case) the endorheic basins, as shown in Figure 4.
Cave no.

Cave

Cp 253
Cp 92
Cp 250
Cp 94
Cp 709
Cp 86
Cp 472
Cp 476
Cp 902
Cp 451
Cp 452
Cp 672
Cp 488
Cp 1145
Cp 98
Cp 671
Cp 102
Cp 222
Cp 105
Cp 480
Cp 481
Cp 487
Cp 255

Vitelli
Madonna del Monte
Fra’ Gentile
Fumo
R. Lombardi
Piani S. Maria I
Piani S. Maria III
Gravaccine
Stretta
La Pila I
La Pila II
Inverno
S. Carpineto
Cavaggione
Confine I
Confine II
Parchitiello I
Parchitiello II
T. Aresta
Varroncelli I
Varroncelli
Ossa
Gentili

Length (m)

Depth (m)

Catchment
basin (km2)

Activity

Location
(see Fig. 4)

1,800
435
335
1,590
108
755
1,850
54
235
700
265
1,420
500
300
240
461
565
4
144
160
100
250
2,036

385
288
232
443
147
253
422
51
113
122
153
201
117
226
216
266
205
7
116
118
127
291
437

0.12
1.14
0.25
0.81
0.37
0.34
0.37
0.23
0.44
0.25
0.27
1.03

inactive
active
inactive
active
inactive
active
active
inactive
inactive
active
active
inactive
active
inactive
active
inactive
active
inactive
inactive
active
inactive
inactive
active

f in A
f in A
f in A
f in A
f in A
f in B
f in B
f in B
f in B
v in C
v in C
f in C
f in C
f in C
f in C
f in C
v in D
v in D
v in D
f in F
f in F
f in F

Karst appears to be controlled by a combination of lithological
and structural features, starting from the local structural
setting and the relationship between bedding and water flow
direction (Fig. 4).

3.2. Beginning of the caving activities
At the beginning of the 1920’s, the Commissione Grotte
“Eugenio Boegan” from Trieste, the oldest grotto in Italy,
began its caving activity in the Alburni Massif. Since that
time, with an increasing pace in the 50’s and 70’s, the
explorations were carried out systematically, producing
remarkable results in terms of numbers of explored caves.
The surveys were published in several articles. These
provided the first documents showing the remarkable
features of the Alburni Massif, and the exploration
potentials of the area (Vianello 1965). Thus, many other
cavers from different parts of Italy became to be interested
to cover this area in their activities.

3. History of explorations
3.1. Man and the caves in the Alburni Massif
Even though with less remains than those found in many
other caves located near the coasts of Campania, some
Alburni caves testify to the frequentation by man since
Paleolithic times (Pellegrini and Piperno 2005). This in
particular occurred for the most accessible sites, located at
the foothills of the massif, and/or close to water sources.

In 1950, the Gruppo Speleologico CAI Napoli began to
work in the area, especially carrying out scuba diving
explorations. The above mentioned grottos were followed
later on by Circolo Speleologico Meridionale and, in the
years 1960–70s, by other grottos from Latium: namely,
Circolo Speleologico Romano and Speleo Club Roma. In
the late ’80s, after some years of minor activity, the change
to new exploration techniques led to abandonment of cable
ladders. Nylon ropes and new, more reliable and lightweight

Apart from the prehistoric frequentations, as concerns the
main topic of this article, that is caving explorations, the
pioneering activity actually began during the 19th century,
and had a tragic end (Boegan and Anelli 1930): in 1889,
two brothers from a nearby town entered the Castelcivita
cave using oil lamps to explore the system, still unknown
at that time. Carbon dioxide from a lateral branch of the
cave system extinguished the lamps after the two had
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Old Mill and Ausino in the Castelcivita territory, and Auso
at S. Angelo a Fasanella. At Castelcivita the first attempts
date back to the ‘60s, but only in the following decade the
research became systematic, thanks to the efforts by CAI
Napoli. A tragic event, however, marked the beginning of a
still period, when in 1973 three divers (Giulio de Julio
Garbrecht, Giandavide Follaca and Sergio Peruzy) lost their
lives at the Old Mill resurgence. After this tragedy, the
scuba diving activity by CAI Napoli re-started only in 2005.
Nevertheless, some activity was produced by other divers
from different parts of Italy: in the early ‘90s a group from
Foligno succeeded to link Castelcivita and Ausino caves. In
about the same years, M. Bollati, L. Casati and J.J. Bollanz
brought the Old Mill explorations to a depth of 117 m, with
an overall development of 450 m. In 2001 the activity went
ahead, again thanks to L. Casati and Z. Zenkak, who were
able to increase the development of the explored cave to
550 m, with a branch rising upward to -85 m.

gear allowed to carry out better explorations within the
abysses of the Alburni Massif.
Three grottos (Gruppo Speleologico Martinese, Gruppo
Speleologico Dauno and Gruppo Speleologico CAI Napoli)
were the most active at that time and began to co-operate
during the explorations. At the same time, they also
produced a survey register, where all the informations about
the outcomes of each survey were recorded. Toward the end
of the ’80s, to stress the joint will to explore together,
AIRES was born, as an association covering different
grottos and aimed at obtaining the best from joint
explorations and researches. In this way, the Alburni Massif
became an important meeting point for all Italian cavers.
The main outcome of this crucial period in the exploration
history of the area is the book “Alburni Mountains –
speleological researches” (Bellucci et al. 1995). It is still
today the main reference for anybody interested in
exploring the Alburni caves. During the middle ‘90s further
cavers are attracted to the Alburni. As a consequence, new
results are obtained in caves such as Grava del Casone
Vecchio, Auletta, Piani di S. Maria, and Grava d’Inverno.
In the time period 1994–96, systematic explorations were
carried out in branches of Grava II dei Gatti, and the overall
cave topography increased three times (from 500 to 1,500 m
of development).

Explorations at the Auso started in the ‘90s and had no
significant outcomes initially. This was due to the
impossibility to open a passage in the slide deposits in the
main basin. During the same years, the lucky discovery by
GS Martinese of an inclined phreatic conduit ending with a
10m-deep shaft flooded at its bottom (Lo Mastro, 2010) has
to be noted. A preliminary inspection, carried out without
the use of tanks, resulted in the identification of a large
passage, with an estimated length of some 30 m. In 1993
R. Onorato and in 1994 M. Diana explored the passage and,
through a large room, came out in another air-filled cavern
leading back to the slide deposits in the basin. The last
explorations are dated 1998, when a team composed of
M. Diana, R. Malatesta and G. Caramanna, entering the
new passage identified in 1994, surveyed about 200 m of
air passage, and found a new submerged gallery of about
30 m, that remained unexplored so far.

In 1997, at Grave del Casone a 140-m deep shaft was found
and explored and new ways of continuation in the karst
system were hypothesized. Unfortunately the following
exploration camps were not able to produce significant
results. During the 1998 summer camp, remains of a cave
bear were found at the grotta Milano; the remains were later
recovered in November 2005 in collaboration with the Earth
Sciences Department of “Federico II” University in Naples
(Meloro 2007).
During the 2001 summer camp the Piani di Santa Maria
karst complex was examined, and previously known caves
were connected (Proietto and Buongiorno 2001). In two
years (2002–2003) exploration activities performed mostly
in winter times were carried out at Grava dell’Auletta by
cavers from Campania, Apulia, Molise, Latium and
Umbria; the exploration efforts allowed to double the
original depth of the cave (Buongiorno 2003; Russo et al.
2003). New caves have been found in the meanwhile (2005)
in the massif, adding further data and information to the
overall evelopment of karst in the area: Grava di Cesare
(23 m deep) and Grava di Matteo (85 m deep).

3.4. The Alburni Exploration Team (AET)
During a national cave meeting in 2008, the idea of joining
again the efforts was shared by cavers from Apulia and
Campania. Immediately after, it was decided to give life to
the Alburni Exploration Team (AET) as a natural followup of AIRES. An important point was the will to directly
involve the local populations, both to disseminate the results
reached and to add further value (that is, the karst caves) to
this territory, very rich of natural beauties.

3.3. Scuba diving explorations
Notwithstanding the huge karst potential in the Alburni
Massif, scuba diving explorations have been limited so far
to a quite small number of caves. This because many sumps
end in lakes of small size, with unpassable narrow conduits,
or water flow moving within passages with gravel and sand
deposits. At this regard, we recall here the dives at Serra
Carpineto and at Falco, carried out between the end of the
‘80s and the early ‘90s by GS Neretino.
Most of the scuba diving explorations, on the other hand,
were interested in the springs located at the massif foothills:

Figure 5. Grava d’Inverno: the meanders in the newly explored
sectors (photo: F. Maurano).
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located. The three caves are likely parts of a single karst
system and should connect to a basal underground river, so
far never reached. With such an aim, detailed surveys
allowed in 2010 to identify an important fault, and a work
of identification and mapping of the dolines in the area
brought to discover what seemed a fossil cave: 30-m deep,
it ended clogged by mud and sediments, but with an open
crack on one side, from which a very strong air current
came out that gave the cave its name: Grotta del Vento
(Wind Cave). The obstacle was finally removed with much
work, reaching new underground void. From there a narrow
passage (passed after many days of hard work), led to a
tectonically-controlled shaft that was estimated to be about
150 m deep. At around half of its depth, the shaft is divided
in two sectors by a wide rock terrace; this passage allows,
on one side, to connect to Grava del Fumo, in a 100 m-deep
shaft (Fig. 7). Thus, Wind Cave is the fossil sector of the
same system of Grava del Fumo.

The main explorations carried out in the last years by AET
are those at Grava d’Inverno, Grava del Campo, Grava dei
Vitelli, and Grotta del Vento.
Tens of cavers have worked in the time period 2006–2008
at Grava d’Inverno, carrying out an exploration that, even
though mostly sub-horizontal, had several degrees of
difficulties due to the many narrow passages, the presence
of mud, and several areas with breakdown deposits.
Nevertheless, the final outcome resulted in greatly
extending the known development of the cave, reaching
201 m of depth, and a length of over 1.4 km, which makes
Grava d’Inverno one of the longest caves in the massif
(Maurano et al. 2009).
Grava del Campo was one of the many swallow holes
clogged by sediments at its bottom; however, a small climb
allowed in August 2008 to find a narrow meander through
which, after a number of steps, a further winding sector,
with sharp bends, was reached. The difficulties to move in
that part of the cave were overcome by the evidence of
further voids ahead, testified by the strong air current. Thus,
after much work to widen the passage, at the end of the
summer 2009 a caver went through and explored alone the
two successive shafts beyond the narrow passage.
Continuing the exploration later resulted in finding
alternating shafts and horizontal passages, until the final
meander, ending in a sump at the depth of 403 m, was
reached. Grava del Campo represents today the fourth
deepest cave in Campania, and is over 1.5 km long.

As demonstrated, even though this area has always been
one of the most frequented by cavers, further possibilities
of explorations still exist, and hopefully will result in the
future to discover and understand the functioning of the
hydrologic system of the Alburni Massif.

4. Conclusions
The Alburni Massif is without any doubt one of the most
remarkable karst areas of Italy and has been too often
underestimated in the past, in terms of it karst potential. The
history of speleology briefly described in this paper
documents that the activities carried out in the area have
often had no continuity, with many efforts produced
individually by small group of cavers. On the other hand,
remarkable results have been reached when carefully
planning the activities (also on a sound scientific basis), and
concentrating the efforts on a single cave or karst system.
In this latter regard, the recent foundation of the Alburni
Exploration Team and the derived will to strongly move
toward a common goal, is very important and hopefully will
yield other, important results in the near future.
At the same time, we would like to close this article by
highlighting a very crucial aspect that so far was never been
dealt with in such a manner: that is, the communication with
the local population. It is aimed at disseminating the results
of the caving activities, by involving as much as possible
the local communities in speleological activities, and in
transferring to them the importance to safeguard and protect
the very peculiar and fragile environment represented by
karst, both at the surface and underground, in an attempt
toward living in a sustainable way in karst areas.

Figure 6. Grava del Campo: coming out from one of the narrow
passages (photo: G. Pinto).

Grava dei Vitelli was discovered in 1962 by CGEB and was
later object (1987–1990) of explorations that brought its
development to 1,880 m, with depth of 385 m (Bellucci et
al. 1995). In 2009, at a depth of 270 m, some cavers have
performed a 30-m high climb, finding new spaces
consisting of meanders and conduits alternating with small
rooms with breakdown deposits and some shafts. After
some 500 mt of development, for a difference in elevation
of +100 m, cavers are today blocked by an intermittent
sump. During the explorations, a remnant of a red deer
antler was found.
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Starting from field observations and analysis of the main
caves in the area, in the last years GS Martinese has worked
in the sector of the massif where three of the most important
caves (Madonna del Monte, Fra’ Gentile, and Fumo) are
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Figure 7. The system Grava del Fumo – Grotta del Vento, that now is the deepest karst cave in Campania (-443 m). Drawing:
O. Lacarbonara.
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1

Miremont-Rouffignac is a horizontal cave, more than 4 km long; it seems like a true maze. Here we present three
unpublished surveys which have been drawn up between ca. 1765 and 1824. They have just been re-discovered and they
are really spectacular. When Martel came to Miremont-Rouffignac in 1893, at least five different maps of the cave had
already been drawn.

1. Introduction

The third map is a bit later. It was surveyed in 1824 by
Fayard, Marty and Fayolle (Fig. 3). It is kept in the public
library in Périgueux. A copy is kept in the Archives of the
Departmental Board at Périgueux (published in Delluc
1987). It is also a large coloured map (71 × 50 cm), with an
interesting attempt to integrate the geometrical map with a
landscape view of the cave entrance.

The cave of Miremont-Rouffignac is known at least since
the end of the XVIth century and was often visited.
Miremont is a horizontal cave, more than 4 km long; it
seems like a true maze in which visitors were afraid of
losing their way. To avoid such accidents, visitors tried to
draw the map of the cave as they advanced further and
further (Delluc, 1981). At the same time, engineers tried to
draw up accurate surveys, possible in an effort to link them
to the surface cadastre.

These coloured maps were made very carefully and
accurately. They are witness of a great semiological
inventiveness in the art of cave mapping: how to link
together map and profiles, how to distinguish dry galleries
and underground rivers, how to draw the cave fillings…

Cave science historians (Bouchereau 1967 and 1970; Bitard
1978; Shaw 1992; Guichard 1993; Choppy 2002) have
noticed for a long time that the cave of Miremont has been
surveyed early on but many questions remained
unanswered. This paper presents three unpublished surveys
which have been drawn up between ca. 1765 and 1824.
These have just been re-discovered and they are really
spectacular.

At least two more surveys were conducted during the XIXth
century: one by Couasnard and Lapradélie in 1840–45 that
was lost and never relocated (quoted by Martel 1894, but
who didn’t see it), another one by the priest Hippolyte
Brugière about 1880. Finally, when Martel came to
Miremont-Rouffignac in 1893, at least five different maps
of the cave had been drawn, an exception in the history of
cave science! Martel, with Rupin and Lalande, spent two
days to draw up even a sixth one (Fig. 4).

2. Three unpublished surveys
The first of these maps is preserved in the French National
Library in Paris; it is an anonymous small map (22 × 16.5 cm),
well coloured. The author of this map has not yet been
identified, neither the circumstances of its survey. The
accuracy of this map is very good, including the narrow access
to the underground little river (Fig. 1).

3. Conclusions
For all these reasons, Miremont-Rouffignac appears to be
a major place in the history of speleological investigations
and especially for cave surveying. Possibly only Postojna
in Europe could be compared with Miremont-Rouffignac.

The second map was discovered in the Archives of the
Departmental Board at Périgueux: larger than the first one
(73 × 51.8 cm), it is a very detailed map, showing 28 cross
sections and a profile of the entrance (Fig. 2). At least two
copies of this map exist and have been published, one by
the local painter Bouquier, the other one by the famous
engineer Bremontier.
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Figure 1. This anonymous little map (22 × 16.5 cm) is preserved in French national Library in Paris. The author has not yet been
identified.

Figure 2. This map has been discovered in the Archives of the Departmental Board at Périgueux (73 × 51.8 cm). It presents a large
map, including 28 cross-sections and a profile of the entrance. The author has not yet been identified.
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Figure 3. This coloured map (71 × 50 cm) has been surveyed in 1824 by Fayard, Marty and Fayolle. It is kept in the public library at
Périgueux (with a copy in the Archives of the Departmental Board at Périgueux).

Figure 4. The map of Miremont-Rouffignac by Martel in 1893. When he came to this cave, at least five different maps of the cave had
already been drawn.
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SPELEOLOGICAL DEVELOPMENTS IN IRAN SINCE ISEI 2008
Saeed Hasheminezhad, Sarah Edalatian Arasteh
Iranian Cavers and Speleologists Association (ICSA), sh_infinite1@yahoo.com

The Iran Speleology Association (ISA) founded by Changiz Sheikhli, a veteran caver, and his friends in 1946 was a head
start in developing the activity of caving and speleology in Iran. It was a small group of cavers but with a respectable
number of achievements. Unfortunately, due to political reasons and war, Iranian cavers became separated from the
international community of cavers resulting in improvised caving and climbing techniques – a dangerous trend that actually
cost several lives.
The International Speleological expedition to Iran (ISEI) in 2008 was a great opportunity for the Iranian cavers to reconnect
their caving community to the international caving and speleological community. Several national cave meetings inspired
by ISEI finally led to the establishment of the Iranian Cavers and Speleologists Association (ICSA) which is considered
the true descendant of the ISA. During the past five years after ISEI 2008 Iranian cavers have made appreciable progress
in caving techniques and the number of cave discoveries and surveys has increased a great deal.
Joining the UIS in 2013 will be the next objective of Iranian cavers and speleologists in the attempt to have more
cooperation with the international caving and speleological society.

1. Introduction
Iran Speleology Association (ISA) founded by Changiz
Sheikhli, a veteran caver, and his friends in 1946 (Fig. 1)
was a head start in developing the activity of caving and
speleology in Iran. It was a small gathering of cavers which
had appreciable achievements. Unfortunately due to
political reasons and war, Iranian cavers got separated from
the international community of cavers which resulted in
improvised climbing techniques in caves – a dangerous
trend which cost several lives.
Figure 2. ISEI2008 logo.

2. Achievements and activities
ISEI 2008 was a gathering of enthusiastic Iranian cavers
which resulted in uniting them nationally. This unity was
first visible five months later in Ghar Baton near Mashhad
at a national gathering of cavers and continued to be felt at
several other similar gatherings in different regions in Iran
until March 2010. Then a national caving gathering led into
a poll to elect the board of founders to establish the Iranian
Cavers and Speleologists Association (ICSA).
Figure 1. ISA board of directors in 1946.

After a year of effort and cooperation the ICSA was finally
registered with the Ministry of Internal Affairs as an NGO,
an event that was celebrated in the presence of more than
100 cavers from different cities of Iran in March 2011 in
Shemshak Hotel near Tehran. There the first ICSA board of
directors was elected, namely:

In 2007, after a visit paid to Iran by Fadi Nader, UIS general
secretary, having a meeting with Ms. Leila Esfandiari, Mr.
AfshinYousefi and Mr. Kazem Faridyan, the countdown
to start a great speleological event began. Damavand
Club sponsored by the Cultural Heritage Organization
hosted 14 members of UIS from five different countries and
the International Speleological Expedition to Iran (ISEI)
was held in 2008 under the excellent joint leadership of Mr.
Javad Nezamdoost and Dr. Fadi Nader (Fig. 2).

Javad Nezamdoost (ICSA President)
Ghasem Ghaderi (Vice President)
Yousef Vaghef (Financier)
Majid Saghafi
Saeed Hasheminezhad
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Figure 3. Iranian cavers’ motto participating in IST200.

The following meetings were held before and after the
official registration of ICSA:
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.

Ghar Baton in Sarayan, Mashhad – March 2009
Ghar Hampoeel in Maragheh, Tabriz – July 2009
IST – Lebanon – September 2009 (Fig. 3)
Ghar Parau, Kermanshah – September 2009
Ghar Yakhmorad, Cave Rescue Maneuver,
Tehran –February 2010
Shemshak Hotel, Tehran – March 2010 (ICSA Board
of Founders Election)
Ghar Hampoeel, Cave Rescue Maneuver, Tabriz –
April 2010
Ghar Qalaichi, Bokan – July 2010
Ghar Jahanbin, Hafshejan – September 2010
(discovering the deepest pit)
Day of Clean Caves – September 2010 (the polluted
caves in 20 different cities were cleaned)
Ghar Angareh-mino, Shiraz – August 2010
Akhlomad Valley, Mashhad, self-rescue gathering –
December 2010
Shemshak Hotel, Tehran – March 2011 (ICSA Board
of Directors Election)
Salt Domes Expedition, Qeshm Island, Shiraz – April
2012

Figure 4. Author descending the first shaft of Ghar Bolour. Photo
by Vahid Ashrafi.

A new development among Iranian cavers is that caves are
now actively searched for in order to discover new caves
and entrances. For example, Ghar Jahanbin was considered
the deepest single pit in Iran 140 m deep. Now a pit 208 m
deep has been discovered and explored! Several further
caves were discovered and surveyed by new cave mappers
based on UIS standards (Fig. 5).
There are now also several active websites and weblogs
concerned with caving and speleology:
Iranspeleo.com
Irancaves.com
Persiancavers.blogfa.com
&…
It is undeniable that it was the great impact of ISEI2008
and following activities which motivated the Iran
Mountaineering and Sport Climbing Federation (IMSF) to
activate its Caving Working Group (CWG). Eight months
after ISEI2008, five trainers were sent to Poland to
participate in a cave training course to learn caving
techniques based on the ones practiced in the world of
caving and to discard the techniques adopted from rock
climbing. Now CWG works as an active department to train
cavers and has a close cooperation with some geologists.
Arranging a cave rescue training for Iranian cavers with
French instructors in September 2012 was another attempt
by IMSF to broaden its technical knowledge base.

During most of these gatherings it was attempted to train
new cavers and familiarize them with caving techniques,
cave mapping and self-rescue techniques (Fig. 4). The
gathering in Shiraz was a great chance to meet and attract
several speleologists and involve them in caving activities,
e.g., Mr. Ezat Raeesi, a well-known Iranian geologist. Mr.
Ghasem Ghaderi, ICSA Vice President, is also a geologist
who is active in training Iranian cavers in geology.
Establishing good relations with cavers and speleologists
of other countries has been a concern from the onset. The
recent cooperation of ICSA cavers with geologists of
Oxford University to visit and sample some Iranian caves
is a good example. Hosting the UIS officers during the Salt
Domes Expedition in 2012 was another example. It was
also a genuine act of assisting and cooperating with Iranian
geo-scientists.

Another achievement of ISEI2008 and the following
activities is the foundation of the National Speleology
Working Group ordered by the President’s Office in 2009.
This working group which considers management of caves
in Iran consists of delegates of several national
organizations. The president of this work group will be
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3. Conclusion

the delegate from the Environmental Conservation
Organization. Although there was first only one seat
reserved for one NGO delegate both the ICSA and the
IMSF now have delegates to represent Iranian cavers.

From the outset it was tried hard to maintain friendly
contacts with cavers world-wide in order to keep Iranian
cavers and caving techniques up-to-date and to keep pace
with international developments. ISEI 2008 was a fruitful
attempt which resulted in practicing modern caving
techniques and putting a distinctive line between caving and
rock climbing in caves!
Recent cooperation of ICSA cavers with geologists of
Oxford University to visit and sample some Iranian caves
as well as hosting the UIS officers during two fruitful
expeditions in Iran have illustrated the Iranian thirst to have
more cooperation with the international caving and
speleological community. Now, after five years, Iranian
speleologists and cavers are ready to join UIS in order to
be an active member country.

Figure 5. Map of Ghar Shamsham, one of the first maps sketched
according to UIS standards.
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50 YEARS OF CAVE RESCUE IN HUNGARY
Gyula Hegedűs
Hungarian Cave Rescue Service, H-1024 Budapest, Keleti Károly u. 15/A, Hungary
H-2092 Budakeszi, Makkosi út 57-59, Hungary, hegedusgyula@t-online.hu

The first registered cave rescue operation in Hungary was in 1927. Later in 1932 a cave rescue accident was the reason to
establish the first Rescue Society of Counties and Cities. Because of the increasing number of cave accidents the Cave
Rescue Service was established within the framework of Hungarian Speleological Society in 1961. The official
establishment gave a significant progress and we begun to develop our common equipment base. A few years later we lost
the Hungarian Speleological Society for the Hungarian Red Cross because of a change in legal background. Joining to the
speleo-education system we published the cavers’ safety regulations in 1983. In the same year we had organized the
5th International Cave Rescue Conference in Aggtelek where 16 countries participated. In 1989 the 10th UIS Congress was
held in Budapest and on that occasion the UIS Cave Rescue Commission held a symposium as a pre-congress event where
21 countries were represented. The legal background had changed again by the end of 1980’s and we left the Hungarian
Red Cross and went under the authority of the Hungarian Nature Friend Federation as a member society. Our legal status
changed into an independent society on the occasion of the political transition and our new name has been Hungarian
Cave Rescue Service (HCRS) since 1991. As an independent organization we have created contracted cooperations with
the Police, Ambulance, Civil Protection, Fire Service, Ministry for Environment Protection, Hungarian Speleological
Society, and Hungarian Nature Friend Federation. Our target was to cover with our activity as large a part of our country
as we could. Therefore we established two country branches: North Hungarian Branch of HCRS with its center at Aggtelek
and South Hungarian Branch of HCRS with its center at Pecs. On the base of the experiences of some cross border rescue
activities we have created close contacts and regular collaborations with Horská Záchranná Služba (HZS) from Slovakia,
Salvaspeo Corsa Romania and Salvamont Bihor also from Romania and Górskie Ochotnicze Pogotowie Ratunkowe
(GOPR) from Poland. In 2007 we organized the 11th International Cave Rescue Conference in Aggtelek again. 26 countries
participated. During the Conference an important document was born: the Aggtelek Agreement. The Hungarian Cave
Rescue Service had celebrated its 50th anniversary of establishment in Pal-volgyi Cave at 29 April, 2011. Now the HCRS
has more than 100 members who are all volunteers and we are able to do a cave rescue operation anywhere in our country
independently of other organizations.

1. Accidents and rescue operations before
HCRS

to find the three scouts. The firemen used a fanfare for the
searching. Because there was no result after 24 hours of
searching, the gendarmerie looked for Lajos Barbie who
knew that cave well. Finally he found the scouts in the part
of the cave which was explored by him six weeks earlier.
That event was the reason to establish the first Rescue
Society of Counties and Cities.

Hubert Kessler is the person who suffered the first
registered cave accident in year 1921. He was 14 years old
when he went alone to a cave with a ladder made from
clothes-rope and broomstick. He had dropped down his
hand light which stopped working. He had no other lighting
equipment, not even a match. He rambled for many hours
and only by luck did he find his way out.

2. Establishment of Cave Rescue Service

The first registered rescue operation occurred in autumn of
1927. Participants of an International Speleological
Congress went to visit Almasi vertical cave in North
Hungary. Hubert Kessler and Gyula Kiss took a metal
ladder into the cave and went down 40 meters and they
waited for the visitors there. One of the 30 participants at
the cave entrance unluckily kicked down a stone that fell
into the cave. Kessler and Kiss leant to the wall but a piece
of the stone hit the back of Kiss who blacked-out. Later he
regained consciousness, but he could not speak and was
helpless. A rope was sent down from the surface and
Kessler made a sitting loop on it and Kiss was pulled up by
the people on the surface.

There are no other large cities in the world where one can
find so many caves which are so easily accessed by public
transport than in Budapest. After the 2nd World War caving
became more popular year to year in the early 1950’s. A
notable step in that progress was the reestablishment of the
Hungarian Speleological Society in 1958. Another
organization for cavers was the Hungarian Nature Friend
Federation. More and more people went cave exploring to
look for some adventure. Caves were open then so it was
easy to enter them. As a result of that popularity children
got lost more frequently. The caves were unknown to police
and the fire brigade so that they regularly asked for help
from experienced cavers. Within a short period of time a
well-functioning alert system was formed between
authorities and cavers. Soon it became clear that a wellorganized rescue team was in need with standard and
experienced members to increase the efficiency of rescue
operations (Taródi 2011).

Later in 1932 seven scouts went to a cave splitting into two
groups close to the entrance. The four-member group came
back to the surface but the three-member group did not. The
four scouts informed the local authority about their lost
friends. The authority sent cavers and firemen into the cave
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It is interesting that the final step in the establishment of the
Cave Rescue Service was a false alert. It concerned two lost
students in April, 1961. Almost all of the cavers were
looking for them for a week without any result. That long
search needed good organization and teamwork. Finally the
two students turned up in Yugoslavia where they went to
leave Hungary for western countries. On purpose they left
false information about themselves that they were in a cave
to deceive the searchers.

search for persons lost in caves. It became a question of
status among cavers to become a member of the Cave
Rescue Service within the caving community. Therefore we
could select the best candidates. It was a peculiarity of that
age that we could not accept those volunteers who had no
access to a phone, so that many able cavers could not
become a member of the Cave Rescue Service.
Some memorable events happened at that time. In autumn
of 1961 three young boys disappeared, but it was not sure
if they were in a cave at all. Fortunately one of their friends
knew about their earlier caving adventures and he called the
Cave Rescue Service. After some questions it became clear
in which cave the boys could be. Four hours after the alert
and six days after the boys disappeared we found them in a
less known passage of the Matyas-Hill Cave. They had
entered the cave with only one electric hand light, but it had
been dropped and crashed. They suffered severely because
of the cold, but more seriously because of lack of water.
They had tried to drink their own urine, but that was not the
solution. Later they heard some water drops and barely
found the source of the noise. They tore out their trouser
pockets, knotted them with laterite and when that became
wet they pressed that water into their mouths. At the time
we found them they already thought that they were
practically dead. They had to stay for one month in hospital
and luckily regained their health.

The lesson was that cavers can be in demand of similar wide
range searches any time. After that operation Dr. Gyorgy
Denes discussed the situation with speleoclubs and
organized the Cave Rescue Service within the framework
of the Hungarian Speleological Society, where he was the
General Secretary at that time.

3. The first two decades (1961–1980)
The official establishment was a significant progress for the
Cave Rescue Service. The Civil Protection gave us a storage
room in mid-1960. Earlier all of us were using our personal
equipment but after the establishment we began developing
our common equipment base. The Police provided
transportation, communication and logistic possibilities
during rescue operations. In return we helped not only the
Police but the Civil Protection and the Fire-service with
search of lost people in difficult places and in case of special
accidents. We began training regularly and learnt first aid
(Fig. 1).

In the same year there was another serious accident when a
young girl suffered a spinal injury in Meteor Cave. We
managed to bring her to the surface and she finished her
caving career as a happy mother a few years later.
In the same cave a young boy fell down about eight meters
suffering a serious head injury. We brought him to the
surface such that his condition did not get worse, but
unfortunately he died in hospital two months later.
The danger of losing orientation was illustrated by an event
which happened in 1975. Four young boys went caving
without notifying anybody and nobody looked for them.
Cavers found them six weeks later and the Cave Rescue
Service could only recover their remains (Fig. 2).

Figure 1. Cave rescuers in the 1960’s.

Figure 2. Recovering four dead boys in 1975.

Because of legal changes we lost the Hungarian
Speleological Society for the Hungarian Red Cross. There
were some serious accidents, but the main activity was to
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4. Next period from 1980 to 1991

The legal background changed again by the end of the
1980’s and the Hungarian Nature Friend Federation took
over the patronage from the Hungarian Red Cross. Our
legal status changed into an independent society on the
occasion of the political transition and our new name is
Hungarian Cave Rescue Service (HCRS) since 1991.

The UIS Cave Rescue Commission held its 4th Conference
in Zakopane (Poland) in 1979 and Hungary was asked to
organize the next Conference due in 1983. At the same time
Dr. Gyorgy Denes was elected as the General Secretary of
the Commission. We decided to organize that event in
Aggtelek. At that time our decision was not risk-free
because political consent was needed for all international
activities, especially to organize an international event.
There was no possibility to ask for that consent in
Zakopane, but we managed to obtain it after we arrived
home.

5. HCRS between 1991–2011
As an independent organization we contracted cooperations
with the police, ambulance, civil protection, Fire
Department, Ministry of Environment Protection,
Hungarian Speleological Society, and Hungarian Nature
Friend Federation. Our target was to serve as large a part of
our country as possible. To do that we established two
country branches: North Hungarian Branch of HCRS with
its center at Aggtelek and South Hungarian Branch of
HCRS based in Pecs (Fig. 4).

The early 1980’s was the period when many caves were
gated. At the same time vertical caving techniques changed
from ladders to using rope techniques. Parallel, a wellorganized speleo-education system came into existence and
we published caving safety regulations in 1983. As a result
of that progress the search for lost children became
less often but injuries often were more serious. So a
reorganization of the Cave Rescue Service became
necessary. We functionally divided our activity into “peace”
and “rescue operation” time. During “peace time” the
president conducted activity democratically but during
rescues the operation leader conducted the activity in
hierarchical order (Horváth 2011).
That was the situation when we began to organize the
5th International Cave Rescue Conference with 16 countries
participating: Austria, Belgium, Bulgaria, Czechoslovakia,
France, Germany, Great-Britain, Hungary, Italy, Portugal,
Romania, Soviet Union, Spain, Switzerland, United-States,
and Yugoslavia. More than 50 presentations concerning
cave-rescue equipment, problems, methodology, first aid,
rescuer training, accident origin statistics and cave rescue
organizations were given. Dr. Gyorgy Denes was elected as
Vice-President (Dénes, 1983).

Figure 4. The branches of HCRS.

In 2002 we had to manage two large rescue operations in
addition to some smaller ones: In the evening of the 25th of
January, 2002, a cave diver had an accident in Rakoczi Cave
of Esztramos Hill, North Hungary. That area is a part of the
Aggtelek National Park. The cave is known since the early
1920’s when it was found by miners. The first survey was
made in 1958. Since that time its exploration has been
almost continuous both above and below the water level.
Nowadays the total length of the passages amounts to 650
meters and the vertical dimension is 87 meters (44 meters
below water level).

The 10th UIS Congress was held in Budapest (Hungary) in
1989 (Hegedűs 1989). On that occasion the UIS Cave
Rescue Commission held a Symposium as a pre-congress
event. 21 countries participated: Australia, Austria,
Belgium, Bulgaria, Canada, Czechoslovakia, France,
Germany, Great-Britain, Greece, Hungary, Italy, Norway,
Poland, Romania, Soviet Union, Spain, Sweden,
Switzerland, Venezuela, and Yugoslavia (Fig. 3).

On that 25th of January ten divers entered the cave for
training and photography, divided into three groups. They
went into different passages of the cave because the cave’s
standing waters does not move and stirred-up mud takes a
long time to settle. Visibility decreases quickly during each
dive. It takes about one month for the water to clear up
again.
The first two groups returned from their dive without any
problem, but one member of the third group lost his way.
He was the last in his group and at a narrow point the
guiding rope slipped from his hand and he could not find
his way in the muddy water. He swam back into clearer
water where he spotted the surface above his head. He rose
up and found himself in a very little chamber, but with
breathable air. It was a totally unknown part of the cave
because the water level was lower than usual and had left
the small chamber high and dry. He dived four times to try
to find his way back, but he did not manage to locate the

Figure 3. André Slagmolen (left) on the Symposium.
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dive line, because the 18 meters deep passage was narrow
with zero visibility and his air reserve was very small.

completely and even joined the HCRS later.
On basis of these across-the-border rescue experiences we
decided to look for formal collaboration possibilities and
currently we have close contacts and a regular collaboration
with Horská Záchranná Služba (HZS) from Slovakia,
Salvaspeo Corsa and Salvamont Bihor from Romania, and
Górskie Ochotnicze Pogotowie Ratunkowe (GOPR) from
Poland (Hegedűs 2011).

The first rescue divers began looking for him immediately,
but they could not find him. Later the rescuers heard his
crying through the cracks of the rock. That was why they
didn’t stop the rescue activity. Soon it became clear that
they needed more people to solve the situation, so they
alerted the Police and the HCRS. The extended rescue
operation began and altogether 289 persons participated
(64 divers – 55 Hungarians, four Slovaks, five Czechs; and
122 cavers – 89 Hungarians, 28 Slovaks, and five Czechs).
There were 286 dives altogether. Fifty-five participants
from police, army, companies, municipalities, authorities,
fire-departments, ambulance, etc. assisted as well (Adamkó
and Hegedűs 2002; Hegedűs 2003).
After 118 hours we rescued the lost diver and brought him
to the surface alive (Fig. 5).

Figure 6. Rescue base in the Bihor Mountains.

In 2007 we organized the 11th International Cave Rescue
Conference in Aggtelek again, with 26 countries
participating (Fig. 7). The main topics were organizational
aspects of cave rescue, contributions of cave rescue squads
to civil protection during disaster, medical aspects from
examples of actual rescue operations, cave rescue exercises
or training courses, equipment and radio transmission
(Hegedűs 2007).
During the Conference an important document was
born: the Aggtelek Agreement. The representatives of the
26 countries agreed on certain basic recommendations
concerning cave rescue operations. The point was to form
rescue teams and to let them operate on a basis legally
approved by state authorities. Thus the document, endorsed
by our speleological federations, may serve as a support
in the negotiations between rescue managers and
administrations (Urbain 2011).

Figure 5. The rescued diver after 118 hours in the cave.

In October of the same year a Hungarian speleogroup with
experienced cavers went into the Valea Rea Cave, Bihor
Mountains, Romania. Their aim was to explore and survey
unknown parts of that cave. At 10 o’clock a.m. of
26th October a 32 year old member was injured by a falling
rock that broke his right leg causing two open traumata.
This happened three kilometers in the cave and 170 meters
below the entrance. The Romanian cave rescuers and the
HCRS were alerted at 2 p.m. At first medical service was
provided to the injured by Romanian and Hungarian
doctors. Finally 26 Romanian, 52 Hungarian and four
Slovak cave rescuers and 14 other supporting organizations
worked for more than 40 hours to bring the victim to the
surface. Aggravating circumstances were bad weather and
heavy rain in the previous days, because the cave itself is a
sinkhole. The rescue base (Fig. 6) was 50 kilometers away
from the nearest village and the cave entrance was eight
kilometers away from the rescue base, a foot-path not
passable for cars.
After the rescuers brought the caver to the cave entrance it
took more than two hours to carry him to the rescue base
by foot. Romanian ambulance was waiting for him and
brought him to the state border where he was put in a
Hungarian ambulance, taking him finally to the hospital.

Figure 7. Stamp issued on occasion of the 11th International Cave
Rescue Conference.

During the Conference Dr. Gyorgy Denes was elected
Honorary President of the UIS Cave Rescue Commission.

Luckily the injured speleologist regained his health
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Today the HCRS has more than 100 members, including
seven medical doctors, plenty of rescue and medical
equipment and material, plus office and storage space. In
this way we are able to conduct cave rescues with an ample
logistic background anywhere in our country independently
of other organizations. We are organizing education and
training on a regular basis. In 2012 we revised the safety
regulations of caving that is a part of the speleo-education
system. The HCRS members are volunteers and most
rescues are on their own cost.
The insurance background of cavers is unsettled in Hungary
even for rescuers during operations. Our financial
background is also unsettled. The number of sponsors is
decreasing from year to year and it is difficult to break even
with the costs of rescue operations. We are trying to find
regular sponsors. We are widening the range of our
activities with others organizations such as the education of
firefighters, search and rescue of lost persons in difficult
terrain, or assisting paragliders in trouble etc.
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ATHANASIUS KIRCHER’S CHAPTER XX
“ABOUT CAVES, FRACTURES AND THE INNUMERABLE PASSAGES OF
THE EARTH” AND THE GROTTO OF ANTIPAROS FROM “MUNDUS
SUBTERRANEUS”, 1678, TRANSLATED FROM LATIN
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The early literature on caves includes also Latin texts. Apart from short notices of caves in Renaissance and Baroque
books, texts dealing with specific caves are rare. Four of those deal with the Baumann’s-Cave, Harz. Those of Eckstorm
(1589, publ. 1620), Lachmund (1669), and von der Hardt (1702) were translated and published by our group; the text
contained in Leibniz’ Protogaea was already published by Engelhard, 1949. Here we report on the translation of a fifth
text, i.e. that of Cornelius Magni describing the first documented visit of the Grotto of Antiparos headed by Count Nointel,
French Ambassador to Constantinople, during Christmas of 1673. It is documented in Mundus Subterraneus by the Jesuit
polyhistorian Athanasius Kircher. In the first edition of his book, 1665, Kircher included only a three-page section on
caves (Lib. 2, Cap. 20) but added Magni’s letter to it in the third edition on 1678 (possibly already in the second edition)
both in Italian and in Latin, thus expanding Cap. 20 to twelve pages. The letter itself, in spite of its length, does not contain
many real details and is therefore given only in summary. We suggest that this letter was of immense value to Kircher, as
it described a real, recently discovered cave. It therefore served to back up his model of the hydrological cycle that
postulated that water was heated by the central fire of Earth and driven up underneath the mountain ranges to feed the
sources of rivers.

1. Latin Cave Texts

earlier by Engelhard (1949) (reproduced in Kempe et al.,
2004). Apart from these texts, several others, albeit short,
Latin texts relate to caves, specifically dealing with the
bones found in the caves, such as Horst (1656). These
sources have been dealt with in Kempe et al. (2005).

Caves caused curiosity early on in the history of science
(e.g., Shaw, 1992). Little known are the early Latin texts
referring to specific caves. The Baumann’s-Cave, Harz,
Germany, one of the best documented caves in early
literature, is the object of several texts in Latin. After
Agricola, Matthesius (citations not fully verified) and
Gesner briefly mentioned the Baumann’s-Cave in the
middle of the 16th century, it was Heinrich Eckstorm who
wrote the first longer report about the cave in 1589 in Latin
(published 1620), albeit without ever visiting the cave. He
was followed by Johannes Letzner who visited the cave in
1599 (or shortly later) who gave the first account in
German. More German descriptions were to follow in the
17th century, notably those published by Merian in 1650 and
1654. In 1669 Lachmund published a short Latin
description in Oryktographia Hildesheimensis, based on a
visit in 1666. Leibniz visited the cave at the end of the
century, but his report was published only 50 years later in
his famous Protogaea, 1749 (Engelhard, 1949). In 1702 the
last of the Latin reports was published by von der Hardt in
Acta eruditorum, the most important German scientific
magazine at that time. It was for the first time accompanied
by a map and longitudinal sections of the cave based on a
rough survey. The detailed description of all the formations
(cross-referenced with the map) established a canon of
curiosities shown to visitors for almost two hundred years.
The map was copied by Leibniz (1749) and Linné (1779).
The texts of Eckstorm, Lachmund and von der Hardt were
translated and published by us (Kempe et al., 2004; refer
also to this paper for references of the publications
mentioned here) while the Leibniz text had been translated

2. Kircher and the Mundus Subterraneus
One further substantial Latin text deals with caves in
general and with one cave in particular (the Grotto of
Antiparos). That text is contained in the famous Mundus
Subterraneus by Athanasius Kircher, first published in 1665
(Fig. 1). G. Naumann and B. Dunsch have translated this
text into German. Its full length will be published
elsewhere, since it is far too long to be reproduced here.
Athanasius Kircher (Fig. 1) was born in Geisa, a small town
in the Rhön/Thüringen/Germany, 26 km NE of Fulda on
May 2nd, 1602 and died November 27th, 1680 in Rome
(Vonderau Museum Fulda, 2003). He was one of the
foremost Jesuit scientists of his day and a true cosmopolitan
and polymath, interested in many different subjects. Kircher
studied at Geisa, Fulda, Paderborn (where a large karstspring may have triggered some of his ideas about the water
cycle and where he joined the Jesuit Order in 1618),
Cologne, Koblenz, Aschaffenburg, Heiligenstadt, Mainz
and Speyer. 1622 he had to escape the approaching
protestant troops under Duke Christian of BraunschweigLüneburg to Cologne. While crossing the frozen Rhine, he
broke through the ice and barely managed to save his life.
In Heiligenstadt, Kircher became a teacher of mathematics,
Hebrew and Syrian and was ordained in 1628. In the
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following year he became professor of mathematics and
ethics at the University of Würzburg. In 1631 Kircher was
forced once more to escape from protestant (Swedish)
troops, and went to Avignon. Then, in 1633 he was
appointed mathematician to the imperial court at Vienna,
but also received a professorship for mathematics, physics
and oriental languages at the Collegium Romanum in
Rome. In 1637 he traveled to Malta, and on his way back
to Rome in 1638 he witnessed the devastation caused by
recent eruptions of Mount Vesuvius (which he also scaled),
again an experience kindling his geological interests. In
1645 he was relieved of his lecture duties to concentrate on
his research and publications. His oeuvre is vast: Between
1631 and 1680 he published 44 books containing enormous
amounts of copper etchings done according to his
instructions. Throughout his life, he corresponded with
hundreds of colleagues, of whom nearly 800 are still known
by name, and he collected all sorts of natural and artificial
objects that were displayed at the Museum Kircherianum
in the Collegium Romanum, a must-see for all visitors of
the Holy City at the time. After the annulment of the Jesuit
Order in 1773, the museum fell into neglect and in 1874 the
remaining items were distributed to other Museums in
Rome, Turin and Florence.

The work is published in folio, containing twelve books
with their titles (abbreviated) and contents (in modern
words) (length according to 3rd ed.):
Volume I:
1. Centrographicus (mathematical geography) 55 pp.
2. Geocosmus (how the Earth functions) 76 pp.
3. Hydrographicus (oceanography) 46 pp.
4. Pyrographicus (volcanology, but also dealing with
winds in a second section) 67 pp.
5. De Lacuum, Fontium, Fluminumque Origine (fresh
water) 68 pp.
6. De Quarto Rerum Naturalium Elemento quam Terram
dicimus (geochemistry) 31 pp.
7. De Mineralium seu Fossilium… Natura (sediments,
soil) 20 pp.
Volume II:
8. De Lapidosa Telluris Substantia (palaeontology,
petrography, mineralogy, gemology and
subterraneous animals, such as dragons, etc.) 124 pp.
9. De Venenosis Lethiferis Fructibus (poisons or deadly
substances: minerals, plants, animals) 56 pp.
10. Metallurgia sive Ars Metallica (metals, mining,
processing) 66 pp.
11. Chymiotechnicus (chemistry and alchemy) 96 pp.
12. Polymechanos (miscellaneous) 161 pp.

Mundus Subterraneus was the only book that saw three
editions during Kircher’s lifetime (1st ed. 1665; Fig. 2). It
encompassed two folio volumes with twelve books. Each
text page has two columns, accompanied by keywords on
both margins (Fig. 3). The 3rd ed. (1678) comprises
346+487 pages. It is available as a one-volume facsimile
reprint since the International Geological Congress in
Florence, 2004. Both editions are also available on the
internet (http://ouhos.org/2011/09/14/athanasius-kirchermundus-subterraneus-1665/).

Book 2 contains the cave texts. The book starts with a view
to the moon and the sun and proceeds with an over-view of
continents, mountains, rivers, and the hydrological cycle.
According to Kircher’s thinking, it was driven by
subterraneous heat: The meteoric origin of ground water
had not yet been discovered. All of the mountain ranges are
thought to contain vast empty spaces that collect water
driven up by heat (Fig. 3).

Even though the title suggests a comprehensive book on
caves, it is actually a textbook on physical geology, dealing
with many aspects of the planet Earth.

Figure 2. Titel of the first edition (1665) of Mundus Subterraneus
(after the original copy owned by the Universitäts- und
Landesbibliothek Darmstadt).

Figure 1. Portrait of Athanasius Kircher when he was 53 years
old. (Source: Wikipedia).
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Similar caverns are supposed to exist underneath the
Himalaya, southern Africa and in the Andes. These central
caves are not the only virtual caves. Kircher postulates the
existence of large subterraneous “canales” that connect
various lakes and marginal seas with each other. One
of these connects the fearsome maelstrom “Vortex
Norwegicus” with a vortex in the “Sinus Bothnicus” below
Norway and Sweden (Figure p. 159, 3rd ed.). Through
another one (“Canalis subterranea in Charybdin”) southern
winds press water underneath Sicilia into the Charybdis, the
famous Homerian current in the Strait of Messina (Figure
p. 101 3rd ed.). Most prominent are “canales” that connect
the Mare Nigrum (Black Sea) with the Mare Caspium
underneath the Caucasus, and it in turn to the Mare
Persicum. Another channel system connects the Mare
Mediterraneum with the Mare Rubrum (Red Sea) along the
later Suez Channel and the Mare Rubrum with the Mare
mortuum Asphalticum (Dead Sea) (“Canalis subterranea
bituminosa”) (Figures on pp. 86 and 87 of 3rd ed.). Since
the Suez Channel has been built and the Red-Dead Channel
is in the planning to halt the further sinking of the Dead Sea
level (e.g., Abu Ghazleh et al., 2009), both of these
“canales” may actually come into existence, albeit not
constructed by nature.

This letter appears to be of such importance that Kircher
published it both in Italian and in Latin.
Magni was the author of several travel books, i.a. of
“Relazione della città d’Athene, colle provincie dell’Attica,
Focia, Beozia, e Negroponte, ne tempi che furono queste
passeggiate da Cornelio Magni L’Anno 1674, Parma 1688”
and “Quanto di più curioso, e vago hà potuto raccorre
Cornelio Magno nel secondo biennio da esso consumato in
viaggi, e dimore per la Turchia, seconda Parte, Parma
1692.”

3. Kircher’s Text on Caves in General
Kircher starts this chapter by citing Jacobus Gaffarellus
(Jacques Gaffarel, 1601–1681; librarian of Cardinal
Richelieu) who, in his work “Mundo Subterraneo”, divided
caves into five categories: Divine, human, animal, natural
and artificial. In detail, the divine group (“Divinas”)
contains caves where angels have appeared (such as the
Grotto on Mons Garganus where St. Michael appeared) or
the Indian Temple caves, the catacombs in Rome, oracle
caves and caves of fauns, dryads and nymphs, among
others. In addition to that, it also contained virtual caves
like those of hell or other religious fictions. The group of
the human caves (“Humanae Cryptae”) comprises grottos
of giants, the Muses or Sybilles, shown in Mediterranean
countries, like in Cumae near Naples. Into this group he also
counts hermitages like the grotto of St. Paul on Malta and
the Cave of St. Beaume (Maria Magdalena) in France.
Animal caves (“Cryptae Brutales”) are dens of lions,
wolves, bears, snakes and dragons, among others. The
natural caves (“Cryptae Naturales”), “which come in many
kinds”, have natural powers associated with them, some of
which are medical; others are full of metallic vapors, fumes
and water, yet others contain ice and crystals like the
one on Mons Seranus. Others are Aeolian, blowing air
or have “resolutiva, restrictiva, congelativa” (dissolving,
adstringent, freezing) powers. The final type (“Artificiales
Cryptae”) contain caves dug by humans, like the grotto
of Posillipo (near Naples) or those near Syracuse, or
underground quarries for marble and other minerals.
In the second part of the chapter he deliberates more on the
natural caves that are those that the “divine wisdom”
installed in the interior of earth for the natural necessities.
Some of those are open to humans at the surface, others are
inaccessibly deep in the interior of the geocosm, coming in
three kinds, internal branching nets of “Hydrophylacia,
Pyrophylacia, Aerophylacia”, i.e. those that contain water,
fire (magma) and air. The multitude of those open to the
surface and leading “into the abysses of bottomless depths”
give rise to the rhetoric question of how many there would
be in the “inner marrow of Earth”? The inherent powers of
some caves derive from those deep in the interior, either
water- or fire-filled, changing in relation to the rocks
through which they rise. Therefore some caves are endowed
with the “succo petrificio”, the petrifying juice (see also
Kempe et al., 2004), turning everything into stone, i.e.
producing speleothems. Others induce the “power of
foresight (as some think)” or cause chastity or libido on the
contrary. Some are narcotic or induce insomnia and others
are full of oil, blood-colored fluids, asphalt, salt, vitriol

Figure 3. Page 71 of the first edition with the etching showing the
Alps and its subterraneous cavity feeding the alpine rivers.

The text relating to “real” caves is found at the end of the
Liber secundus. The “Caput XX, De Antris, Hiatibus, &
innumeris Terrae meatibus” (“Chapter 20, about caves,
cracks and innumerable passages of Earth”) has only three
pages in the first edition of Mundus Subterraneus but
twelve pages in the third edition (pp. 120 to 131). This is
because Kircher added a letter written by Cornelius Magni
from Parma written to him on Naxos on 31st December
1673 (pp. 122–131) about the visit of the Grotto of
Antiparos. Magni was a member of a tour initiated by Count
Nointel, the French ambassador at Constantinople
(Istanbul).
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(“which I remember to have seen”). We know that he has
been to Malta, but he does no mention that he saw the caves
there. Interesting is also the fact that he apparently counts
volcanic conduits (“Pyrophylacia”), into the class of natural
caves.

(nitrates) or naphtha. In any case, it seems as if each cave
has a different character according to the material through
which the channels rise.
In the third part of the chapter Kircher discusses several
caves reported by antique authors, beginning with the
“Specus Corycianus” (near Korghoz, Cilicia, Turkey)
as described by Mela, Solinus, Pliny, and Strabo. This cave
“is larger than can be easily described”. It opens up in
a mountain above the coast, where an abyss leads down
1,500 steps through greenery, ending in a cave with a
mighty river that has not been explored.

4. The Antiparos Letter by C. Magni
The longer part of the chapter XX on caves in the third
edition is devoted to the letter of Cornelius Magni about the
Grotto of Antiparos. In its introduction, Kircher reports how
Magni visited him in Rome, enroute to the orient and how
he urged his friend to send him a report about the cave
because the printer, van Waesberge in Amsterdam, was
waiting for the second edition. This suggests that the letter
was already included in the second edition, whose date of
appearance is, however, still unknown to us.

Next, Kircher cites Aelian’s “Various Histories” and his
description of a plutonic abyss in “Aryan India” (Persia to
India) into which the Indians drive 3,000 (Aelian actually
says 30,000) “various animals, sheep, goats and cattle”.
They cannot be seen at the bottom, but their voices are
heard, and every day more animals are sacrificed.

Magni had in fact written this letter already a few days after
his cave visit, but did not have had the opportunity to
deliver it. It was written in Italian and Kircher reproduces
it both in Italian (left column) and in Latin (right columns).

Another example is the story of a deep pit near to the last
one, related by Seneca in a moralizing context in his
“Natural Questions” (5.15.1), who himself cites, according
to Kircher”, “Asclepiodorus” (in Seneca, correctly,
“Asclepiodotus”). Into it King Philipp II of Macedon sent
miners to explore if “the old greed has left anything for
future generations”. The miners, equipped with material to
last for several days, gave reports of huge rivers and
immense masses of water. Seneca comes to the conclusion,
referred to by Kircher, that the Earth is hollow in many
parts: “Believe that exists below what you see above”.
“Below Earth laws of Nature exist that are less known to
us, but nevertheless existing”. “Just as the ocean spreads
across Earth”, “the interior of Earth has fresh water in
surplus” and even more so, as “Earth opens towards depth”.

Magni starts the letter with an address to “most esteemed
father” and continues to praise extensively his sponsor, the
Count of Nointel (Charles Marie François Olier, Marquis
de Nointel, 1635–1685, Ambassador since October 1670
until 1680 of Ludwig XIV at the court of Mehmed IV., who
reigned 1648–1687 in Constantinople), who invited Magni
to the voyage into the Archipelagos (Aegean Islands, more
specifically the Cyclades). Within two months they visited
Tenedos, Lesbos and Mytilene, Chios and Mykonos, Delos,
the former treasury, the rich Naxos, and finally Paros, that
offers safe and easy anchorage, causing many pirates to stay
there during storms and winter. Once they reached Paros,
the ambassador heard about a gigantic statue in a cave on
the neighboring island, Antiparos (35 km2) and decided to
visit there on December 22nd. The party found a house
where a priest lived, and the Count sent his young librarian
(most likely the orientalist Antoine Galland, 1646–1715,
later famous as the French editor of the stories of 1001
Nights) to reconnoiter. He came back elated, and the Count
immediately left with the party to walk four miles through
plains and hills, reaching a small mountain where they
found the gaping entrance to the cave.

Kircher continues that subterraneous caves are of diverse
shape, caused either by chance or by Nature: Some are very
high, others extensive or of bottomless depth, or have many
entrances. All of them, however, have “nature” as “author”,
endowed with properties almost corresponding to the local
conditions.
After these conclusions Kircher goes back to Strabo and
quotes more reports on caves, namely a cave near Metaurus
that runs underground in a riverbed, then a cave in
Mauretania along the coast, seven stadii, i.e. about 1,330 m,
long, open to tides, and another one 130 stadii, which would
be ca. 25 km, long between Palea and Andeira which was
transgressed by a goat. He then begins to quote more recent
reports, among them the book of the missionary PLro Pais
(Pedro Paez, 1564–1622) who had visited Ethiopia and
written about the sources of the Nile, postulating
subterraneous contacts with those of the Niger. Finally
Kircher turns to Ramusius (Giovanni Battista Ramusio,
1485–1557) and his three volumes on travels. According to
that work gigantic caves collect water underneath the Andes
so that the miners have never heard of anything more
terrible. Among other stories a boat is mentioned, that
traveled 140 miles underground: A story even Kircher
admits not to believe.

Twenty paces in, they came across a gigantic statue, a large
stalagmitic column, twenty hands (ca. 4 m) tall. Depending
on the angle of view, one could recognize a giant, its head
“artfully carved” with forehead, eyes, nose and beard, but
with a body of an “ill-conceived miscarriage”. Behind that,
another, similarly tall column came into view along with
other smaller formations. In the background of this “cave
theatre”, a dark opening, a hole of about three hand-spans
width, was found. The Count inquired from the locals what
was beyond. An 80-year-old man was the only one who
thought that the dark pit would end in an unplumbed lake.
Stones thrown in seemed to vanish after leaving a lot of
noise. The Count then sent one of his sailors down with a
torch. After 15 min, he came back reporting that he had
proceeded 50 feet and had seen many flowstone formations,
of which he brought some pieces. Even though it was
already quite late in the day, Magni also wanted to go down,
and with the help of a rope he climbed “courageously”

One of the interesting conclusions from all these citations
of older sources is that Kircher has not seen many caves
himself. The only one is the Monte Serana cave at
Trevi/Umbria about which he says “me vidisse memini”
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down the first man-high step. Six steps in, he looked up into
the “wide cavity of a cave of enormous extension”
persuading him that “the entire mountain was empty and
cavernous”. His voice would “propagate for more than a
mile” and the many dripstone features would merit a more
intensive inspection. The “slow downward gliding taught
him the immeasurable size” of the abyss, but with trust in
the rope and his sailor-guide he reached a “short, flat, small
room” with another column wrapped with festoons and
tubelets. After his eyes had adjusted, he progressed another
few paces finding himself at a cliff 30 hand-spans deep
(6 m?). Being ordered back, he retraced his steps and
reported to the Count. Since dawn set in, further exploration
was postponed until the following day. On the way back
Magni lost his direction and covered twelve miles instead
of four before reaching the house for the night.

The service started with the Matutin, followed by the
midnight service and, after two hours of rest, by the
morning service. Not much later, the sun hit the entrance of
the cave giving its upper part a golden hue. “A really
exceptionally beautiful sight”, as Magni commented. The
sailors had brought various war-machines and fired those
several times during the “Gloria in excelsis”, both at
nightfall and in the morning. The sound reverberated
through the cave as if it had been produced by large guns.
On the way out to sunlight, they discovered an old, partly
weathered inscription in Greek letters at the entrance. As
much as one could read, it reported about a certain
Antipatros who had come here at the time of Alexander III
of Macedon (356–323 BC). It is not apparent whether they
also visited the cave’s interior. The Count had ordered to
put up an inscription as well to commemorate his own visit.
Magni then wonders why throughout all those years during
which the Venetian fleet had been present nobody had had
the desire to visit the cave.

Next morning His Excellency ordered a ladder, ropes,
sailors, candles, torches and provisions from the “pirate
ships in harbor” at Paros. Back at the cave Magni helped to
rig the entrance with the ladder. Then ten sailors with
candles in their hands were sent in to light the descent. Now
the Count himself climbed down, partly holding on to the
rope, partly being guided and carried by the sailors. He
rested at the place Magni had reached the day before and
inspected all the formations there. Meanwhile the sailors
had descended along different routes and illuminated the
cave, appearing like “the demons that are painted in the
background of images of hell”. After everybody had been
brought down by the ladders, they discovered that they were
standing in a “kind of huge theater” with a rectangular stage
and curtains. The “appearance of these things filled His
Excellency with such enthusiasm that he decided to stay not
only for hours, but for full days and nights”. Furthermore,
he wanted to conduct a Christmas service in the cave. To
this end he ordered 500 wax candles, 20 torches, and a
number of lamps at Paros. Within the theater a frozen mass
15 palms high (1.5 m?) rose, forming a kind of pyramidal
taber-nacle. The altar for the service of the holy night was
to be erected at its foot. The stalagmites nearby served as
torch-holders. Magni takes many sentences to describe the
scenery with all the dripstones and draperies. Some of these
form a “seat or throne” eight palms across (1.6 m?).

Magni then measured the length of rope that was used. It
was 60 sailor paces or Roman cannae long (a Roman canna,
or stick, is 2 to 2.3 m long, the descent therefore had a
length of over 120 m). With this rather scientific remark the
description of the cave ends, followed by a lengthy
explanation of why the letter had been delayed.

5. Further Reports
Cornelius Magni was not the only one to write a report
about this visit. Count Nointel wrote one himself, however
it was only published as late as 1892 by M. H. Omont. This
report is accompanied by two drawings, one of the entrance
and one of the interior of the cave. The second picture
shows how the participants rope down into the cave on the
left, while to the right the Christmas dinner, the altar where
the mess has been read and the night biwak of the
ambassador on the floor are depicted.
The next person to visit the cave and to write about it was
the botanist Joseph Pitton de Tournefort (1656–1707), who
visited the cave in 1700–1702 (Tournefort, 1717) publishing
a picture of its interior.

Meanwhile, many Maltese Knights and others had landed
on Paros and came over to join the service. Three priests
were available as well. One of them had a portable chapel
decorating the altar. The sailors climbed into every corner
to place lights there. One of them discovered a hollow
formation which served as a much admired lamp,
symbollizing the star of Bethlehem. Another formation,
held by two columns, was illuminated and looked like the
crib.

Salmon and van Goch used the Nointel and Tournefort
reports in their treaties on the Ottoman Empire, 1749. It also
contains a copper etching of the grotto, but it appears not
to be based on Nointel’s sketches.
The grotto was therefore well known in the travel literature
of the 18th century when Marie-Gabriel-Florent-Auguste
Comte de Choiseul-Gouffier (1752–1817) visited the cave
in 1776–77 and published three large, superbly done copper
etchings of it in his opulently edited two volume folio opus
“Voyage pittoresque de la Grece” (1782, 1809 and 1822).
The first volume was the result of a geographical
demanding round trip through the Aegean which included
his visit to the Grotto. The first etching contains a map of
the cave including ground view (Fig. 4), longitudinal
section and scale. The second one depicts the entrance of
the cave and the third one a view of the interior. At the
entrance, one can clearly see the rope that helped to descent
the first step as it is wound three times around the corroded
stalagmite. 14 people armed with torches are seen as they

Nevertheless, the bottom of the cave had not yet been
reached. Next to the theater a descent opened up. It was
followed for 50 paces down and led into a small room. Its
floor was not composed of solid marble like elsewhere, but
was so soft due to the water collecting there, that a stick
could be sunk for six or seven hand-spans (1.3 m?). Of all
the wonders of frozen water three or four stones that were
holding each other up were especially remarkable, since
they were covered with protrusions like mushrooms that
“broke at the slightest touch”. The Count collected a certain
amount of them.
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prepare for the adventure, all very lively depicted. Two
locals in costumes are seen standing by, watching the scene
skeptically, one of them smoking a long-stemmed pipe. To
the right a building is seen set into the entrance of the cave.
The picture of the interior shows 17 people; eleven are seen
at a distance working their way down along on ropes and
ladders, six stand at the bottom of the large hall. They are
already occupied with scientific investigations, as is
indicated by the knotted rope of the person to the left and
the sitting figure holding a sheet of paper. A corpulent man
with a mustache, most probably Count Choiseul himself, is
seen en-face, giving orders to the drafter. All visitors wear
either short jackets or long coats, simple trousers or more
stylish knickerbockers and long socks. The realistic
depiction of the stalactites and stalagmites, and their
lighting from the torches is most admirable. More torches
are for later use deposited in the foreground. These etchings
were later copied first by Rosenmüller and Tilesius (1805)
and then by Bertuch in the 6th volume of his famous
“Bilderbuch für Kinder” (1807).

The authors are grateful to Paolo Forti for trading one of
the rare Mundus Subterraneus facsimiles with us.
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Dr. Benno Wolf was the mastermind of German speleology in the pre-World War II time, an eminent speleologist and an
early activist for nature protection. He maintained international connections and was an honorary member of the British
Speleological Association. Dr. Benno Wolf was also an instigator of the German cave registry and in 1923 called for a
uniform, systematic structuring of registry documents. In particular, Dr. Wolf possessed a valuable and extensive private
library of cave literature that served him as the basis for his work on a world cave registry. This was to cost him his life as
the transfer of the Nazi arms production into bomb-proof underground locations awakened the interest of the Nazi
henchmen for his cave material. In spite of being a protestant, Wolf, of Jewish origin, was interred in the concentration
camp Theresienstadt and died there in 1943. Long time forgotten, the most important German caving award today is named
after Dr. Benno Wolf as a symbol of the troubled history of German speleology and environmental protection.

1. Introduction

“Geology’s underlying role in recent events is particularly
apparent because our adversaries have moved below
ground. The military needs “geologic intelligence” on the
locations and characteristics of caves, and on how resistant
tunnel entrances may be to conventional and penetrating
bombs. Geology has become particularly important in the
search for Taliban and Al Qaeda forces in Afghanistan,
where the U.S. Geological Survey (USGS) estimates there
are more than 10,000 caves, both natural and manmade.”
(Leith 2009).

“Those expert at preparing defenses consider it
fundamental to rely on the strengths of such obstacles as
mountains, rivers and foothills. They make it possible for
the enemy to know where to attack. They secretly conceal
themselves under the nine-layer ground.”(Tu Yu, A.D.
735–812; from Leith 2009).
Battles were fought in various geographical and geological
settings since mankind invented arms (Underwood and
Guth 1998; Rose and Nathanail 2000; Zečević and
Jungwirth 2007). In the course of World Wars I and II and
the following Cold War, the role of Military Geosciences
became more and more important.

In Military Speleology, the role of caving clubs and cave
registries is of interest. Much has been written on military
geologists and their work, but the active or passive role of
cavers and caving clubs and the use or misuse of their cave
registries in Military Geosciences is often unclear. The
secret services of many countries are active in collecting
“Mil-Geo” and cave data (Knolle 2011). One of the most
interesting and tragic cases of this kind is the speleological
work of Dr. Benno Wolf, his life and his death in a Nazi
concentration camp (KZ).

According to Tietze (1993), Military Geography can be
regarded as “Security Geography” and characterises the
simplest and most deep-seated relationship man has with
his living space, the desire to protect it from other men or
to aggressively acquire new land from other people.
Understanding of terrain becomes in this instance a
powerful weapon. Thus, Military Geography can be
considered as a form of applied geography, understood here
in its widest sense, including cartography, climatology,
geology, geomorphology, geodesy, remote sensing etc. and
the whole spectrum of human geography (Tietze 1993).

2. Who was Dr. Benno Wolf?
Benno Wolf was born 1871 in Dresden, Germany. He had
Jewish ancestors but he and his parents – both physicians –
were christened Protestants. Wolf studied law in Berlin
where he also passed his state examination in 1895. In the
same year he also obtained his PhD in Leipzig. In 1908, he
became a judge at the district court at Elberfeld. Later on,
Wolf moved to Berlin, where he functioned as a judge at
the court Berlin II. From 1912 on, Wolf additionally worked
for the Prussian nature conservation bureau with a focus on
legal questions.

Military Karstology and Speleology play a special role in
karst areas. Day (2004, 2010), Kranj and Travassos (2009),
Travassos (2009), Lučić and Travassos (2010) and
Travassos (2012) discuss examples of military use of karst
and caves in Jamaica, Slovenia, Bosnia and Herzegovina,
and other parts of the world. Since Military Geosciences
started to develop, researching the underground cavities
serving as potential shelters to regular armies, guerrillas,
armament factories or storages and civilian population came
into the military-strategic focus.

Since 1898, Wolf was intensively involved in caving and
cave research and soon became a well known speleologist.
Not only were his achievements in the technology of cave
exploration noteworthy as being ahead of his time, for
example in Slovenian vertical caves, where he was member

Osama bin Laden and the recent military actions in
Afghanistan have brought into the public’s eye the
landscapes, but also the geology and caves of this country.
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of the caving clubs Hades and Touristi Triestini, but he was
also recognised as an authority in scientific cave research
and had many national and international contacts.
In Berlin, Dr. Benno Wolf had attracted as an interdisciplinary
net-worker a group of nature conservationists, geo and bioscientists as well as patrons and supporters, and inspired
them with his enthusiasm for cave research. He was present
when the Hauptverband Deutscher Höhlenforscher (Main
Association of German Speleologists) was founded in 1922
in the Steiermark (Styria/Austria). Dr. Wolf was even
elected as its first Vice President. Back in Berlin he founded
in addition the Gesellschaft für Höhlenforschung und
Höhlenkunde Berlin (Society for Cave Research and
Speleology Berlin) in 1923. Dr. Wolf was elected as the first
secretary of the society (Wolf 1924). Its membership list is
a venerable who-is-who of the speleological network that
Wolf initiated, including such prominent names as Dr.
Walther Arndt, Prof. Dr. Barsch, Dr. Kurd v. Bülow, Prof.
Dr. Ludwig Diels, Prof. Dr. Paul Dienst, Prof. Fraatz, Prof.
Dr. Götze, Prof. Dr. Otto Hamann, Dr. Max Hilzheimer,
Prof. Dr. Krause, Prof. Dr. Paul Krusch, Prof. Dr. Georg
Kyrle, Prof. Dr. Lehmann, Prof. Dr. Nöller, Dr. Werner
Paeckelmann, Prof. Dr. Josef Pompecky (then 1st President
of the society), Prof. Dr. Arthur Schlossmann, Prof. Dr.
Walther Schoenichen, Dr. Walter Schriel, Dipl.-Ing.
Friedrich Stolberg, Prof. Dr. Weissermel, Prof. Dr. Fritz
Wiegers, Prof. Dr. Wunstorf, Prof. Dr. Ernst Zimmermann
and institutions including the Zoologisches Institut und
Museum der Universität Berlin and the Staatliche Stelle für
Naturdenkmalpflege. Wolf had also won the support of
sponsors and promoters such as the factory owner Heinrich
Kortkampf and the factory director Ludwig Posselt. Even
the cave administration of the Heimkehle (Southern Harz
Mts.) became a member, not knowing that the cave would
be acquired later by the Nazi armament.

Figure 1. Dr. Benno Wolf, about 1930. Photo F. Mühlhofer.

Wolf edited the Mitteilungen über Höhlen- und
Karstforschung, the journal of the Hauptverband Deutscher
Höhlenforscher, until 1937 and was the Chairman of the
Hauptverband for many years. To avoid endangering the
Association with too much political exposure, Wolf had
turned the chairmanship over to his most active patron, the
factory owner Julius Riemer, before it was too late. But of
course everyone knew that Wolf was still the inofficial head
of the German cave researchers (Kater 2006; Knolle 2012).
In May 1941, all German and Austrian speleological clubs
were forced to merge and to form a “Reichsbund für Karstund Höhlenforschung” in Salzburg. This new Reichsbund
stood under the direct influence of the SS-Ahnenerbe
organisation. From now on Dr. Benno Wolf was left more
or less on his own.

Dr. Benno Wolf was also an instigator of the German cave
registry and had begun calling for a uniform, systematic
structuring of registry documents in 1923. In particular,
Wolf possessed a valuable and extensive private library of
cave literature that served him as the basis for his work on
a world cave registry – a project hardly thinkable today.
This work was to cost him his life as the transfer of the Nazi
arms production into bomb-proof underground locations
awakened the interest of the Nazi henchmen for his cave
material.

In order to confiscate Wolf’s library of cave literature for
the SS Ahnenerbe cave research institute and its armament
goals, Wolf, aged 71, was arrested by the Gestapo on July
6, 1942, and deported on the 17th Elderly Transport out of
Berlin to the concentration camp of Theresienstadt. There
he died half a year later, on January 6th, 1943, as a result of
inhuman imprisonment (Stoffels 1995c). None of his cave
research colleagues at home or abroad were able to help
him – they did not even know where he was.

Wolf secured experts from home and abroad for the cave
information project, obtained money for research purposes
and published a first world-wide cave animal catalogue
(Wolf 1934–1937, 1934–1938, 1939a, b, 1941).
After more than 21 years of professional involvement in
Prussian natural conservancy he became a victim of antiJewish discrimination. 1933, Dr. Wolf was expelled from the
civil service. Also in 1933, the well-known geologist and
speleologist Walter Biese left Nazi Germany for political
reasons and immigrated to Chile via Switzerland, because
his life was believed to be in danger (Spöcker 1961).

3. Underground weapon production
3.1. Natural Caves
From 1940 on, allied bombers flew first attacks on German
cities. From year to year these attacks became more massive
and dangerous for the Nazi war production. As one of the
answers to this situation, the military looked for bomb-safe
shelters for their weapon production. In 1943, Hitler and
Göring gave orders to transfer war technology into caves,
cellars, and mining sites. Hundreds of potential caves and
caverns were listed by geological and mining authorities

Probably because of his many international contacts within
Europe and overseas, and perhaps to give him some help
against the Nazi prosecution, Wolf was named a British
Speleological Association honorary member in 1936.
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and an underground reconnaissance was done in the entire
German Reich area.

Nearly 80 % of the labour working here was forced labour.
For more information on the situation of the cave today
(Fig. 3), an interesting show cave again (see www.hoehleheimkehle.de). The cave contains also a small monument
in honor of those who were killed there (Fig. 4).

Three secret service reports, written after the end of war,
give a profound overview of the Nazi activities in natural
caves. In the three-volume report “German Underground
Installations” (British Intelligence Objectives SubCommittee 1945) the projects were analysed and described.
Vol. 1 reports on “Unique Design and Construction
Methods”, Vol. 2 on “Adaptations of Existing Facilities”
and Vol. 3 on “Installations of General Interest”. Nearly all
projects were in artificial underground cavities. In Vol. 2
the Dechen Cave is mentioned (Nr. 50, S. 31): “An
ammunition storage in a cave located in a hill on the north
side of the ISERLOHN-LETHMATHE road. The cave is a
natural, winding cavern with two entrances… The cave is
extremely damp and has numerous stalactites and
stalagmites. This cave was formerly a tourist attraction and
is owned by Iserlohn Kreisbahn A.G.” (Orthography
slightly corrected).

In the end, natural caves proved not to be ideal for underground
military production because of their moist air provoking
corrosion, irregular shape, variable ground water levels,
instable geological character, and their often remote location.

Another report “Engineering Geology in Germany” (Joint
Intelligence Objectives Agency 1945) contains four papers.
Amongst others, the Mittelwerk-Nordwerk and Woffleben
projects in the South Harz area are described. The paper
summarises: “Hills of anhydrite and gypsum seem to be
almost ideal construction sites for large underground
factories, both from the economic and military standpoints.”
This is the reason why the Nazis concentrated so much of
their underground weapon production in the South Harz area.

Figure 2. Aspect of Heimkehle Cave in WW II. From Baranowski
(2000).

Most interesting under caving aspects is paper No. 4
“Source data for investigation of German and French
underground factories.” In alphabetic order, underground
production and storage sites are listed, among them
(orthography slightly corrected):
• “11. Baumannshoehle, near Goslar. Series of caves in
Harz Mts, 8 miles SE of Goslar. Used by Junkers Flugzeug
u. Motorenwerke A.G. Ref.: Shaef Report No. 5, 25 April
45 on Evacuation of Intelligence Targets.
• 83. Iserlohn/Letmathe. Map ref., 4416/Q2/9407. Reported
ammo. dump in Dechen-Höhle Grotto north of IserlohnLetmathe road. Grotto has surface are of 60,000 square
meters. Ref.: Fatherland No. 17.”

Figure 3. Heimkehle cave today. Photo Ernst Schuhose.

Another report “Underground Factories in Central
Germany” (Combined Intelligence Objectives SubCommittee 1945a) describes 13 underground war production
sites, most of them in the South Harz karst area. Nr. 12 has
five pages, accompanied by a cave map of Heimkehle Cave
and an aerial photograph. It describes project A5, the
production of airplane landing gears and tools by the
Junkers-Werke in the Heimkehle Cave near Rottleberode:
“This small factory is located in a natural cave which
formerly had some reputation as a tourist attraction…
Conversion of the cave to industrial use was seen to have
involved leveling and flooring the cave with concrete, the
erection of shops with walls of brick or precast concrete
blocks, and roofed with wood and tarred paper; and the
excavation of three short tunnels – all brick lined… The
labour force for operating the plant numbered 650, of which
500 were employed on production. The monthly output was
250–300 undercarriages.” (Orthography slightly corrected).
This project was also called “Thyra-Werk” (Fig. 2).

Figure 4. Monument to the victims of Nazi forced labour in the
Heimkehle Cave. The flat floor in the foreground was once the
floor of the Junkers factory; the brick wall in the back was part of
the effort to stabilise the cave roof during the WW II operations.
Photo Stephan Kempe.
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3.2. KZ Mittelbau-Dora

specially, the President for many years, state district court
Judge Dr. BENNO WOLF, Berlin, who died in the
concentration camp Theresienstadt, Herr Prof. Dr. ARNDT,
Berlin, who was executed by the henchmen of the Third
Reich and the former Chairman Prof. Dr. HILZHEIMER,
Berlin, as well as all those who had to forfeit their lives in
the war years. In honour of the dead the participants of this
meeting will now rise.” (Spöcker 1947).

The underground concentration camp (KZ) Mittelbau-Dora
became more widely known (www.dora.de). The secret
Nazi “Mittelbau” in the Kohnstein Mountain at
Niedersachswerfen near Nordhausen (Thuringia) was
probably the biggest underground war plant in 1945
worldwide – the entire tunnel system finally amounted to
120,000 m2.

This new cave research society, however, soon faded away.
The Verband der deutschen Höhlen- und Karstforscher e.V.
(VdHK; www.vdhk.de), founded in 1955, did not initially
come to terms with the past, but individual cave researchers
repeatedly built on the work of Dr. Wolf.

Following the allied attack on Peenemünde and its
V-weapon production, this new plant in the South Harz
karst area was installed in 1943 in a partly pre-existing and
later on massively enlarged artificial tunnel system in upper
Permian anhydrite (Werra Series). Exploration and
geotechnical work was done by the pro-Nazi geologist Dr.
Walter Schriel.

In 1995, in Iserlohn-Letmathe at the annual general meeting
of the Verband and after years of research within the Society,
Dr. Benno Wolf was unanimously honoured posthumously
– 52 years after his death. The protocol records:

At the same time, an above-ground KZ, named MittelbauDora, was built, in the first phase as a satellite camp of the
KZ Buchenwald. In December 1943, the first three V2
rockets were completed, followed by 52 more in January
1944. Parallel to the V2 rockets, and the V1 (flying bombs)
production more plants moved underground to this place in
the course of WW II, e.g., the Junkers Flugzeugwerke from
Dessau. In 1943, this KZ registered 108 victims; however,
this figure grew to 34,000 at the end of 1944. All inmates
were forced to work under inhuman, horrible
circumstances. It is estimated that about 20,000 of them
were killed by labour or by violence of the guards.

• Agenda Point 9: Motion to honour Dr. Benno Wolf
Unanimously, the posthumous naming of Dr. Benno Wolf as
honorary member of the Association was passed. Those
present rose from their seats to hold a minute’s silence for
the cave researcher who lost his life in a concentration
camp.
• Agenda Point 12: Founding of a Dr. Benno Wolf Prize
It was unanimously voted to create a Dr. Benno Wolf Prize
for outstanding research achievement (motion: F. Knolle,
J. Obendorf, J. Götz and the association board).

Following the evacuation of the KZ in April 1945, US
soldiers entered the tunnels and found the underground
factory. Even though the existence of the Mittelbau tunnel
plants had been detected by intelligence, the allied
knowledge about Dora-Mittelbau was poor – at least up to
the first big air attack on London.

With these decisions the VdHK finally honoured a person
who, in spite of his great achievements for German and
international cave research and nature conservancy, had
been, up to then, almost totally forgotten.

The Nazi “wonder weapon history” became widely known
after 1945 by the US operations “Overcast” and “Paperclip”
that implemented German armament knowledge into the
US rocket program – personified by Wernher von Braun.
Later on, the Red Army came to Thuringia and still found
so much technical material and Nazi personnel, that this
improved the USSR rocket program very effectively as
well. Thus, world history was written in these anhydrite
tunnels in the South Harz. A very small section of the tunnel
system is open now for the public within a guided walk
through the KZ area.

5. Conclusions
Unfortunately, memorial work of Nazi victims in Germany
is still incomplete. The Nazi offenders themselves were at
first occupied with assisting each other in whitewashing
their crimes. They repeatedly played down their
involvement in the crimes and, where possible, withheld
evidence. Many unpublished papers, incriminating
documents and other objects of evidence, if not already
deliberately destroyed during the war or at the end of it in
1945, were “lost” or have remained, until today,
unobtainable.

4. Post-1945

The Verband der deutschen Höhlen- und Karstforscher e.V.
itself was not innocent – recognising Dr. Benno Wolf and
his work should have begun much earlier (Spöcker 1986).
An active Nazi, Prof. Dr. Gustav Riek, was even named an
honorary member of the VdHK in 1968.

German cave research suffered tremendously under the
Nazi’s political and military misuse of the discipline
(Schaffler 1991; Stoffels 1995a, b; Kater 2006; Knolle et
al. 2007; Knolle 2012).

A look at historical publications since 1945 awakens the
impression that cave researchers of Jewish ancestry like
Dr. Benno Wolf have been “actively forgotten”. We
are confronted up to now with excuses, legends and
prefabricated memory gaps – and in that way have provided
us with the difficulty of having far too little evidence to
contradict the fabricated tales of the Nazi generation.

In 1947 R.G. Spöcker initiated the foundation of a new and
politically unencumbered German cave research society, the
Deutsche Gesellschaft für Karstforschung.
Spöcker was very adamant about dealing with the brutal and
unjust events of the past; in one passage in the minutes of
the founding meeting in Nürnberg from September 13, 1947,
it states, “SPÖCKER thanks all those who were active in the
society and recalls in particular those no longer living. Most

Only two small caves bear the name of Benno Wolf. The
Dr. Benno Wolf Prize has, however, developed into a
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successful memorial project and has also radiated into
German nature conservation – the fate of Dr. Benno Wolf
is now discussed more widely. The German Stiftung
Naturschutzgeschichte (Nature Conservation History
Foundation; www.naturschutzgeschichte.de) has become
active and the German Bundesumweltministerium (Federal
Ministry for the Environment; www.bmu.de) supported
appropriate projects; see also Frohn and Schmoll (2006).
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STORY OF THE DOLOMITE – D. DE DOLOMIEU OR B. HACQUET?
Andrej Kranjc
Slovenian Academy of Sciences and Arts, Novi trg 3, SI-1000 Ljubljana, Slovenia, kranjc@sazu,si

Abstract. The author describes the discovery and research of the rock nowadays called dolomite by two eminent
researchers, the chemist and geologist Balthasar Hacquet and the geologist Déodat de Dolomieu. The first one described
the rock from the karst in the nowadays Slovenia in 1778 and called it Stinkstein. The second one sampled the rock in
Stubaier Alps and described it in 1791 as “pierres calcaires très peu effervescentes avec les acides”. Dolomite was probably
mentioned already in Linnaeus’ Systema Naturae (1768) and later in publication of G. Arduino in 1779. In 1792 NicolasThéodore de Saussure published the paper “Analyse de la Dolomie” where he named this rock the dolomite in the honour
to D. de Dolomieu.
Abstrait. L’histoire de dolomie – D. de Dolomieu ou B. Hacquet? L’auteur décrit la découverte et la recherche de la roche
qui furent effectuées par deux chercheurs éminents, le chimiste Balthasar Hacquet et le géologue Déodat de Dolomieu ; il
s’agit de la roche qui s’appelle aujourd’hui la dolomie. En 1778, le premier décrivit la roche du karst de la Slovénie actuelle
et l’appela Stinkstein (la roche puante). Le deuxième trouva cette roche dans les Alpes de Stubai et la décrivit en 1791
comme “les pierres calcaires très peu effervescentes avec des acides”. La dolomie fut mentionnée probablement déjà en
1768 dans le Systema Naturae de Linné et un peu plus tard par G. Arduino en 1779. En 1792, Nicolas-Théodore de Saussure
publia l’article “Analyse de la Dolomie” où il nomma cette roche la dolomie, en l’honneur de D. de Dolomieu.

1. Introduction

Dolomieu (Dolomieu, Isère, 1750 – Chateauneuf 1801).
Like Hacquet he started with military career as a member
of the Knights of Malta. He spent his spare time taking
research excursions throughout Europe collecting mineral
specimens and visiting mining areas. His particular interests
included mineralogy, volcanology, and the origin of
mountain ranges. Although Dolomieu was greatly interested
in volcanoes, he became convinced that water played a
major role in shaping the surface of the Earth through a
series of prehistoric, catastrophic events. Dolomieu was not
an uniformitarian geologist. His contemporary, James
Hutton (1726–1797), did not publish the principle of
uniformitarianism until 1795. Dolomieu was an
observationalist and spent much time collecting and
categorizing geological data. Unlike Hutton, no scientific
principles or theories are credited to him, although he left
his permanent mark on geology in another way (Wikipedia,
Gratet de Dolomieu). In 1779 he became a “corresponding
member” of the Academy of Sciences of Paris, and about
1797 its “Founder Member” (Zenger et al.1994).

Baltazar (Balthasar, Balthazar, Belsazar) Hacquet de la
Motte was born in 1739 or 1740 in France and died in 1815
at Vienna. In older sources Le Conquet (Brittany) is
mentioned as his birth place while some recent publications
suggest Metz or its surrounding (Gauchon 1999; Šumrada
2003) where he started his school. He was a surgeon in
different armies, at last in the Austrian one. With the help
of Van Swieten, the doctor of the empress Marie-Therese,
he came as a surgeon to Carniola where he spent 20 years
(1766 to 1787). During the first years he was a surgeon at
Idrija mercury mine, replacing the well known physician
and naturalist Giovanni Antonio Scopoli (1723–1788), who
lived there in the years 1754–1769. In 1773 Hacquet moved
to Ljubljana where he held different positions, being
professor of chemistry and of obstetrics and secretary of
Agricultural Society of Carniola among the others. Finally
he left “bigoted and uncultured” Carniolians and took the
offer of the new founded University at Lvov (Lviv) to
become the professor of natural history and medicine there.
He travelled a lot, especially through Southern, Eastern and
Central Europe, from Grossglockner to Moldova, from
Bosnia to Poland. He studied rocks, minerals, geology,
waters, relief, plants and even human activities, mining
activities and metallurgy especially, folklore and languages
even. Hacquet’s latest bibliography (Južnič and Kranjc
2013) enumerates about 140 of his articles and books. For
Carniola, for Slovenia and for karstology and speleology
the most important is his tetralogy Oryctographia
Carniolica oder Physikalische Erdbeschreibung des
Herzogthums Krain, Istrien, und zum Theil der
benachbarten Länder (Oryctographia Carniolica or
Physical description of Duchy of Carniola, Istria and partly
neighbour countries) published on 623 pages in 1778–1789
in Leipzig. In this and other of his works he often describes
rocks and their analyses (Kranjc 2003).

2. First descriptions of the dolomite
Hacquet was not just a traveller and he was not just writing
down the diary and impressions of his travels, he was
researcher, a chemist as he called himself. During his travels
he gathered samples of rocks, plants, and water and carried
them home for detailed inspection and analyses. It was not
an easy task; for the analyses he took (or sent) home a
sample of few buckets (Austrian “bucket” has about 56
litres) of water. How seriously he researched rocks can be
seen from the 1st volume of his Oryctographia carniolica:
there are 12 pages of description and discussion about 17
analyses of a sandstone sample (Hacquet 1778). It is not
surprising that he, as a keen observer, found in the field
already that there is a type of limestone quite different than
the other. In the first book of Oryctographia carniolica
(Hacquet 1778, 65) (Fig. 1), describing his travel across
Istra (Istria) Peninsula, he remarks: “I came to Lipica. Here

Ten years younger of Hacquet was Dieudonné Sylvain Guy
Tancrède de Dolomieu usually known as Déodat de
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his friend Felice Fontana, the director of Florentine Cabinet
of Physics & Natural History. Even before, during the
autumn 1784, when travelling through Ljubljana, Dolomieu
visited also Hacquet. Dolomieu described their meeting in
his letter of September 6, 1784 to Picot de la Peyrouse at
Toulouse: “J’ai vu à Laibach le docteur Hacquet, qui publie
une immensité d’ouvrages de minéralogie et de botanique ;
je ne vous en ai pas parlé parce que je ne savais pas que
vous eussiez été en relations avec lui. Il a de l’esprit, des
connaissances mais il me paraît qu’il ne digère pas assez
ses idées et ses systèmes, et qu’il se hâte trôp de décider sur
le moindre aperçu. En général tous ces Allemands sont très
savants et presque tous les Italiens fort ignorants˝. (At
Laibach [Ljubljana] I saw Dr. Hacquet who publishes
immense works on mineralogy and botany; I did not
mention him to you because I did not know that you are in
contacts with him. He has the spirit and the knowledge, but
I think that he does not digest his ideas and systems and that
he jumps too quickly to the conclusions at the slightest
indication. In general, all these Germans are connoisseurs
and nearly all the Italians are great ignorants) (Šumrada
2001, 69). Did they discuss this unusual limestone too? Up
to 1790 Dolomieu and Hacquet corresponded but their
contacts abruptly ended because of political situation after
the storming of the Bastille.

for the first time I found very black Stinkstein, Lapis suillus
(stinking rock)”. In the third book of Oryctographia he is
talking about Podpeška Jama cave (its survey was published
in Valvasor’s Die Ehre… in 1689 already) and its geology
(Hacquet 1784, 166): “…Aller Orten waren die Wände der
Grotte, so wie der Boden sehr glatt, schmutzig-braun und
ohne Tropfstein. Als ich den Stein untersuchte, fand ich, daß
es blosser Stinkstein (Lapis suillus) war. Valvasor,… hat
auch bemerkt daß diese Höhle keinen Tropfstein hat… Auch
ich wußte nicht, daß der Stinkstein untauglich sey,
Tropfsteine zu bilden, die blosse Erfahrung überwieß mich
hier; denn in dieser Grotte, so gut wie anderwärts, sieht
man, daß aller Orten Wasser von oben herunter tröpft;
folglichfehlt es an den Erzeugungsmitteln nicht. Es hat also
das Ansehen, daß das Wasser nicht im Stande sey von
diesem Stein viel aufzulösen, wegen des Phlogiston, das mit
dem Kalksteine verbunden ist.” (“Everywhere the walls as
well as the floor of the grotto were very smooth, dirty brown
and without flowstone. As I inspected the stone, I noticed
that it was pure Stinkstein (Lapis suillus). Valvasor did also
notice that this cave has no flowstone. … I also did not
know that stink stone was incapable of forming flowstone,
the first hand experience taught me this here, because one
sees in this grotto, as any other, that water drips everywhere
from above, so that there is no lack of the means to generate
(flowstone). It therefore appears as if the water is not
capable to dissolve much of this stone, due to the
Phlogiston, that is bound with this limestone.”) (Translated
by S. Kempe).

On January 30, 1791 Dolomieu sent the letter from Malta
to Picot de la Peyrouse. It was published in July 1791 under
the title “Sur un genre de pierres calcaires très peu
effervescentes avec les acides et phosphores-centes par la
collision” (On a Type of Calcareous Rock that Reacts Very
Slightly with Acid and that Phosphoresces on Being Struck)
in Rozier’s Journal de Physique (Dolomieu 1791) (Fig. 2).
In this letter Dolomieu in fact adopted Hacquet’s
description of a Tyrolese calcareous acid-proof rock, but
without mentioning his name (Južnič and Kranjc 2013). He
introduced the new concept that limestone and dolomites
were formed in the universal ocean before the time of
precipitation of the Secondary Mountains, and hence before
the occurrence of marine organisms. A year later (1792) in
the same Rozier’s Journal de Physique Nicolas-Théodore
de Saussure published the paper “Analyse de la Dolomie”
(Saussure 1792). Saussure named Dolomieu’s rock
“dolomie” in the latter’s honour, as Dolomieu’s descriptive
term was so unwieldy (Zenger et al. 1994) and the name of
Hacquet was passed over in silence again. So the new
discovered rock was born and baptised.

Hacquet mentioned this rock also in some other parts of the
text: “…hill at Nazarje, where the monastery lies, are clay
strata and Stinkstein…” (Hacquet 1778, 112); “… between
Bistra and the springs of the Ljubljanica there is limestone
only, somewhere changed into the Stinkstein; this lapide
suillo is of grey or black colour somewhere.” (Hacquet
1778, 155); “…on the Karst there is a lot of limestone
belonging to Stinkstein, so hard to produce sparks by a
steel. It is fine-grained, grey coloured with addition of some
iron. It effervescents slightly with the acid only when it is
crushed. It is specific to contain a lot of petrifications. The
rock is maybe also bituminous.” (Hacquet 1789, 41). From
the text and analogy it is obvious that Hacquet’s Stinkstein
is a special rock, a special kind of limestone or carbonate
rock. In 1779 when Hacquet visited Tyrol (he described this
travel in 1780) (Hacquet 1780), he surely fell upon the
Stinkstein too. So it is possible to say that Hacquet
discovered a new kind of rock – Stinkstein or Lapis suillus.
Nowadays there is no rock with such a name. What
happened, why not?

But was it really new and Dolomieu the first to describe it?
It is clear that Hacquet mentioned this unusual limestone
rock at least in 1778, in Oryctographia carniolica, 13 years
before the basic description of de Dolomieu and 14 years
before Nicolas-Théodore de Saussure coined the name
Dolomite. Regarding Hacquet’s descriptions or better
mentioning of Stinkstein it can be said that there are some
queer features. In the first book of Oryctographia Hacquet
published 17 analyses, which he performed himself, of
sandstone (it has to be Eocene Flysch) found in Brkini Hills
(South-eastern Slovenia). Due to results he proposed the
new name for this rock: Mittelstein; sometimes additional
adjective has to be needed: Sandiger Mittelstein. The same
17 analyses, they seemed to be a standard, he used to
research Idrija’s mercury ore, as stated in the second volume
of Oryctographia. At Bohinj he found “variegated jaspis”,

Similar to Hacquet, Dolomieu was also a great traveller,
even greater. During some mineralogical excursions in the
Tyrolean Stubaier Alps, west of the Brenner Pass, Dolomieu
recognized an abundance of rocks that resembled the
limestone but were only weakly effervescent with acid. At
first he thought his acid had lost its strength, but he noted
that, when powdered, these rocks reacted with small
effervescence and completely dissolved. On returning to
Italy, in the calcareous mountains overlying the basement
in the Bolzano – Trento area, he noted that beds have similar
characteristics to those in the Stubaier Alps but were
horizontal and contained shell impressions. In 1786
Dolomieu donated calcareous acid-resisting limestone to
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similar to petrified “Coburg wood” and performed four
chemical analyses of it. And for the new found rock, the
Stinkstein, there is nothing apart from few remarks. In the
first book of Oryctographia (1778, 65) he stated: “…near
Lipica I found for the first time the Stinkstein…”. This
statement can have a double meaning: the first, that he has
fallen upon Stinkstein for the first time (ever in his life); and
the second, that he has found it for the first time in Carniola
or just the first time along his travel from Kras towards
Učka Mountain in the Eastern part of the Istra (Istria)
Peninsula. In any case it is unusual that he did not analyze
it or that he did not mention where or when he previously
published the results. To Tyrol where from Dolomieu
brought his specimen of (later named) dolomite, Hacquet
travelled later, after publishing the first volume of
Oryctographia. From the year 1766 to 1778 included, he
published 29 articles and a book – the first volume of
Oryctographia. The most (eight) of articles are dedicated
to veterinary science, six to medicine, three each to fossils,
mining and travelling, two articles to botany and metallurgy,
and one article to geology, zoology and statistics.
Considering the titles only, it does not seem that any of the
mentioned publications can include analyses or description
of the Stinkstein.
Figure 1. Frontispiece of the first volume of Hacquet’s
Oryctographia carniolica (1778).

3. Conclusion
In the twelfth edition of Linnaeus Systema Naturae (1768)
(Zenger et al. 1994) is an unreferenced Latin quotation of a
marmor tardum from the surroundings of Roedburg, a white
marble that effervesces very slowly. It can be recognized as
dolomite. Hacquet mentioned few times dolomite under the
name Stinkstein given by him in the first and the fourth
volumes of his Oryctographia (1778, 1784). It is not known
(yet) if he did, and if, where he did publish detailed
description and results of this rock analyses. A year later (in
1779), G. Arduino published an article on chemical
observations on fossils where he mentioned a “vein of white
brecciated marble” (Arduino 1779). According to his
description and analysis the rock would be termed the
dolomite. In 1791 Dolomieu published the article “On a
Type of Calcareous Rock that Reacts Very Slightly with
Acid and that Phosphoresces on Being Struck” in Rozier’s
Journal de Physique. In 1792 in the same journal NicolasThéodore de Saussure published the paper “Analyse de la
Dolomie” where he named this rock dolomite in favor of its
“discoverer” Dolomieu. It is not an easy and a pleasant task
to judge. In any case, B. Hacquet found that the rock we
call nowadays dolomite is a special rock and he published
this in 1778, without being remarked or cited by his
contemporaries.
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“GIVING US AN IDENTITY” – THE CONSTRUCTION OF MEMORY
IN THE HISTORY OF SPELEOLOGY
Johannes Mattes
Department of History, University of Vienna, Universitätsring 1, A-1010 Wien, Austria, johannes.mattes@univie.ac.at

On the basis of constructivist cultural studies the paper discusses the process of historicization in the field of speleology
and cave exploration. The analysis is based on the method of discourse analysis and contextualized from a historical and
sociological point of view.
The main focus lies on the end of the 19th and the beginning of the 20th century, when speleology was institutionalized as
private clubs and governmental organizations and a collective identity of the explorers was formed. To ensure higher
reputation within the scientific community, the discipline was historicized. With a coherent and obligatory narration of
speleology the caving groups were able to generate self-supporting identities, which let the cave explorers feel as successors
of a long tradition and legitimated contemporary ambitions. The process of musealization, collective celebrations like
jubilees and the heroization of deceased speleologists played an important role for the cementation of memory. Preserving
the narration of speleology, museums retain and reify memory as moments of greatness for subsequent generations. Jubilees
and anniversaries of speleological institutions or clubs became welcome occasions for perpetuating and remodeling
obligatory concepts of the history of science. The heroization of past cave explorers provided an opportunity for
identification and instrumentalization of the commemoration.
The results suggest that traditional research interests in the history of speleology should be reconsidered. In many cases
the history of speleology is still seen as an apologia of the research history. Instead, outstanding exponents of the discipline
and discoveries should be contextualized. The self-definition and -description of cave explorers and the scientific discipline
are not historical constants. They have been discussed permanently throughout history.

1. Introduction

“No longer is the history of science the story of individual
researchers confronting a ‘nature’ that must be persuaded
to reveal its secrets. Instead, the new historiography has
made the identification of the natural and its boundaries one
of the prime areas of inquiry. What has taken place is
nothing less than a redrawing of the boundaries separating
the natural and the artificial.” (Dennis 1997, pp. 1)

Why we are studying the history of science? What are our
aims when drawing an obligatory picture of the past and
focusing on particular questions, while we ignore other
historical problems? For which purpose are we talking
about “great speleologists”, “fathers of cave science”, their
long-lasting “achievements” and the “starting point” of our
discipline?
Franz Kraus (1834–1897), author of “Höhlenkunde”, writes
one of the first articles about the history of speleology for
the daily newspaper “Neue Freie Presse” of Vienna (see
Figure 1). In his article he places special emphasis on the
positive effect of historiography for the collective memory:
“The history of caves still lies idle, because nobody has yet
tried to arrange a systematic assorted and academic
composed tableau of the results from different researches.
[…] [The Speleological Club in Vienna] will have an
honorable position, when cave exploration in Austria can
be considered as completed and somebody tries to write a
history about it.” (Kraus 1879, pp. 4)
From the late 1980s onward sociologists like Hannah
Arendt have often stated that history and traditional
historiography were outdated and at their end (Arendt
1994). New trends are focusing on the construction of
collective and personal identity through memory, cultural
and social implications and functions of historical narration.
In the United States of America this dispute is generally
known under the term “science war” and should be seen as
a part of the postmodern criticism of science. In his paper
“Historiography of Science” Michael Aaron Dennis
adjudicates programmatically on the changed self-concept
of the history of science:

Figure 1. Kraus‘ paper on the history of cave exploration.
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instruction of the members, who were typically organized
in hierarchical groups. The travelers did no longer see
themselves as passive visitors. They began to consider
themselves as cave explorers and conquerors (see Figure 2).
The speleological practice of naming and surveying
underground places and new media for documentation
played an important role for the ritual appropriation and
conquest of subterranean worlds during the imperialism
period (Mattes 2012a).

Even if the dispute is still going on, a return to secured
scientific truism and a historiography of banal scientific
achievements is implausible. However, the history of
science has reflected these new positions and investigated
how traditional conceptions of the development of the
sciences are affected in order to make sense of actual
scientific practices.
For Franz Kraus the basis for a prosperous development of
the field is a collective and combined narration of
speleology. So a historiography of cave science not only has
the role as a generic basis for the distribution of meaning,
but also gives identity to each caver and gives significance
and legitimation to such activity. In this regard an
entanglement of – what Hans Reichenbach has called – the
“context of discovery” and the “context of justification” can
be noticed (Reichenbach 1962, pp. 231).

As a shared definition of a group, whose members have the
same common interests, experiences, and solidarities, the
term “cave explorer” became a widespread expression
within the society of the 19th century. For the Sociologist
Owen Whooley “the three major processes through
which movements construct an identity are the
establishment of boundaries, negotiation, and development
of consciousness” (Whooley 1988, pp. 70). Similarly the
construction of boundaries refers to collective norms,
corresponding rituals and a special logic of exclusion from
science.

Even today the link between exploration and justification
in scientific practice is probably closer than many natural
scientists would admit. Franz Kraus’ message, cited above,
refers to the meaningful function of the history of
speleology. The view back to the beginning and origins of
the cross-disciplinary field of speleology often acts as an
affirmation of the own identity, as a confirmation of the
status quo.
The sources for this sort of instrumentalization go back to
the end of the 19th century, when the foundations for the
history of cave science were laid.

2. Construction of a collective identity
At the beginning of the 19th century caves were seen as
areas of artistic inspiration and as archives of natural
history. On the basis of a modified perception of nature,
scientists and travelers of the urban civic elite penetrated
deeper and deeper into the subterranean worlds. They
discovered not only the depth of subjectivity, but also
recognized caves as the location of empiricism.
Since 1880 cave exploration has been institutionalized as
governmental institutes and private clubs. Thus at the end
of the 19th century speleology in Europe went through a
radical change. Urgent karst-hydrological problems, such
as drinking water supply and water engineering, became
quickly the scope of speleology. In the former territories of
the Austro-Hungarian Empire, the karst landscapes of
Trieste, Carniola and Moravia and the Northern Limestone
Alps were declared as the type research areas for
speleology.

Figure 2. The perception of cave explorers as “deep”-alpinists
and conquerors of the underworld. Painting of Alexander von
Mörk: Ice-Tower in the “Eisriesenwelt” (engl. “World of Ice
Giants”) in Werfen near Salzburg (Archive of the showcave
Eisriesenwelt, 1913).

Speleologists like Adolph Schmidl (1802–1863) and
Éduard-Alfred Martel (1850–1938) began to travel to the
economically underdeveloped karst regions as tourists and
named their explorations after a military expression
“campaigns”. For that purpose, underprivileged groups like
woodcutters, shepherds, hunters and other locals were
excluded from the “exclusivity of the first look” (Mattes
2012a). Although they still took part in the underground
campaigns of their employers as guides and carriers, they
were excluded from the right of naming, interpretation and
ritual appropriation of the underground places, which was
limited to the urban leaders of the expeditions. Since 1860
urban travelers started the (re)discovery of already known
caves (Shaw 2008). In addition to that, famous caves were

Due to the fact that deeper shafts were inspected, teamwork
gained more and more importance for cave exploration –
however only a small part of the explorers earned most of
the reputation. Back then the explorers found themselves in
constant competition. Expeditions from the 18th and 19th
century, which consisted of an employer, a guide and
carriers, led to the development of new research groups. In
accordance with the principle of division of labor ostensible
equal members were working together in order to start with
the survey and detailed documentation of caves.
This modification in the social structure of research groups
resulted in an increased social disciplinary action and
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developed into showcaves and were opened for the public.
This change in the self perception and social perception of
cave explorers and speleologists is linked to an occurrence
of a collective identification, which can be observed since
the 1880s.

During a period of around 1910, when caving clubs were
founded, a second phase of increased discussion and
debates on speleo-history can be noticed. With a steady and
uninterrupted history of the own scientific field the
communities were able to generate self-supporting
identities, which let the explorers feel as successors of a
long and successful tradition. Already Éduard-Alfred
Martel unintentionally confirmed this circumstance in his
book “Spéléologie ou Science des Cavernes” (1900):

These three conditions apply to the caving clubs at the end
of the 19th century. Through demarcation speleological
organization created new group values and structures,
which were published in just founded periodicals and club
statutes. Especially Franz Kraus’ “Höhlenkunde” (1894),
Éduard-Alfred Martel’s “Les Abîmes” (1894) and “La
Spéléologie, ou science des cavernes” (1900) played an
important role for the definition of the discipline’s technical
terms and aims.

“You would need a lot of pages and a whole enumeration
of dates, famous names and titles of oeuvres to draw a
complete tableau of all the activities, which were
undertaken in caves during the last 125 years.” (Martel
1900, pp. 8)

Even the urban civic elite, fascinated by an imagined escape
from civilization and longing for an original condition,
entered caves searching for their lost immediate relationship
to nature. The urban tourists did no longer feel as travelers,
but began to regard themselves as explorers. The look of an
admiring traveler changed to a competitive, demanding
perception of the nature. In German this new selfconsciousness led to a modification of the formerly
common terms “durchforschen” (engl. “delve”) and
“durchmessen” (engl. “stride”). Focusing on the observer
and no longer the nature as an object, now the explorers
started to use the expression “erforschen” (engl. “explore”)
and “vermessen” (engl. “survey”) (Mattes 2012b, pp.
123–124).

Finally, Éduard-Alfred Martel did not choose without
reason the end of the 18th century as the birth date of
speleology. He could have also defined the first known
exploration of the “Breitenwinner Höhle” or the
“Baumannshöhle” (Germany), Strein’s and Gassner’s
penetration in the “Geldloch” (Lower Austria), Nointel’s
visit of a cave in Antiparos (Greece) or Kircher’s and
Valvasor’s theoretical and practical examination of the
underground (Italy, Slovenia) as the initial point of
speleology. But of course the end of the 18th century – the
Age of Enlightenment –, to whom many disciplines refer
their history, ensured higher legitimation and reputation
within the scientific community.

Furthermore, in day-to-day activities like expeditions and
general meetings the collective identity of speleologists
became manifest. In 1911 the First Speleological Congress
of the Austro-Hungarian Empire took place in HallstattObertraun. There, not only expeditions were organized, but
also the explorers discussed the social and scientific
function of speleology and the limits to common cave visits.
This historically based distinction, which is for the
contemporaries anything else but clear, can be seen as a
social construction. Before World War II collective identity
in cave exploration was often linked to national concepts
of identity. Especially during the Austro-Hungarian Empire
cave exploration was a leisure activity of the German
speaking social elite, mixed-speaking societies like the
“Club Touristi Triestini” can be seen as an exception.

Figure 3. Photo of the Speleological Exhibition “Salzburger
Höhlenschau” (Archive of the Speleological Club of Salzburg,
1913).

This increased interest in the history of cave exploration at
the beginning of the 20th century can also be observed at a
local level. After the foundation of the Upper-Austrian
Section of the Austrian Caving Association, the secretary
Ludwig Benesch delved into 30 volumes of the newspaper
“Linzer Tagespost” in order to publish three articles on the
“heimatliche Höhlenkunde” (engl. local cave research) in
the feuilleton (Benesch 1911).

3. Historicization of speleology
Simultaneously with the institutionalization of speleology
in private clubs and governmental organizations since the
1880s, the historiography of the discipline was initiated.
The ambition was not only to construct a coherent and far
back into the past reaching history of cave science, but also
to legitimate the contemporary ambitions and to forecast a
prosperous development of the field.
In particular with the creation of a persuasive prehistory
early cavers tried to promote the acceptance of speleology
as an independent scientific discipline and to legitimate
contemporary research interests. On the other hand the
historiographers also attempted to attribute themselves or
their club an important personal role in the history of
speleology.

4. Locating memory
4.1. Musealization
During the second phase of increased discussion and
debates on the history of speleology since 1910, the
musealization of the discipline was initiated by the
explorers themselves.
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[Austrian Caving Club, Section Upper-Austria] was only to
create the basis for the growth, further completion and
propagation of speleology. [Rudolf Willner as functionary
of the ministry of agriculture:] The Caving Club has set an
everlasting memorial for itself in the history of speleology.
Actually, the foundation of museum is a further page in the
history of cave exploration.” (N. N. 1912, pp. 3)

According to Anja Laukötter, the process of musealization
can be divided in the three steps “remove, recreate,
reintegrate” (Laukötter 2010, pp. 120–122). First the objects
were removed from their original historical context, then
their semantic meanings were changed by integration in the
museum’s rules and classification system, and finally the
objects were re-integrated in exhibitions and the visitors’
view gave them an exclusive aura and the significance of
museum’s objects. For Theodor W. Adorno the object’s lost
historical and cultural context, caused by the process of
musealization, attempts to fix and reify memory as
moments of greatness for subsequent generations (Adorno
1997). Thus museums became the location of
memorialization and the construction of identities.

The new arrangement of the objects in the speleological
museums not only had the function to instruct visitors, but
also to convince them of the prosperous development and
the social benefits for the local tourism and the exploitation
of underground deposits. By focusing on the past with
its “images of famous cave explorers” as a constitutive
element of speleology, “lieux de mémoire” (engl. “places
of remembrance”; Nora 1984–1992) like museums hold and
legitimize the narration of speleology for the public and the
explorers themselves.

Only one year after the establishment of the “AlpenvereinMuseum” (engl. “Museum of the German and Austrian
Alpine Club”) 1911 in Munich, the “First Speleological
Museum of Austria” was opened to the public in Linz
(Upper-Austria). It counts also as the first speleological
museum world-wide. The exhibition, housed in the
fortification tower on the “Pöstlingberg” near Linz,
consisted of several showrooms where models of caves,
special equipment like a folding boot to cruise
subterraneous rivers and an aquarium with several
specimens of the olm “Proteus anguinus” were presented.
The exposition was designed as an artificial grotto and
should create a cavern-like atmosphere (N. N. 1912). Due
to moisture the museum had to move to the museum
“Francisco-Carolinum” in 1915 and was integrated in a new
exhibition in 1917 (Shaw 2010, pp. 146–149; N. N. 1913,
pp. 6). The author of this paper was able to localize the
exhibits of the speleological museum, which are today in
the property of the “Oberösterreichisches Landes-museum”.

4.2. Jubilees
Since the end of the 19th century jubilees of caving clubs,
organizations and meaningful discoveries, became welcome
occasions for presenting the history of speleology.
As a constitutive element of the bourgeois culture of
remembrance, secular jubilees were celebrated since the
French Revolution at the end of the 18th century. Around
1900 – at the zenith of the bourgeois era – a downright
search for historic remembrance days began in order to
present a social group publicly. In contrast to the dynastic
culture of remembrance, which tried to affirm established
traditions, values and norms during the jubilee, bourgeois
remembrance attempted to connect to new traditions and
values. These were generated during celebrations and
ceremonies. In collective rituals, cults and myths like
speeches, meetings, publications, and exhibitions,
bourgeois and scientific clubs generated the consciousness
of unity, created a corporate identity and history. The
content, which should be commemorated, was always
controlled and instrumentalized to legalize future purposes.

Temporary expositions on speleology took place in 1908
and 1911 in Graz and in 1913 under the name “Salzburger
Höhlenschau” in the castle “Mariabell” in Salzburg (see
Figure 3). In 1922 the “Salzburger Höhlenschau” was reopened in extended and adapted form as a museum in the
Castle “Hellbrunn”, also located in Salzburg. Regarding the
content, Erwin Angermayer’s draft for founding a “Central
Speleological Museum of Austria” in the year 1922 tried to
create an illusion of completeness and integrity, focused on
the history of speleology:

Since the beginning of the discipline until today, collective
memory and normative views of history were activated and
updated during speleological events and congresses. One
of the first jubilees celebrated by caving societies was the
20th anniversary of the section “Küstenland” of the Austrian
and German Alpine Club (Triest) in 1893. Peter August
Pazze, chairman of the club, wrote in a historical chronic
publicized on the occasion of the event:

“Departement B:
Applied speleology or the exploration and exploitation of
caves
[…] V. Underdepartment. Clubs and Societies

“Everything, what the secretaries of the section
<Küstenland> have narrated during the last 20 years of the
glorious existence of the club, is presented in this book. It
is ingeniously dedicated to all the companions as a
remembrance for the long-standing harmonious solidarity
and modest, unselfish and successful activity of the club.”
(Pazze 1892, pp. 1)

History of cave exploration in Austria. Tables: historic
events/explorations, statistics of the growth of speleology
in Austria, strongbox with badges of clubs, index of
speleological clubs. Images of famous cave explorers.”
(Angermayer 1923)
Also the decontextualized objects for the speleological
museums, which the exhibitors got from different clubs and
the Ministry of Agriculture, were re-integrated in a new
context. During the opening of the Speleological Museum
in Linz in 1912 the speakers mentioned the importance of
this new institution for the development of the discipline:

These processes of remembrance are often linked to
competing national memories or “mythologies”. Until
the end of the 1950s speleology and cave exploration was
part of competing concepts of national greatness and
remembrance. In the Austro-Hungarian Empire cave
exploration was propagated as a leisure activity of the

“[Ing. Hermann Bock as President:] The intent of the club
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(Bock 1926, pp. 70) Also in expedition diaries and protocols
of caving clubs the speleologists not seldomly depicted their
researches and discoveries as underground campaigns,
obstinate battles against nature. The male-dominated caving
societies often brought speleology and alpinism together
and pursued right-wing politics. Each penetration in the
subterranean world is connected closely with heroic acts of
naming, interpretation and ritual appropriation of the
underground places, which can be seen in the context of
naming and “owning” of colonial territories during the
imperialism period. Meter by meter of the mountain must
be gained as a virgin territory. Special results like the length,
total depth and vertical rage of a discovered cave were used
as a scale for the heroic achievements of each explorer and
his personal importance.

German-speaking social elite. This concept often implicates
also the exclusion of the Czech, Slovak, Slovene, Italian
and Jewish population, who founded own monolingual clubs.
When we celebrate anniversaries and jubilees of caving
clubs and discoveries, we should pay attention to the
mechanism of this problematic process of historicization.
Behind the belief in a continuous development of the field,
an inconsiderate belief in progress is frequently hiding. The
present becomes a logical conclusion of events from the
past and the history of speleology is reduced to a history of
the achievements of the discipline.
4.3. Modeling heroes of cave science
At the beginning of 20th century the focus of speleology did
not only lie on the caves and the subterranean discoveries,
but especially on the explorers themselves. In biographical
texts and obituaries speleologists like Éduard-Alfred Martel
or Leopoldine Fuhrich (1898–1926) were often described
as heroes of cave science, persons with supernatural
strength. In most cases the intention for the posthumous
glorification didn’t come from the affected explorers. The
instrumentalization of the commemoration often served as
a self-affirmation for subsequent explorers and as a
legitimation for their future aims. Because of this
construction of an own history with timeless geniuses, each
individual can feel like a lawful successor of a heroic
explorer and give meaning to his activity (Mattes 2013).
Bringing nationalism and scientific demand together,
Hermann Bock described Fuhrich as a victim for her home
country, as a fallen soldier in combat:

The medium of photography and the improved caving
equipment led to an increased social disciplinary action
within the research group. The strict division of labor
between the cave explorers corresponded to the social
prestige of each explorer. Due to the fact that speleologists
began to separate themselves from ordinary cave visitors
and tourists, carbide lights, rope ladders or distinctive
instruments for cave mapping became emblems for
speleology.
Similarly, the usage of photography as a suitable method
for documentation had an effect on the self-perception of
the cave explorers and the perception by others: During the
romanticism period the painters were focused on the
individual perception of the subterranean landscape, where
humans just played a subsequent role as staffage figures.
Because of the demanding lightning conditions, the
photographers shifted the explorers to the centre of their
artistic compositions. The most popular motif was no longer
the predominance and greatness of the nature, but the
explorer, who penetrated nature as a conqueror (see Figures
4, 5).

“Poldi Fuhrich was the most faithful companion and the
earnest friend. Like the soldiers at war she died on the field
of honor. She was in battle for the progress of science and
for the glory and welfare of the fatherland and nation.”

Figures 4, 5. The usage of photography had an effect on the self-perception of the cave explorers and the perception by others. The
most popular motif was no longer the predominance and greatness of the nature, but especially the explorer. Left: Picture in Jules
Vernes “A Journey to the Center of the Earth” (Paris, 1864). Right: Research group in the “Gassel-Tropfsteinhöhle” near Ebensee,
Austria (Archive of the Speleological Club of Ebensee, 1919).
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5. Summary

Arendt H, 1994. Zwischen Vergangenheit und Zukunft. Piper,
München.

When we are studying the history of speleology we should
contextualize the biographies and the scientific knowledge,
which is often influenced by cultural components like
hierarchical structures.

Benesch L, 1911. Beiträge zur heimatlichen Höhlenkunde. Series
1–3. In: Linzer Tagespost, 7.5., 1–2; Linzer Tagespost, 14.5.,
17–18; Linzer Tagespost, 27.8., 18–19.
Bock H, 1926. Tödlicher Absturz der Höhlenforscherin Poldi
Fuhrich in der Lurgrotte bei Semriach. Mitteilungen über
Höhlen- und Karstforschung, 4(3), 66–70.

Nowadays, when we are reading (auto)biographies,
laudations, official speeches, obituaries or popular articles
on speleology, it seems that the history of speleology has in
large parts still an apologetic function. For today’s
scientists, it is absolutely necessary to realize this
problematic division of labor between speleological
sciences and the history of science.

Dennis MA, 1997. Historiography of science. An American
Pespective. In: J Krige and D Pestre (Eds.). Science in the
twentieth Century. Routledge, Amsterdam, 1–26.
Hagner M, 2001. Ansichten der Wissenschaftsgeschichte. In: M
Hagner (Eds.). Ansichten der Wissenschaftsgeschichte. Fischer,
Frankfurt a. Main, 7–39.

However, this predominance of historical thinking
implicates also a clear purpose for the present. Because of
the construction of an own, coherent history with its
timeless geniuses, each individual explorer claims a place
in history. As a result, former and future personal action is
historically legitimated, gets higher meaning and
importance and becomes comprehensible for the explorer
himself. So the faith in the past is exceptionally frequently
linked with a naive belief in progress.

Kraus F, 1879. Zur Geschichte der Höhlenforschung. In: Neue
Freie Presse, 27.12., 4.
Kraus F, 1894. Höhlenkunde. Wege und Zweck der Erforschung
unterirdischer Räume. Gerold, Wien.
N. N, 1912. Eröffnung des Ersten Österreichischen Museums für
Höhlenkunde. In: Linzer Tagespost, 14.5., 3.
N. N, 1917. Verwaltungsbericht. In: 75. Jahres-Bericht des
Museum Francisco-Carolinum, 75(1), 1–8.

For a very long time the connection between the popular
imagery of progress, reminder service, memory and
justification function shown here reduced the history of
speleology to an assistant of the subject discipline. This
excluded also an independent point of view. Not without
reason Michael Hagner remarks in his book “Ansichten der
Wissenschaftsgeschichte”: “This historiography of scientific
knowledge is anything other than established and is still
regarded as a – welcome or unwelcome – novelty”. (Hagner
2001, pp. 30)

Martel ÉA, 1894. Les Âbimes. Les eaux souterraines, les cavernes,
les sources, la spéléologie: explorations souterraines effectuées
de 1888 à 1893 en France, Belgique, Autriche et Grèce.
Librairie Charles Delagrave, Paris.
Martel ÉA, 1900. Spéléologie ou Science des Cavernes.
Carré/Naud, Paris.
Laukötter A, 2010. Kultur in Vitrinen. Zur Bedeutung der
Völkerkundemuseen im beginnenden 20. Jahrhundert. In:
Kolbe-Museum (Eds.). Wilde Welten. Aneignung des Fremden
in der Moderne. Koehler & Arnelang, Berlin, 109–126.

Until today the benefit of the history of speleology and cave
exploration is valuated as a memory of the speleological
discipline, which is especially utilized for special occasions.
This practice excludes the possibility of an independent
profiling and professionalization. Historicizing the history
of speleology would be a good start.

Mattes J, 2012a. Cave Expeditions in the early 20th c.: Social
Hierarchy and the Exclusivity of the First Look. 5th Int. Conf.
Europ. Society for the History of Science, Instit. of Historical
Research, Athen, Greece, 141–142.
Mattes J, 2012b. Die Vermessung des Erdinneren – Eine
Geschichte der Höhlenforschung in Österreich vom
19. Jahrhundert bis zum Beginn der Ersten Republik. “Mensch,
Wissenschaft, Magie” – Mitteilungen der Österreichischen
Gesellschaft für Wissenschaftsgeschichte, 29(1), 107–132.
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THE DISCOVERY OF CAVES IN KHAMMOUANE, LAOS (1991–2013)
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Claude Mouret1, Jean-François Vacquié2
Geospel, 18 rue de la Liberté, 87380 Magnac-Bourg, France, claude.mouret.geospel@orange.fr
2
1106 route de Bouloc, 31620 Castelnau d’Estrétefonds, France

No less than 26 campaigns of cave exploration, mapping and studies have brought a deep insight into the previously almost
unknown karst of Khammouane. This 290 × 40 km wide area of highly diagenetized permo-carboniferous carbonate area
in Laos has revealed no less than 90 caves to our team, totalling some 170 km of development. The most extensive cave
in Khammouane is so far 29 km long and we reached a +467 m relative elevation in another cave. Perhaps the largest cave
opening in the world (215 m wide), a dozen of large chambers, giant passages and world-class through rivers were also
studied. Scientific work encompasses geology, karst organization and characteristics, hydrogeology, biology,
ethnospeleology, ecotourism and other topics. This overview of this lifetime work on karst (23 years) is presented within
its historical framework. Human aspects are taken into account and recommendations, including contract writing, are given.

Figure 1. Simplified map of the karst of Khammouane in Laos and its continuation in neighbouring Vietnam. Dots represent the main
areas that we investigated. Numbering of dot areas refers to text: a number may correspond to several nearby caves.

1. Introduction

We warmly welcomed all cavers willing to participate in
the explorations and a number of scientific speleologists
joined us. However, the system proved to reach a critical
point when a few of the invited persons behaved as
challengers, then left without sharing their results (e.g.,
surveys) acquired with the team, despite their promises.

As from 1991, systematic explorations and geological
studies of the Khammouane karst area were initiated by the
first author. In 1992, the first detailed cave mapping work
was performed by the two authors (Mouret et al. 1993).
Since, both of them have continuously cooperated until
today, over no less than 26 exploration campaigns.
The team had a variable size, from two to 15 persons.
Altogether, no less than 40 persons came with us, from
France, Germany, America, Romania and Laos, of course.

Since the end-2009, we have been remapping those parts of
caves which were diverted from the results of our team.
Despite it is very time- and money-consuming, this work
helps us in better understanding scientific aspects of the
karst of Khammouane. We also continue mapping newly
discovered passages.
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the gradual and almost regular progress globally made at
every new campaign (see Fig. 3). Cave drawing was
performed by several persons. The first author has been by
far the main mapper and the second has highly participated
in most of the surveys made by the team. Their cave maps
on gridded paper have been shown to the team at every
campaign. From the extremely difficult conditions in 1991
to the present day far easier explorations in Laos, we
followed a long path, permanently improving the things,
including the logistics, based on Mr Vannivong’s deep
experience and CM’s years-long experience of field work
in difficult remote areas elsewhere in Southeast Asia.

This paper stresses the key periods of the 1991 to 2013
explorations, a view of the results achieved and some of the
overwhelming difficulties we had to overcome.

2. A global approach to the karst
Since the beginning, our approach to the karst has always
been global, as our goal consists of understanding the large
tropical karst of Khammouane (290 × 40 km) in its natural
and human setting (Mouret 2001, 2004). This large scale
approach has been prepared by a previous similar approach
to other karst areas and by a long experience of cave studies
and geology in many areas throughout the world.
The global approach that we set up requires an adequate
sampling and selection of caves to be explored and a careful
recognition of karst phenomena and characteristics which
can be original, never-described, nor interpreted. In
addition, concentrating the mind on global karst
organisation is of paramount importance, rather than
focusing on unrepresentative or marginal details. A major
breakthrough has been made on the karst hydrology,
including the mapping of underground flows and the
correction of more than once erroneous flow directions on
the topographic maps (Mouret et al. 2003). We have been
able to reconstruct the karst hydrogeological organisation
of a substantial part of the large Khammouane karst.

Figure 2. A surface view of Khammouane showing rugged
morphology with tsingy, as seen from one of the upper outlets of
Tham Phiseua. At the location, vegetation is nil to scarce and
xerophytic. Photo by C. Mouret.

The global approach had to permanently adapt to a variety
of constraints and pressures, including human aspects.
It is worth also mentioning that speleology in Laos requires
compulsory official specific authorizations.

4. Main caves discovered and mapped
3. A thorough search for caves and characteristic
karst features

Altogether, 90 caves were explored and mapped. Out of
them, 26 exceed a 1 km length, ten exceed 5 km, six are
over 10 km, and three over 15 km and one is above 25 km.
All these caves are still under study by us.

As our goal was a global approach to the karst, we first had
to identify the most significant areas after a selection work
based on scarce old speleological literature, more than 60
years old geological studies and modern investigations by
the first author and other geologists, satellite imagery
(Landsat at the time), morpho-geology (morphology and
geology tied by their common logic), hydrogeology and
other features of interest.

Here below, references such as 1b or 5a refer to Figure 1.
Tham Nam Non: 1b. Major temporary flowing resurgence.
Giant passages. Two large chambers. Discovery by the first
author (CM) on Landsat imagery, then confirmed on old
geological maps. Investigations in: 1994 (the two authors
and B. Collignon), 1997, 1999 (21 km), 2004, 2005
(25 km), 2010, 2011–2. The 55 m long final sump was
dived in 2010 by others (what we learned afterwards), just
after our publication on the cave: it is connecting Tham
Nam Non with Tham Song Dang, both already mapped by
us (Mouret et al. 2009). Total known length is over 29 km.

Search for caves in the field was systematically performed,
mainly by the two authors. Together, more than 1,000 km
of walk under variably difficult conditions were used to
look for caves and another 2,000 km of walk for access to
prospection areas. Most of the search was made along cliffs,
as the karst surface is in many areas extremely rugged and
very hardly accessible, with sheer cliffs, tsingy morphology
and fengcong landscape.

Tham Koun Dôn – Tham Houay Sai (the downstream
part of what we called the Nam Dôn System, which
includes sinking points several kilometres away). 5c.

The first author (team leader) often arrived in advance and
was the last to leave, in order to look for more new caves
and passages. The rule he applied was: never finish an
exploration campaign without knowing what the team
would have to explore during the next campaign.

Koun Nam Dôn is the karst spring (resurgence) of the Nam
Dôn. The two main cave outlets flow during flood periods.
Discovered in 1997 at the initiative of CM, after his
geological investigations that followed the discovery of
Tham Houai Sai (a different cave which is a temporary
sinking point – see further down, 5b) and the discovery of
Tham Kagnung by the two authors and J. Lordon in 1996
(Tham Kagnung is a subperennial sinking river cave, 5a).

Altogether, 460 days were spent in Laos by CM and 340 by
JFV, i.e. far more than any other team member.
Cave mapping is only a part of our work, but it illustrates
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1997 (0.5 km), 1998 (6.5 km), 2000 (7 km), 2004, 2005
(11 km), 2006, 2010, 2011 a, b, c, 2012 (17 km). Three
large chambers.

learnt in 2001 from Ban Vieng villagers at CM initiative.
2001 mapping by CM, X. Noguès, J. Lordon and C. Noiriel
(1.5 km), 2002 (3 km), 2004, 2005, 2006 (8 km).
Tham Thon: 2a. Temporary flowing sinking streams
leading to resurgence in the Nam Hin Boun valley.
Information gathered in 1991 by CM. 1997: CM initiative
to go there and mapping together with F. Brouquisse (2 km).
1998, continuation by the same mappers and L. Deharveng
(8 km). The cave was subsequently explored by a team led
by FB without us and connected in 2001 to a cave already
explored by captain Jouan’s team in 2000. The new
investigations covered the central part of the system only
(total length: ca. 15 km).
Tham Song Dang: 1b. Multiple sinking points of Nam
Non, followed by giant passages. First mapped by the
authors and Y. Dreybrodt in 2003 (4.5+ km). Additional
mapping in 2004. Total length: over 5 km.

Figure 3. Progress of cave mapping during the 18 first campaigns,
until Year 2009 included (n°18). After that, persons-related
problems forced us to remap a part of the caves. Campaign 13 in
2004 was devoted mainly to archaeology and related surveyed
length is short.

Tham Boumlou: 4a. Sinking point of upper Nam Pakan at
the end of a narrow, 12 km long, blind valley. First reached
in 2002 with JFV (see below). 2004 (ca 5 km).

Tham Xé Bang Fai: 8b. Through cave with one of the
largest underground rivers in the world (6.3 km long
through-river). One large chamber.

Tham Kwan Ha: 1c. Temporary flowing sinking river.
Discovered in 2009 by the two authors, and mapped. 2010,
2011, 2012 (4 km+, work in progress).

First investigations by local fishermen, at least during the
very early 20th Century (probably even before) then full
crossing by Macey’s team on a bamboo raft in 1904. 1995
(the authors, B. Collignon and C. Lagarde, in the difficult
context of an ordnance-rich area due to previous wars)
(9.1 km); 1996: car failure creating impossibility to reach
the cave, then area closed to foreigners for nearly a decade;
2007: 1.5 km added; 2008: another 1 km; 2009 (the two
authors alone for remapping). New length: 15.1 km
(Mouret et al. 2010).

16 caves currently have a measured length between
5 and 1 km including: Tham Kwan Ha (CM, JFV, 2009);
Grotte Sans Nom, i.e. Nameless Cave, 3 km (1b. Discovery
CM, JMO in 2004); Tham En in Phon Thiou area (2.7 km)
(discovery CM in 1991, 3a); Grotte Marie Cassan (4d.
Cassan, 1948; CM, 1991, 2003; 2004); Tham Phu (4a.
discovery CM, 2004); Tham Ene near Tham Xé Bang Fai
(8b. Discovery CG in 2007); Tham Heup (2b. Macey,
1908; CM-FB-JFV, 1998), Tham Koun Houay Feuang
(CM, FB, 1997; topo 2002, 2006. 5a); Tham Lom, Tham
Thê (CM, JL, LD, AB 1998. 2b); Tham En near Thakhek,
(6a. CM and JFV, 1992, 1.98 km, giant entrance); Tham
Deua (CM-CG-JFV, 2003. 4d); Tham Khamouk (CM-CG,
2003. 4d); Tham Kagnung (CM, JFV, JL, 1996. 5a),
1.5 km, head of Nam Dôn System), Tham Lom (CM, JR,
2005.5c. Mapping by JMO in 2006); Tham Phuhung
(CM-FB, 1997.1a);

Tham Nam Hin Boun, now largely called Tham Konglor:
1a. Through-cave with a large river (7.5 km through) used
by villagers since the 19th Century at least. First western
crossing by P. Cupet and H. Counillon in 1892. Sketch map
by Macey (1908). Resurvey by the two authors and B.
Collignon in 1994 (11 km). Additional investigations out of
the river in 1997, 1999, 2004, 2005, 2006, 2011 (13 km).
Giant galleries. Two large chambers.

Other caves of specific interest: Tham Nam Thieng, Tham
Nong Ka, Tham Pa Fa, Tham Phanoi.

Tham Phiseua: 5c. Discovered in 1996 by A. Gregory’s
team (1 km). Kind written authorization to continue
exploration obtained from him by CM. 1998:
reconnaissance inside by CM. 2000: Mapping starting at
the entrance (J.M. Ostermann and CM) (1.3 km); 2002
(5 km, +315 m), 2003, 2004 (+376 m), 2005 (8 km, +465
m), 2006 (11 km), 2010, 2011, 2012 (+467 m, see below).

5. Main discoveries and results on karst
Geology: thickness of the Permo-Carboniferous carbonate,
petrography, palaeontology, stratigraphy, sedimentology
and depositional environments, petrophysical properties,
tectonics, geohistory (palaeoburials and erosion depths,
using a variety of methods), mineral seams crossed through
by cave passages, phosphate and guano deposits.
Palaeokarst: discovery and interpretation of buried
palaeokarst morphologies below Liassic red beds deposited
under continental environments.
Cave maps: more than 170 km surveyed.
Karst systems: main types of cave systems, including
subhorizontal active and fossil networks, sloping mazes (up
to + 487 m), sunken passages, global organization.

Sloping maze cave (Mouret et al. 2001) along dipping
strata. Hollow stalagmites discovered by CM for the first
time in Khammouane.
Tham Houai Sai (in the polje of Ban Vieng): 5b. Sinking
temporary flowing river belonging to the Nam Dôn
watershed. One large chamber. Discovery by Jean-François
Vacquié (JFV) and C. Ferron in 1996. 1996 mapping mainly
by the authors (2.5 km); 2000, 2001 (with X. Noguès)
(9.9 km), 2011 (10.1 km).
Tham Lô: 5a. Two-level fossil cave in a cliff in the polje
of Ban Vieng. Giant passages. One large chamber. Cave
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significant number of papers was published in proceedings
of previous International Speleological Congresses and in
Spelunca, among others. Publications have been made
despite not all parts of the surveys of our team were made
available to us and despite heavy pressure put on our
persons. We obviously had also to care of our timeconsuming professional work and heavy responsibilities
and activity in national and international speleological
federations. Co-autorship has been given to team members
who put their surveys “in the pot”.

Giant underground volumes: discovery of more than
a dozen of giant chambers, of wide-sized passages (up to
120 m wide).
Cave sediments: studies of a number of fossil and present
day sediments, with importance for the interpretation of
cave genesis.
Hydrology: identification of the main, binary and unary,
karst watersheds in Khammouane, identification of the
sinking points, springs and many of their mutual relations,
study of floods and of low waters, characteristics of
flooding effects at surface.
Water chemistry: studies of chemical and physical
characteristics of karst waters.
Cave meteorology: repeated measurements in a number of
caves at different seasons.
Earthquake effects: the March 2011 Fukushima major
earthquake was felt in a gallery located at the end of a
funnel-shaped large chamber in the Nam Dôn System.
Exceptional sonic phenomena were observed there.
Speleothems: among others, discovery of hollow
stalagmites, pseudowallmites, rims, giant cave pisoliths,
shields, circles of calcite, black circles, phosphate crusts,
gypsum and moonmilk, giant speleothems such as pillars,
rimstone pools, etc.
Cave mineralogy: sequential discrete sampling (a few tens
of grams) in relation with cave organisation and geology, Xray analyses, interpretation of thin sections, speleothem fabric.
Archaeology: study of two caves with respectively 229
(Mouret et al. 2005) and more than 100 Buddha statues and
other artefacts. Cave wall drawings and paintings
(Ostermann et al. 2003).
Biospeleology: study of cave macrofauna (buffaloes, wild
boars, wild goats, snakes, rats, birds, bats, fishes, worms,
crabs, the largest spider in the world and other arthropods)
and microfauna. New species and genera.
Palaeontology: discovery of rhinoceros bones (now extinct
in the area) and of wild goats.
Ethnospeleology: burial caves, hidden “treasures” related
to Buddhism, cave use during Vietnam war, Buddhist caves,
modern cliff and cave wall drawings, hunting and fishing
in caves, caves as a link between villages, “cave is money”
aspects.
Cave and karst protection: respect for caves, selection of
permanent paths for progression, recommendations,
guidelines for protecting caves open to visitors, assistance
to Tourism Authority of Khammouane and to provincial
Governement. Active participation in UNESCO meeting for
selecting new World Heritage areas in Asia and setting
guidelines and recommendations for this.
Photography and videography: comprehensive sets of
photographs realized. Movies, shown at German TV.
Promotion of ecotourism: promotion of selected caves for
tourism. Tham Konglor, mapped by us in 1994 and after, is
now one of the world landmarks for tourists. This has
contributed to the large economic development of the
valley. Guidelines for officials on caves and karst value.

50 km of cave maps have been published with detail and
another 28 km has been published as simplified maps. In
the final work, full data (maps, longitudinal sections and
cross-sections) will be given.

Figure 4. A fossil passage formed horizontally alongstrike of
dipping carbonate beds, in Tham Phiseua. The slightly incised
passage floor is covered with moonmilk and gypsum crust. For
purpose of protection and respect, we walked only on the rocky
shelf. Photo by J.-F. Vacquié.

7. Welcoming new team members
We welcomed all persons who expressed their interest in
exploring caves of Khammouane with us. The conditions
were co-signing publications and complementarity in
everybody’s speciality. Logically, no duplication of
somebody else’s work was permitted. Newcomers had to
respect previous work and to bring something new and
useful to the team: techniques, knowledge or – at least –
participation to the team effort and friendship.
Every year, the team leader (the first author) proposed the
caves and passages to be explored. In the field, he did not
hesitate to give briefings on the current knowledge, to show
the maps already drafted on gridded paper and to explain
the objectives of the exploration.
Newcomers were taught of caves newly discovered (see
Chapter 3). They were made aware of unexplored passages
in caves under study and even guided, when necessary, by
the authors up to the starting point of the survey of virgin
galleries. Often, they were helped in such virgin passages
by JFV, even for mapping. This was a major real proof of
our deep consideration for them, by providing them with
easy-to make discoveries.

6. Publications

The knowledge of unexplored galleries given to newcomers
was largely the result of previous intense cave mapping
work (see Chapter 3), as parts of passages under survey
were left for the next campaigns.

Despite not everything has been published yet, we have
produced more than 60 papers on our explorations (Mouret
2001) and results. A comprehensive work is in progress. A
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8.2. Second period: normal explorations (1996 to 1998)
The team was enlarged. In 1996, the Nam Ngo springs area
near the Vietnam border proved disappointing and the Xé
Bang Fai could not be accessed because of vehicle failure.
J.F. Vacquié discovered the Tham Houai Sai dry sinking
stream. With CM, he discovered and started exploring
Tham Kagnung, the only perennial sink in the polje of Ban
Vieng. CM geological studies then indicated two spots to
be checked in a large karst valley on the opposite side (SW)
of the massif: they might be the resurgence(s) of Tham
Kagnung and possibly Tham Houai Sai streams. This was
the beginning of the knowledge of the Nam Dôn System.
In 1997, Tham Nam Non was continued. The resurgences
deduced from the study of Tham Kagnung were effectively
discovered, including the spring of the major Nam Dôn, not
shown on the then available 1:100,000 topographic map.
CM surveyed the beginning of these three caves. Based on
1991 data, Tham Thon was spotted by CM and FB and
mapped for over 2.5 km (FB drawer).

Figure 5. A fossil passage in Tham Nam Non, with multistory
rimstone dams. Photo by J.-F. Vacquié.

The purpose of this was to maintain motivation in the team.
In addition, this allowed us better exploring and studying a
cave, thanks to knowledge gained in others. We will see that
this way of doing is not satisfactory because it generated
unwelcomed consequences. For instance, a minor one is
that a couple of persons lacked politeness by complaining
that the virgin passages were “not good enough for them”.
They refused admitting that the discoveries offered to them
could easily have been kept by us for our own use. A major
one is that they subsequently did not communicate any of
their surveys.

In 1998, the area of Ban Nakhok was investigated (Tham
Heup, Tham Thê, Tham Nam Thieng…). Tham Thon was
mapped up to 8 km length. The Nam Dôn caves (Tham
Houay Sai and Tham Koun Dôn) were mapped to over
7 km and CM wrote that their system would be no less than
25 km long.

We feel that a few persons brought heavy disturbance and
tried to “kill” our explorations and take them over, based
on what they learnt from our knowledge. Recently among
them, one or two never came with us in speleology.

8.3. Third period: so many worries (1999 to 2004)
FB refused to join the team in 1999, despite our repeated
invitations. He claimed he wanted to write papers with no
co-author. Our focus was placed on Tham Nam Non,
bringing the cave survey to over 21 km. After the 1999
campaign, we had already surveyed 60 km in the karst.

8. Six periods of exploration

In 2000, a newcomer (JMO) was invited by CM. Mapping
Tham Houai Sai (in the polje of Ban Vieng) and Tham
Houay Sai (in the Nam Dôn valley) was significantly
pushed further and Tham Phiseua was mapped from the
entrance over more than 1.3 km. Tham Nong Kha showed
at the ceiling the painting of a man.

8.1. First period: pioneering (1991 to 1995)
In 1991, CM started studying the geology of Palaeozoic and
Mesozoic strata in Khammouane. A good number of cave
entrances were located in the field or learnt of, e.g., Tham
En in Phon Thiou area, Tham Thon, Grotte Marie Cassan,
also the characteristic polje of Ban Vieng. Roads were rare,
narrow and unsurfaced, so access to sites was extremely
difficult. Ongoing guerrilla rendered body guards
compulsory. No foreigner can imagine today what Laos was
at the time, as so much good progress has been made since.

In 2001, Tham Houai Sai was pushed to 10 km. The fossil
Tham Lô was discovered after CM questioned villagers,
and mapped with three other colleagues. Tham Koun Houay
Feuang (1997 CM-FB discovery) was surveyed.

In 1992, the first author managed to set up a first
exploration campaign, under difficult conditions. Perhaps
the widest cave entrance known in the world (215 m across)
was discovered. 1993 was a period of political instability
and no exploration was allowed – except two reconnaissance
campaigns by CM. In early 1994, the authorization to
explore caves was obtained again.

In 2002, Tham Phiseua, Tham Lô and the Nam Pakan valley
(Tham Boumlou was first reached by JFV and three other
colleagues) were studied. More wall drawings, including
further human representations were discovered and studied.
The karst of Lak Sao was investigated for the second time
after 1991. More than 90 km had already been mapped in
Khammouane by our team as per 2002.

Immediately in 1994, then in 1995, we re-explored, after
precursors a century ago, and accurately mapped with detail
two major world-class river caves, Tham Konglor and
Tham Xé Bang Fai through-caves (see above). We started
exploring the gigantic Tham Nam Non and clearly
established its large potential (it is currently the longest in
Laos – over 29 km). 30 km of passages had already been
surveyed in Khammouane by us as per 1995.

During the period, we suffered a number of problems: FB,
then a national speleological body official, continued Tham
Thon, with a team he set up on purpose, and joined it with
another cave mapped in 2000 by captain Jouan’s team. In
this way, a part of our work was diverted, as for two other
caves discovered by CM. In 2001, FB mapped a passage in
Tham Phiseua which branches from our 2000 discoveries
without him. In 2002, he explored the resurgence of Nam
Pakan that we had officially declared to a national
speleological body as one of our objectives.
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In 2003, partly with a newcomer invited by JFV: CG, CM
resurveyed (after Cassan 1948) “Grotte Marie Cassan” up
to the final sump. We mapped other caves in the same area
(Tham Khamouk, Tham Deua…). With Y. Dreybrodt, the
two authors accessed the sinking point of Nam Non and
mapped Tham Song Dang over some 4.5+ km, this just after
further mapping in Tham Phiseua. We were then at 105 km
all together surveyed in the karst.

For 2009, CM put on the program further work in the Nam
Non area. As so many surveyed kilometres were concealed
by a few team members, it was decided that the latter would
map separate caves, in order that our own work be not
jeopardized. The two authors both discovered Tham Kwan
Ha after a long prospection and operated a large part of the
mapping work. They were unduly overtaken in the cave by
two other team members while doing so. This latter
behavior resulted, together with the long-concealed surveys,
in a serious explanation.

In 2004, we went to Tham Phiseua; then we continued
Tham Boumlou, while a team led by a national
speleological body official was trying to push up from the
resurgence. A sump prevented them “invading” the
upstream part of the cave that we were exploring. We
mapped Tham Phu discovered by CM; then we continued
Tham Lô.

A few months later, the team split, due to said unwillingness
to work together. Subsequently, “the other team” used all
diverted results as a capital to attract new and many people
around them.
8.6. Sixth period: remapping missing parts (2009 to
2013)
The two authors understood that they would never receive
the missing parts of the surveys that they asked for so many
times during six years: 49 km altogether, probably a world
record, this from a few persons only! Therefore, our
publications were blocked and a part of our own surveys
had become useless, due to lack of link with more proximal
parts of caves. So, we decided to resurvey the missing parts,
in order to publish.
At the end of 2009, the two authors resurveyed and checked
enough data of the Xé Bang Fai to produce a paper in
Spelunca Bulletin. In 2010, together with Terry Bolger, they
further explored Tham Nam Non and Tham Koun Dôn –
Houay Sai in the Nam Dôn System, making a very good
mapping breakthrough in a giant maze area. Meanwhile,
“the other team” went partly to caves already under
advanced mapping by us, partly to caves started by them in
2009 and largely to a major cave about which they told us
in 2008 that there was no continuation, after we taught them
the entrance.

Figure 6. The entrance to fossil Tham Lô (tree for scale). Photo
by C. Mouret (2006).

8.4. Fourth period: apparent peacefulness or the wolf in
sheep’s clothing (2004 to 2005)
Again in 2004, after the discovery of Tham Pa Fa by a
villager, CM was invited by the Tourism Authority of
Khammouane to study the cave and he asked CG to join.
In 2005, we focused on Tham Nam Non, Tham Phiseua and
especially the Nam Dôn System. Many results remained
unavailable to us despite repeated promises.

In 2011, the authors and Jacques Rolin resurveyed missing
passages mainly in Tham Nam Non, Nameless Cave, Tham
Kwan Ha, Tham Phu and in the Nam Dôn System. CM
wrote that the length of the latter was likely to be over
50 km long. During that campaign, the authors made the
bitter experience to find out that “the other team” had also
been mapping the Nam Dôn System, after the publication
of our report on 2010 work. At the next 2011 peak dry
season, the two authors further explored and mapped
the System, as well as Tham Phiseua, Tham Houai Sai
(>10 km), studied Tham Phanoi and made further studies
in Tham Heup and Tham Nam Thieng. They went again
into the karst at the end of Year 2011, pushing the Nam Dôn
System, Tham Phiseua and the Tham Nam Non mapping.

8.5. Fifth period: new big worries (2006 to 2009)
2006 was a good year for exploration and a bad one for
human relations in the team. A group of four persons that
we, JFV or CM, had invited to join our team, one in 2000,
one in 2003 and two in 2004 were especially aggressive.
CM had invited for 2006 a team of divers abandoned by
their leader, who was with us in 2005 upon invitation by
CM. The Nam Dôn System was further mapped, as was
Tham Phiseua and Tham Lô. A dozen of kilometres were
surveyed, but many of them are not available to us.

In 2012, “the other team” returned to the Nam Dôn System
in February, our usual period of exploration. Therefore,
the authors and J. Rolin could go there at the end of the
dry season only. The previous elevation of Tham Phiseua
(+465 m, a figure based on GPS control by CG in 2005 and
checked by us with GPS and Google Earth in 2012) was
revised by us to a lower value, but we gained another
+24 m and now accept a +467 m value.

In 2007, focus was placed by CM on the Xé Bang Fai,
which was newly accessible again. In 2008, two of the
aggressive team members tried to take over the leadership
using a number of disputable ways. The Xé Bang Fai area
was on focus again and, upon CM’s proposal, further work
in the Grotte Marie Cassan area. Later on, we realised that,
as in 2006, we were not told all the truth.

Our mentor and excellent friend in Laos, Mr. Vannivong
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is preferable facing the future with a re-adjusted behavior
designed to better fit today’s reality.

Soumpholphakdy, passed away no long after this 25th
campaign, after having organised for us the Laotian part of
the logistics since 1994, in close co-operation. At the end
of 2012, we payed respects to our friend’s ashes, then we
continued the Nam Dôn System, Tham Kwan Ha and other
caves, as he liked, until the first days of 2013. We continue
our work in Khammouane in his honour. Early 2013, more
caves we are exploring are being investigated by “the other
team”.

Acknowledgments
Our exploration campaigns have been possible thanks to the
help of Mr. Claude Vincent, then of Mr. Vannivong
Soumpholphakdy. We cherish their memory and continue
our explorations in their honour.

9. Relations with other teams

Nothing would have been possible without our many
friends and our families.

On our own, our wish was (and still is, despite adversity)
to maintain good relations with people. We had no special
problem with teams from other countries and a few teams
from our country.

Definitely, we have loved Laos since our first contact and
we do appreciate the wonderful people and magnificent
nature. Seeing the country changing permanently toward a
good and fascinating future is a great pleasure.

However, we have to face the paramount problems arisen
from persons that we kindly invited and trusted. They came
with us, learnt about the caves we discovered and explored,
collected scientific knowledge and contacts from us,
including the way how going through in the country and a
good picture of our ideas and program. Now they use our
elective time period during the dry season and all our usual
facilities. They continue, on their own and with a very large
team, the exploration of caves which were started mapping
by our team and regularly continued by us until today, rather
than to look for unexplored caves, still so numerous in such
a large karst.

References
Mouret C, 2001. Le karst du Khammouane au Laos central. Dix
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Nam Bout et Nam Pakan. Spéléo-Club de Paris Publ., Proc.
13th Rencontre d’Octobre, 94–100.

In this way, we are dispossessed from a large part of our
investment in time, money, effort and knowledge, and of
our results by persons that we welcomed and soon did not
respect the rules of the team. Among the so many persons
who came with us, many have been very correct.

Mouret C, Ostermann J-M, Khamlasy K, 2001. Un marqueur de
l’évolution du karst du Khammouane, Laos Central : Tham Phi
Seua. Spéléo-Club de Paris Publ., Proc. 11th Rencontre
d’Octobre, 73–77.

10. Conclusion: protecting our work and
proposal for written contracts

Mouret C, Vacquié J-F, 1993. Deux écoulements karstiques
souterrains du Laos Central. Spelunca Bull., 51, 41–45.

Despite clear mention to newcomers of the way how the
team works, a few (though too many!) persons did not
respect the rules and cheated the rest of the team, with
49 km of diverted mapped passages.

Mouret C, Vacquié J-F, Lordon J, Thierry L, 2009. Le réseau
karstique géant de Tham Nam Non au Khammouane, le plus
long du Laos. Spelunca Bull., 116, 27–39.

No less than eight caves that we discovered, mapped and
studied (black dots on Figure 1) have been continued to be
explored by “others” without our approval, despite our
many publications and clear statements that they were under
study. 1.5 month after the printing of our paper on Tham
Nam Non, others dived inside without informing us. We
continued and continue exploring all caves we discovered
during our 26 campaigns over a time span of 23 years
already, a lifetime investment which, we feel, has been
deliberately jeopardized by invited persons.

Mouret C, Vacquié J-F, Collignon B, Thierry Rolin J, Steiner H,
2010. La rivière souterraine géante de Tham Xé Bang Fai et le
réseau karstique associé. Spelunca Bull., 119, 35–45.
Ostermann J-M, Mouret C, 2004. Découverte de figurations
pariétales dans des grottes et abris du Khammouane, Laos
central. Spelunca Bull., 35, 35–43.

Our experience may happen to other speleologists,
especially when good results are achieved.
So, requesting any team member, especially newcomers,
signing a full written contract is nowadays a must and
our deep recommendation, with all aspects duly
documented. Changing world and mentalities have largely
moved traditional respect, friendship, trustfulness and
verbal agreements into the abysses of a past lost for ever. It
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SIGNIFICANT “ERRORS” OF SOME THESSALONICA’S GEOLOGISTS
AND ARCHAEOLOGISTS REGARDING PETRALONA CAVE
Nickos A. Poulianos
Paleoanthropologist – Greek Ministry of Culture, former president of the Anthropological Association of Greece,
7 Daphnomili st, Athens 11471, Greece, poulianos@gmail.com

For more than half a century Petralona cave is known mainly due to the discovery during 1960 of a human fossil skull. Its
morphology revealed primitive europeoid traits, corresponding to approximately 700,000 years ago. In this concept
Petralona man represents the eldest ancestor of the Europeans that used a particular pre-Acheulian Palaeolithic culture,
accompanied by the first known traces of fire. The above conclusions entered into excessively strong debates for several
decades, mainly by various scholars of N. Greece. According to the author’s point of view these debates are due to (and/or
led to) significant “errors”, concerning even damages to the Petralona human skull, to other findings, and to the cave
chambers. The lack of research and excavating permissions over the last 30 years to several scientists all over the world
intensified the related problems, preventing a closer approach within an open and sincere scientific dialog.

1. Introductory history

understanding of the hominisation process.

Petralona Cave was incidentally discovered in May 1959,
on the Chalkidiki Peninsula (Macedonia, N. Greece). It is
located at an elevation of ~300 m above sea level on the
western slopes of the Kalavros (Katsika) Mountain. In
September 1960 an almost intact human skull was
discovered in a small chamber.

The Lower to Middle Pleistocene age is based on the
detailed analysis of the cave stratigraphy (34 geological
layers have been excavated until today). It is also based on
the study of the Palaeolithic tools, as well as the exact
diagnosis of the Palaeofauna that was discovered in almost
all layers. Among the fossils of extinct species such as lions,
hyenas, bears, panthers, elephants, rhinos, megacerines,
bisons, various species of dear and equids were found, as
well as 25 species of birds, 16 species of rodents and 17
species of bats. A considerable factor that helped in
reconfirming the age of Petralona man contributed methods
of advanced by nuclear physics. The materials used for such
a purpose were bones, clay, stalagmites and ashes, the
earliest traces of fire that have been lightened by human
hands on Earth.

Initially the fossil material was considered unstratified
(mixed by running water) and of Upper Pleistocene age
(~50,000–70,000 years old). In accordance with this
chronology the human skull was therefore considered to be
that of a Neanderthal woman, with a similar morphology to
African skulls (cf. Kokkoros and Kanellis 1960; Breitinger
1964; Sickenberg 1964: Marinos et al. 1965).
“Macedonia” – the newspaper of Thessalonica – was the
first on 18th September 1960 to report about the discovery
of “Petralona man”, publishing photography of the skull.

The systematic excavations of the site proceeded mainly
during 1974–1983 under the auspices of the Anthropological Association of Greece (AAG – founded in 1971
by Dr. A. Poulianos), a large scientific group with
52 prominent specialists from twelve countries that was
formed to support the studies. Researchers as B. Kourten
(Finland), M. Kretzoi (Hungary), M. Ikeya (Japan), P.
Bosak and I. Horacek (Czech Republic), G. Belluomini
(Italy), A. Moigne (France), R. Murrill (U.S.A.), are among
the most known authorities engaged in the studies, applying
also many innovative scientific methods. The Lower to
Middle Pleistocene chronological considerations were also
reconfirmed by the author, while correlating Petralona with
Razdolje, Stranska Skala, Mosbach, Isernia and other
Lower to Middle Pleistocene sites (cf. N. Poulianos 1989).

Aris Poulianos (father of the author) was working in the
same year on his PhD thesis “The Origin of Greeks” (its
main conclusion being that there is an uninterrupted
presence of the same population in the Helladic area, as well
as most of the Balkans since prehistoric times) under the
guidance of Academician G. F. Debetz in Moscow.
Therefore and because Petralona man was indirectly
connected to his thesis, A. Poulianos (1961) sent a first short
note to “Voprossi Antropologhii”, based on the picture
published in the above-referred newspaper. Also, the
Petralona discovery triggered A. Poulianos return to Greece
at the earliest possible time and, within the context of a huge
effort to re-initiate anthropology to its motherland, he
started exploringnd the Petralona Cave in 1965 (cf. A.
Poulianos 1967, 1971). Soon he came to the conclusion that
Petralona man was: (1) a male and not a female, (2)
europeoid and not africanoid, (3) and belonged to the Lower
to Middle Pleistocene (~700,000 years old) and not to the
Upper Pleistocene, and that he therefore was (4) a praeneanderthalian Archanthropus (i.e. an archaic Homo
sapiens, also referred to as a late Homo erectus or even a
Homo heidelbergensis) and not a classical Neanderthal.
It is therefore the first europeoid, that practiced his
own Palaeolithic culture and important for our general

During this same period A. Poulianos advanced his
excavations, publishing dozens of articles and in 1981 he
built the Anthropological Museum of the AAG next to the
cave at his own expenses.
In 1989 and 1998 the author defended his two PhD theses,
the first at the Florence Anthropological Institute of the
State University in Italy and the second at the Prague
Geological Institute of the Academy of Science.
In 1997 new catalogs of the fossils were compiled, this time
in a digital form. This process was unfortunately advanced
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with no state support and under tremendously adverse
conditions. As a consequence N. Poulianos in 2008 wrote:
“…to this digitalization purpose the most scientific effort
of the Anthropological Association of Greece is directed”.

decision. During all of the interruptions many excavating
data disappeared (findings, diaries, catalogues etc.),
indicating that medieval mentality still survives within
“scientific” circles even in the 21st century.

The new data were presented for the first time at the
UIS Congress at Sheffield by N. Poulianos (1977),
who already participated as a high school student in the
Olomouc UIS Congress in 1973 (cf. Sifneos and Poulianos
1974). New data were also presented at the UIS congresses
at Kentucky, Barcelona, Brasilia, Kalamos (Attica, Greece)
and more recently at Kerrville, 2009 by the author (cf. also
detailed bibliography at http://www.aee.gr/hellenic/
6petrlona/bibliography/bibliography.html). On the other
hand almost 1,000 articles, radio and TV reports concerning
the AAG contribution to Petralona cave studies have being
brought to the public in Greek and other languages (cf. in
www.aee.gr).

In order to challenge the chronologies of Dr. A. Poulianos,
some Thessaloniki-based geologists tried to date directly
the skull by the method of amino acid racemisation. This
method could not then surpass 200,000 years, but the
amount of bone used caused severe damages to the skull.
Since 1979 Dr A. Poulianos and especially other non-Greek
anthropologists (Murril 1980 from USA; Hennig et al.
1982; Protsch 1983 from Germany; and Stringer 1983 from
England) had published their concerns – addressed by AAG
also to the Greek Government – about the catastrophic
interventions made on the human skull by cutting off bone
pieces. However, this matter was never investigated. A
committee of Thessaloniki geologists and archeologists
ignored the above-mentioned palaeoanthropological data,
declaring that they observed no damages.

Today Petralona Cave – bejewelled with stalagmites and
stalactites – is a touristic destination and at the same time
constitutes an excavating site of considerable importance
for many aspects regarding the passage from the end of the
Lower to the beginning of the Middle Pleistocene.
Prehistory, stratigraphy, palaeontology, archaeometry,
palaeoecology, biostratigraphy and palaeoanthropolgy are
the main topics under continuous investigation. These
topics attracted a broad international interest and stimulated
extensive studies of the site, leading to manifold discussions
especially regarding the chronology of the cave.

To my understanding unless an international committee is
formed with the participation of at least one AAG member,
the matter will not be solved soon. Since the Petralona
human skull belongs to the international prehistoric
heritage, its protection should become of first priority today.

2. Last decade status
Besides never investigating the mentioned damages on the
Petralona skull and never discussing the new evidence for
the Petralona chronology, the Greek Archaeological Service
also failed to address concerns on other important issues:
I. Due to the long established Czech-Hellenic collaboration
and the high scientific standards of Czech Geologists and
Speleologists, AAG invited Dr. Pavel Bosak (and today our
Brno UIS President) along with Dr. Ivan Horacek to visit
Petralona Cave end of 2005 in order to formulate a program
for further research with new techniques on speleogennesis
and archaeometry. Along with the official and detailed
proposals towards the Archaeological Service, the financial
support of approximately a quarter million Euros was
offered by the Czech Academy including also EU funds.
Until now and despite the huge economic crisis during the
last years, a response was not provided.
At Kerrville in 2009 Dr. Pavel Bosak renewed his
proposals, but again there was not any reply, demonstrating
that in Greece the “official” apparatus did not function
properly. Specifically in Bosak’s 2009 letter is written: On
behalf of the Czech Academy and in continuation of the
2005 proposal at investigating the speleogenesis, as well as
the chronology of stalagmitic materials from Petralona
Cave, I would like to renew the possibility of proceeding
with such a program. Herewith, it is also noted that only
for the next year (2010) there will be still the possibility of
covering all lab and transportation expenses by the Czech
part, and that the co respective results may be presented in
the next (16th) International Congress of Speleology, which
will be held in Brno during 2013.

Figure 1. Dr. Aris Poulianos explaining the significance of the
Petralona cave stratigraphy.

However, several scholars were reluctant to accept the
above-referred revisions and others have never accepted
them. As a result, the opponents of Dr. A. Poulianos
managed to cause the interruption of the research three
times. The first interruption was effected under the
military junta (1967–1974). The second was caused more
recently (1983–1997), i.e. in “democratic” times. The third
interruption occurred on 4th April 2011, when AAG was
again expelled from Petralona cave by an illegal (according
to the appeals of the attorney Nicolas Triples) court

Kerrville, Texas, USA, July 21st 2009, Pavel Bosak, VicePresident of the International Union of Speleology
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decided to remove many sculptures made by Agella
Korovessi who was the silver (2nd) winner at Beijing 2008
Olympic Art Games. Protests of AAG as well as of the main
Greek artistic organization never reached the state’s ears.

Figure 2. Ivan Horacek, Aris Poulianos and Pavel Bosak in the
Anthropological Museum of Petralona Cave 24 Oct. 2005 (from
newspaper “Chaos”).

Figure 3. A picture of Ch. Kagaras, indicating prehistoric
inhabitants of Petralona cave hunting a rhino.

II. In 2007 Professors of Geology & Palaeontology at
Thessalonica University published a bilingual book (in
Greek and English) regarding Petralona Cave (Koufos and
Tsoukala 2007). In this book many “mistakes” are reported
(some also supported by state archaeologists), but the most
evident concern are: A) The authors deny the existence of a
stratigraphy in Petralona Cave, in order to question the
correlation that exists between the chamber where the
Petralona skull was found and the cave’s stratigraphic
sequence (cf. Fig. 1). B) Another distortion regarded the
place and cave chamber that Petralona man was found as
doubtful, in order to even more confuse the entire picture.
Here it is worth of mentioning that the same issue was in
details discussed at the Budapest UIS Congress, and further
published on many occasions (p. ex. in both of N. Poulianos
PhD theses). However, these bibliographical data were
again totally ignored.

Also, the sculpture of a Miocene giraffe, 3 m high, being
the biggest tourist attraction, did not escape (in September
2012) from today’s “barbarism”. It is estonishing that
during our current economic crisis state funding was not
only available to destroy artistic representations but also –
among other similar irrational actions – to replace the
existing perfectly functional central gate with a very
expensive one October 2012.

III. During the aforementioned “illegal” abolishment of
4th April 2011, AAG officially asked several times to
produce commonly accepted catalogues of the findings
together with the state employees. The “authorities” denied
even this simple and absolutely necessary action, for a
number of the about 100,000 findings deposited in the
Anthropological Museum. By the end of November 2012
it became also known that the Archaeological Services
started to rename and/or renumber findings that have been
already published before, an action that surely will lead to
great confusion in the future and violates common scientific
rules as well as the rights of the first publishers.

Figure 4. The giraffe referred to in the text as it was until October
2012.

V. On several occasions to both Poulianos even a simple
lecture to schoolchildren or to a tourist group in front of the
Petralona Cave was forbidden upon absurd excuses
(claiming that the excavators are not granted to such rights).

IV. After the “illegal” abolishment of AAG in 4th April
2011, the Central Archaeological Council (CAC) decided
that all of the drawings reproduced by one of the most
important Greek folk painters, the late Christos Kagaras
(resistance fighter against the Nazi occupation of Greece),
must be covered and hidden as not adherent with the
findings of Petralona Cave. This is unfortunately not
correct, since these paintings (today displayed only on the
AAG affiliated website) are referred to the prehistoric
inhabitants of the Petralona region. Others of his drawings
represent also the evolution of life, inspired from another
great painter, the Czech Augusta Burian. It is worth
mentioning that the former President of France, Valery
Giscard d’Estaing, during his visit to Petralona exalted
Kagaras’ paintings, calling them “magnifique”. CAC also

Figure 5. The giraffe referred in the text, as it is destroyed and
lying on the ground today (18th November 2012) 150 m away from
the entrance of Petralona cave.
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VI. The marble keystone of the Petralona Anthropological
Museum was removed at the end of 2011. On this keystone
it was carved that the Greek state inaugurated the building
in 1978 on the initiatives of Dr Aris N. Poulianos.

Figure 6. The keystone as it was until 2011.

Figure 8. The fossil leaf referred to in the text.

X. Since almost two years 13 employees of the AAG, all
from Petralona village, are sent to unemployment for no
apparent reason, augmenting this tremendous phenomenon
of the Greek society.
The President of the European Anthropological Association,
Professor C. G. Nicholas Mascie-Taylor, in 5th September
2012, summarized most of the above points, in a distress
letter towards to the Greek Archaeological Service
(where it was given the general protocol number 992999 on
28-9-2012):

Figure 7. The empty space on the Anthropological Museum’s wall,
indicating where the keystone was until 2011.

VII. On 8th March 2012 a masked man tresspassed the
house of Aris Poulianos and his wife Daphne (200 m near
the cave) attacking them with a rifle. The 88 years old
anthropologist struggled with the gunman in order to stall
him and give his wife the time to escape to the woods. As a
result he got injured and received seven stitches at the local
hospital. The gunman stole money he found and managed
to get away. The most interesting issue is that as the state
faces economic hardship no budget was allocated to post
guards after 2011, and it was done so without informing the
Poulianos family.

University of Cambridge, Head of Department of
Archaeology and Anthropology
Pembroke Street, Cambridge CB2 3QY, Tel: +44 (0) 1223
335456, Email: nmt1@cam.ac.uk
To the Greek Ministry of Education, Religions, Culture and
Sports, Bouboulinas 20-22, Athens 106 82, Greece
5 September 2012
Dear Sir,

VIII. During summer 2011 CAC services provided unreal
data to the Greek Parliament concerning the financial
aspects of the cave. Until now no formal investigation
started on the topic.

I am writing on behalf of the European Anthropological
Association, which is the umbrella professional and
academic association linking all of the national European
biological anthropology and human biology societies, to
express our concerns about the conservation of the
Petralona Cave and Skull, the misinformation of the dating
of the skull, as well as the treatment of personnel associated
with the conservation of the Cave.

IX. For one and a half year and for thee consecutive times
the CAC services refused to the author (as well as to Dr. E.
Kambouroglou and Dr V. Giannopoulos – members of
ISCA scientific committees) the study of the material
deposited in the Anthropological Museum, while at the
same time from its’ exhibition hall many findings are
missing, as for example a fossil leaf covered by stalagmitic
material. The photo of this leave is published in the Greek
version of the journal “Economist – Intelligent Life” in
November 2012. Again, no answer was ever given to what
happened to this fossil leaf.

The bases of our concerns are that the skull has been
damaged through many scratches and the crown of a tooth
(1st right molar) cut off. As requested by Anthropological
Association of Greece what is required is a detailed
description of the present status of the skull, so that no one
in future can arbitrarily damage it further. There is also the
problem of dating which has been scientifically dated at
about 700,000 years ago not 300,000 as is given at the
91

History of Speleology and Karst Research – oral

2013 ICS Proceedings

information desk (today in front of the cave). There is a very
detailed record of the excavations and findings which need
to receive further public presentation but which have never
been catalogued so as to prevent specimens going missing.

Kretzoi M, 1977. The Fauna of small vertebrates of the Middle
Pleistocene at Petralona. Athina. Anthropos, 4, 131–143.
Kretzoi M, Poulianos N, 1981. Remarks on the Middle and Lower
Pleistocene vertebrate fauna in the Petralona Cave. Athens.
Anthropos, 8, 57–72.

It is very unfortunate that the Greek Archaeological
Department stopped Dr. Aris Poulianos from further work
in the Cave without any explanation. It is also very
worrying that Dr. Poulianos and his wife were physically
attacked and injured in their home earlier this year and the
culprits have not been found. He was also verbally abused
when attempting to give an invited presentation to teachers
and school children.

Koufos G, Tsoukala E, 2007. Petralona: one cave, one praehistory.
Ed. Thessaloniki Un, 135.
Kurten B, 1983. The age of Petralona Man. The proceedings of the
3rd European and 1st Panhellenic Anthropological Congresses.
Athens. Anthropos, 10, 16–17.
Kurten B, Poulianos A, 1977. New Stratigraphic and Faunal
material from Petralona Cave – with special reference to the
Carnivora. Athens. Anthropos, 4, 47–130.

Senior anthropologists and geologists have also been
denied access to the Cave and the specimens for further study
on a number of occasions without substantive reasons.
Earlier this year there has also been misinformation given
to the Greek Parliament concerning financial aspects of the
Cave.

Marinos G, Giannoulis P, Sotiriadis L, 1965. Palaeoanthropological research at the Petralona Cave Chalkidiki. Epist.
Epetiris of the Fisic – Matem. Fac. of Thessaloniki University,
9, 140–204.
Moigne AM, 1983. Macrofauna of la Caune de l’Arago Tautavel
France. Anthropos, 10, 257–260.

I look forward to receiving answers to these questions.
Yours faithfully

Protsch R, 1983. Two letters to the Anthropological Association
of Greece. (23-11-1982 & 22-8-1983). Proceedings of the 3rd
European and 1st Panhellenic Anthropological Congresses.
Athens, Anthropos, 10, 7–11.

Professor C G N Mascie-Taylor MA, PhD, ScD (all
Cambridge), FSB, FNAS (Hungary)

Poulianos A, 1961. Discovery of a skull of Palaeolithic Man in
Greece. Voprossi Anthropologhii, 8, 162.

3. Instead of an epilogue

Poulianos A, 1967. The Place of the Petralonian man among
Palaeoanthropi. Anthropos C 19, (N.S.11), 216–221. Akten
Anthropologischen Kongresses Brno.

According to Dr. A. Poulianos all of the above questionable
and rather suspicious events are due to the attempt of some
state employees to receive EU funds for a project that already
exists, presenting it as their own. Hopefully, the AAG along
with the support of the International Scientific Community
will not allow this to happen, especially because of the duty
to protect Petralona’s international and cultural heritage. It is
also an expectation that the Archaeological Service will start
to change the way it functions and will awaken especially
with regards to public interest.

Poulianos A, 1971. Petralona: A middle Pleistocene Cave in
Greece. Archaeology, 24, 6–11.
Poulianos N, 1977. New data on the stratigraphy of Petralona
Cave. Proceedings of the 7th Int. Spel. Congress. Sheffield
(1977), 366–367.
Poulianos N, 1981. The Archanthropinae of Petralona Cave. In:
Beck BF (Ed.), Dep. of Geol., Georgia Proceedings of the
8th Int. Congress of Speleology, July 18–24, 1981, Western
Kentucky University, Bowling Green, Kentucky, 508–510.
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THE RIO CAMUY CAVE SYSTEM, PUERTO RICO,
AFTER 55 YEARS OF SPELEOLOGY
Ronald T. Richards
Universidad del Turabo and Sociedad Espeleológica de Puerto Rico Inc (SEPRI),
PO Box 366894, San Juan, PR, USA 00936-6894, ronaldtrichards@gmail.com

Speleology began in Puerto Rico in 1958. Russell Gurnee led the expeditions that explored the Río Camuy Cave System
and was the person who proposed that it be protected by the government. The Parque Nacional de las Cavernas de Río
Camuy opened in 1986. Gurnee was also a founding member of several speleological organizations on the island. Most
speleological publications about Puerto Rico have been written in English by non-Puerto Ricans. In the field, Speleology
in Puerto Rico has always been carried out in both Spanish and English. Ideas developed in the caves and karst of Puerto
Rico have been applied to other areas like Guam and China. Five caves in the Río Camuy Cave System have all been
managed differently. Cueva Clara de Empalme is a successful show cave. It is difficult for scientists to obtain permission
to visit Tres Pueblos which is the river level of the system. Cueva Angeles is used for extreme ecotourism and is too
expensive for most locals to visit. Cueva Humo has no management and Cueva Ensueño is a failed show cave. The
composition of the floating material in the cave system has changed over the last 55 years. Originally it was logs and
leaves and now includes manmade garbage like tires and plastic bottles. The air temperature of the cave system ranges
from 21.2 °C in February to 24.3 °C in August. The water temperature is near 22.6 °C and the relative humidity is around
90.6 percent.

1. Introduction

published in English by people from the United States
whose first language is English. Some of the speleologists
publishing about Puerto Rico have been people like Russell
and Jeanne Gurnee or Joan and John Mylroie (Mylroie and
Mylroie 2007) who have never lived on the island but have
made many trips and know the island well. Others have
been people from the English speaking countries who have
lived on the island for many years. This list would include
Joseph Troester (Troester and White 1986), Tom Miller
(Winter et al. 2011), and this author (Richards et al. 1998).
A similar situation exists in other fields of environmental
science in Puerto Rico. Most of what has been published
about birds and water resources has been published in
English by non-Puerto Ricans.

Speleology began in Puerto Rico in February 1958. The
previous month Russell Gurnee had almost died in a
snowstorm outside of Gage Caverns in New York, USA.
One of the cavers in the group was José Limeres, a Puerto
Rican doctor who practiced in Newark, New Jersey, USA.
They decided that their next caving trip would be in a
warmer place like Puerto Rico. After visiting a number of
caves in the southwestern part of the island, on their last
day in the field they went to northwest Puerto Rico where
the geologic maps said that there was limestone. In 1958
very little was known about the geology of Puerto Rico.
While driving alongside the Río Camuy they stopped and
talked to the local residents who took them to Cueva Humo
and Cueva Clara de Empalme. It would be ten years before
they knew that these two caves were part of the same
system, the Río Camuy Cave System. The Río Camuy Cave
System is in the municipios of Camuy, Hatillo, Lares, and
Utuado. Municipios are inclusive and are the equivalent of
counties in the United States. Later that year Gurnee
presented a paper about Puerto Rico at the Second
International Congress of Speleology in Bari, Italy (Gurnee
and Gurnee 1974) which is about 800 km south of Brno,
Czech Republic.

Speleology is the scientific study and documentation of
caves. Publishing is crucial to Speleology. Before 1958
caves in Puerto Rico were part of the resource base and
were used in many different ways but were not seen as
subjects of study and documentation. As humans we are
driven to make art and the oldest known art is in caves in
France and Spain. Caves in Puerto Rico have been used for
artwork both by the Tainos who were on the island when
Christopher Columbus arrived in 1493 and by the Christians
who make up the majority of the population today. For
many decades people have gone in caves in Puerto Rico to
mine guano, obtain water, and search for crabs and shrimp
to eat. In the 1960s when Russell and Jeanne Gurnee were
exploring the cave system, bananas were grown in the Tres
Pueblos sinkhole at the entrances to the cave system and
carried out over 100 m vertically on the backs of men. Isla
de Mona is an uninhabited island that is 70 km offshore
and has been politically part of Puerto Rico since the
16th century. Between 1887 and 1927, 150 Gg of guano
were removed from the island (Frank 1998). Guano is rich
in phosphorus and is used as fertilizer. In 1950 the
Nationalist Party organized an armed insurrection against
the United States and its colonial dominance over Puerto
Rico. For years the author has heard rumors that Cueva

A trend began in 1958 that has continued to today.
Speleology in Puerto Rico is carried out both by Puerto
Ricans and people from the United States. Most of the
speleologists from the United States who have worked in
Puerto Rico have been members of the National
Speleological Society (NSS). At one point, Gurnee was the
president of the NSS. In the field Spanish is crucial to obtain
information from the people who live near the caves. The
1958 trip did not discover anything new because they were
lead to the cave entrances and into the caves by the local
residents and no cave exploration could have taken place
without the language skills of Limeres. Most of what has
been published about the caves of Puerto Rico has been
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Aguas Buenas in Aguas Buenas was used by the Nationalist
Party to store rifles and I have spoken to a life-long member
of the party who said that he has spoken to the person who
removed the rifles.

off-island scientists. John Mylroie had developed his ideas
on flank margin caves in the smaller caves of the Bahamas
and he was invited to visit Isla de Mona because it is a place
where his ideas would be tested on a larger scale. The Earth
has an estimated 40,000 islands of which 30,000 are
tropical. Good science on one oceanic tropical island should
be applicable to other oceanic tropical islands. Today
Mylroie is using his flank margin cave model to study the
geologically more complex Mariana Islands in the Pacific
(Stafford et al. 2005). The two largest of the Mariana
Islands are Guam and Saipan. The Mariana Islands are next
to the Mariana Trench, the deepest point in the oceans of
our planet. Puerto Rico is next to the Puerto Rico Trench,
the deepest point in any ocean outside of the Pacific.

Russell Gurnee was an advocate of “Conservation through
Development” where part of the cave would be
commercialized and turned into a show cave. The revenues
from the visitors would provide the funds to protect the cave
as a whole. Gurnee produced development plans for a
number of caves in Puerto Rico. His designs often included
expensive items like elevators and cable cars. No cave in
Puerto Rico has ever been developed according to the plans
developed by Gurnee. For the Río Camuy, Gurnee proposed
an elevator to enter the cave, a trail with bridges that would
take the visitors along the Río Camuy above Tres Pueblos
but high enough to be above most floods, and a cable car to
lift the people out of the Tres Pueblos sink. Instead of the
Gurnee plan, the government of Puerto Rico adopted a
cheaper and shorter plan that has the tourists visiting only
the higher and drier Cueva Clara de Empalme.

Ideas developed in the karst of Puerto Rico can also be
applied to continental settings. With a diameter of 305 m,
the Arecibo Telescope is the largest radio telescope in the
world and is essential in tracking asteroids that might at
some point in the future collide with the Earth. The genius
of the telescope is the idea that because the karst processes
naturally form the bottom of a sinkhole into the shape of a
telescope mirror, the telescope will be less expensive than
if you tried to carve the rocks into that shape. Today there
is a discussion of using multiple sinkholes in China to build
a larger radio telescope. The project is known as “Super
Arecibo” (Baoyan and Jingli 2008).

This study will give an overview of the status of Speleology
in Puerto Rico and will look at how five caves that are in
the Río Camuy Cave System or its drainage area are
currently managed. The five caves that will be discussed in
this paper are Cueva Clara de Empalme, Tres Pueblos,
Angeles, Humo, and Ensueño. The five caves have five
different management statuses. One is a show cave, one is
protected and seldom visited, one is used for extreme
ecotourism, one has no protection, and one is a failed show
cave.

Today not all aspects of Speleology in Puerto Rico are at
the same level. Unfortunately, on the main island of Puerto
Rico there has been very little publication of cave maps in
the last 20 years. At the same time decades of educational
work has left large segments of the general population with
the idea that caves should be protected. It is common to find
caves that have been used as garbage dumps but in many
cases it is clear that the dumping took place decades ago.
Leaders of speleological organizations are available to give
public talks or to present at public hearings organized by
government agencies. Government agencies have solicited
the opinions of speleological groups on projects that will
affect caves and karst. Puerto Rico has hosted regular cave
rescue classes including the “national” event for the United
States. In Puerto Rico the word “national” is used in two
ways. The nation being referred to can either be Puerto Rico
or the United States depending on context. The National
Park referred to in this article is national for Puerto Rico
and not the United States. The volunteer instructors at the
cave rescue classes are from both the island and the United
States. The Puerto Rican instructors have translated the
course materials into Spanish and people like Efrain
Mercado are working to help organize cave rescue classes
in a number of countries in Latin America.

2. Speleology in Puerto Rico in the 21st century
Speleology includes exploration, documentation, scientific
research about caves, publication, education, protection,
and organizing support activities like search and rescue.
These objectives are generally organized by speleological
organizations. Organized Speleology in Puerto Rico has
undergone several forms. In the 1970s the Gurnees and
cavers resident in Puerto Rico organized a grotto of
National Speleological Society (NSS). This was the first
grotto of the NSS outside of the United States. Later some
of the Puerto Rican members felt that Puerto Rico should
have a national speleological organization in the same way
that the island has a team at the Olympics separate from the
United States. In 1976, the Sociedad Espeleológica de
Puerto Rico Inc (SEPRI) was organized with the Sociedad
Espeleológica de Cuba as its inspiration. Russell and Jeanne
Gurnee were founding members of SEPRI. There have been
divisions over the years and today the organization that
represents Speleology in Puerto Rico on the international
level is the Federación de Espeleológia de Puerto Rico
(FEPUR). Today in Puerto Rico there are four speleological
organizations in FEPUR. The four groups have varying
levels of activity. Two of the organizations have monthly
public meetings and organize regular field work.

A number of caves in Puerto Rico are now protected. The
Parque Nacional de las Cavernas de Río Camuy has 1.08
km2 (108 hectares) of land and controls 8 of the 9 entrances
in the main part of the Río Camuy Cave System. The park
operates Cueva Clara de Empalme as a show cave. The
National Park opened in 1986, 24 years after if had been
proposed by Gurnee. A number of other caves are in state
forests or natural reserves. The most important nature
reserve with caves is Isla de Mona. The Puerto Rico Land
Conservation Trust owns the land around a number of the
entrances to the Río Encantado Cave System in Florida,
Ciales, and Manatí and Cueva Convento in Guayanilla. The

In Puerto Rico, over the last 20 years, exploration and
mapping has shifted from the main island to Isla de Mona.
In 1992, Joseph Troester was working for the United States
Geological Survey (USGS) and he organized a series of
field trips to Isla de Mona which included both resident and
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National Science Foundation has paid for the establishment
of a field station at Cueva Culebrones in Arecibo that is
operated by the Bayamon campus of the Universidad
Interamericana. Cueva Culebrones is one of a number of
caves where the Puerto Rican boa (Epicrates inornatus)
gathers at the cave mouths to eat bats. The director of the
field station is Armando Rodríguez-Durán, the foremost
expert on the bats of Puerto Rico. Of the 13 species of bats
on the island, 10 roost in caves. Rodríguez-Durán has
published a number of publications on how bats use the
caves (Gannon et al. 2005).

discharge at this station was 2.1 cubic meters per second
(USGS 2012). The Río Camuy has several resurgences
(Gurnee and Gurnee 1974) and the station is downstream
from all of them. The combined discharge of the several
mouths of the Resurgence of the Río Camuy is the largest
spring in Puerto Rico and is a second magnitude spring.
First magnitude springs have a median discharge of over
2.8 cubic meters per second (Copeland 2003).

All caves in Puerto Rico are protected by law but for most
caves this protection is a piece of paper in a law library.
Important caves that have no protection include Cueva
Humo of the Río Camuy Cave system, Cueva Cucaracha,
Aguadilla, which has 700,000 bats, the largest known bat
colony (Rodríguez-Durán and Lewis 1987), and the dozen
or so caves in the Aguas Buenas Cave system. The private
property system has collapsed in many parts of the karst of
Puerto Rico. The area around the caves has become
uninhabited as people have abandoned agriculture and
moved closer to highways to have better access to jobs,
schools, hospitals, and shopping. Property descriptions may
include trees and rocks that no longer exist. In many cases
the land is owned by collection of grandchildren and other
family members of the last person who actually lived on the
land. As of the 2010 census there are more Puerto Ricans
in the United States than in Puerto Rico and this family
collection is usually spread out between Puerto Rico and
the United States. Many lands in karst areas could be
claimed by the government for non-payment of property
taxes. What this means is that most caves in Puerto Rico
can be entered if you know where they are. In many cases
the local residents do not know who owns the land near the
cave. What is protecting the caves is a lack of interest. There
is declining visitation in many caves of Puerto Rico. In the
1968 when an NSS expedition explored and mapped Cueva
Aguas Buenas there were groups of school children in the
cave every weekend (Gurnee 1968). Today in 30 visits to
this area it is extremely rare to see another group in the
cave. In many areas local residents do no know where the
cave is and the trails leading to the cave are overgrown with
vegetation.

In Puerto Rico, a Cueva Clara is a cave where you can see
the light from the entrance. Cueva Clara de Empalme is
a show cave operated by the government as a national
park. Visitors pay to park and an entrance fee of around
12 dollars. They travel from a visitor’s center to the cave in
tram. Most of the tour takes place in one large room and
except for one section the entrances are always visible. One
section overlooks a bat colony. The bats that live in caves
in Puerto Rico reduce insect levels and increase the
biodiversity of the forest by spreading seeds and pollen. The
cave has electric lights, concrete walkways, handrails, and
tour guides. Tours are in either Spanish or English. In 2008,
Socorro Elaine Smith (Fox News 2008), a visitor from Los
Angeles, California, USA was killed by a falling rock as
she waited for the tram to take her back to the visitor’s
center. The cave was closed for a year while a bunker was
built to protect the visitors. The visitors can see the Río
Camuy in the distance at a lower level but have no contact
with the river. The Parque Nacional de las Cavernas de Río
Camuy is one of the most important tourist attractions on
the island.

3. Cueva Clara de Empalme

In 1967 Stewart Peck collected over 100 blind depigmented
amphipods from a 180 mm deep pool in Cueva Clara de
Empalme. At the time of collection the pool contained
hundreds more of the species. These animals were later
described as a new genus and species Alloweckelia gurneei.
The species was named to honor Russell Gurnee (Holsinger
and Peck 1968). The pool where this species was collected
still exists and is next to the concrete trail used by thousands
of tourists. The amphipod no longer lives in the pool and
its status is unknown.

One change since the explorations of the 1960s is the
collapse of small-scale agriculture on the surface above the
Río Camuy Cave system. In the 1960s the land above the
cave system was used to grow coffee, sugar cane, milk
cattle, tobacco, squash, bananas, and other fruits. Today the
land is more forested than it was 50 years ago. At that time
most houses were wooden and had neither running water
nor electricity. During one expedition to explore the Río
Camuy Cave system water for the team members was
transported from 6 km away (Gurnee and Gurnee 1974).
The new highway 129 which provides visitors’ access to
the National Park also allows the residents to drive to their
jobs in Arecibo and other cities. The vast majority of the
houses in the area around the National Park are concrete
and virtually all have running water and electricity. As in
all of Puerto Rico, cell phone towers are common near the
National Park.

4. Tres Pueblos
The entrance to this section of the cave is the Tres Pueblos
sinkhole. This is the river level of the cave system. The
entrance is controlled by the National Park and is restricted.
Some people visit this section by rappelling into the Ventosa
entrance and exiting via Tres Pueblos. All river levels of
this cave system are dangerous and prone to flash floods.
In 1968 Hector Bueso died while trying to exit during a
flash flood. He was swept through the sinkhole and into the
cave on the other side (Gurnee and Gurnee 1974). Several
times the National Park has permitted this section to be used
for mock rescues on Good Friday when the park is closed
to the public. After a year of negotiations, the author was
able to enter this section to measure the air temperature and
relative humidity for the first time in 49 years. The air and
water temperature and relative humidity data collected in
the Río Camuy Cave System are shown in Table 1. The

The USGS operates a gage at the Río Camuy near Bayaney
(50014800). Between 1984 and 2010 the median daily
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annual range of air temperature in the Río Camuy Cave
system is 3.1 °C. The water temperature is around 22.6 °C
and the relative humidity is 90.6 percent.

author observed 5 live scorpions which are more than in
any other cave visited by the author. In most caves whip
spiders are more common than scorpions but this is reversed
in Cueva Angeles

The early explorers noted the amount of wood and other
floating debris in the river. The biggest change in the cave
between 1962 and 2011 is that the naturally occurring wood
and leaves now includes floating garbage. The source of
the garbage is not cavers but rather garbage placed in the
river upstream of the cave system. The cave has floating
garbage such as tires, aluminum beverage containers, and
plastic bottles. Puerto Rico as a whole and the upstream
communities in particular produce far more garbage than
they did 50 years ago. The river is transporting the garbage
through the cave system as part of its natural function to
move sediments and floating materials to the ocean.

6. Cueva Humo
In 1958 there were homes near Cueva Humo that could not
be reached by car. Today there are no such homes. The
roads have been extended or the remote houses were
abandoned. The inside of the cave is much as it would have
appeared in 1958. There is some but not a lot of graffiti.
There has never been an attempt to commercialize the cave.
The status of Cueva Humo is like that of most caves in
Puerto Rico, if you know where it is there are no barriers to
visit the cave. The number of people living near the cave
has declined and levels of visitation are probably down. In
2012 the cave has bats, gnats, and water-deposited debris
just as it did in 1958. Like most caves in Puerto Rico the
bat population has never been counted. In much of the Río
Camuy Cave System the height of the roof and the size of
the entrances are obstacles to counting the bats. The only
published bat census data from Puerto Rico are caves with
a single constricted entrance that makes the counting
process.

5. Cueva Angeles
The Angeles sinkhole is a smaller version of the Tres
Pueblos sinkhole. Tres Pueblos is 120 m deep while
Angeles is 110 m. The Angeles sinkhole is also not as wide
as Tres Pueblos, The Río Angeles flows on the bottom of
the sinkhole. In both sink holes the river flows out a cave
on one side and into a cave on the other side. The Angeles
sinkhole is upstream of Tres Pueblos and the river is a
tributary of the Río Camuy. At both locations the roof may
be 30 m or more above the river. The Angeles sinkhole is
about 2 km southwest of the Tres Pueblos sinkhole and
3 km north of Cueva Humo. The general direction of the
flow in the Río Camuy Cave System is from south to north.
In 1972, while still an undergraduate, Emily Davis led the
expedition that connected Cueva Angeles with Cueva
Humo (Gurnee and Gurnee 1974). After her marriage, she
became Emily Davis Mobley.

7. Cueva Ensueño
Cueva Ensueño is a small cave that is higher and dryer than
the other caves discussed in this paper. Cueva Ensueño has
pools but no flowing water. The cave is a failed show cave.
Jeanne Gurnee wrote a proposal to commercialize the cave
(Gurnee 1968). What was attempted was on a much smaller
scale. For years the cave had a non-functional power cable
with light bulbs at regular intervals strung out in the cave.
The cable was recently removed by members of SEPRI.
The cave has some pretty formations. There are at least two
other caves nearby that have failed at commercial
operations. La Cueva de Camuy was a private facility that
operated for many years and at times had a bar and
restaurant in the cave. More recently it was a recreational
area that besides visiting the cave included a swimming
pool and pony rides. A nearby cave also has the ruins of
wooden ladders and wires that were nailed to the wall. In
November 2012 La Cueva de Camuy was in ruins with all
the buildings missing roofs. The cave was so open that an
off road vehicle could drive into the cave. In November
2012 the author observed two live and two dead scorpions
in Cueva Ensueño. This is the cave with the second largest
number of observed scorpions. Cueva Ensueño is 2 km
southeast from Cueva Angeles.

Under Puerto Rican law caves are owned by government.
Private land owners can control access across their land and
can block access to caves. The land around the Angeles sink
hole is owned by Rossano Boscarino who owns Aventuras
Tierra Adentro a company that provides guides services for
customers who want an adventure. Boscarino is an
experienced rock climber and in 1991 participated in the
rescue of Emily Davis Mobley in Cueva Lechugilla, New
Mexico, USA. With a price of 175 dollars, the visitors are
picked up in hotel district of San Juan and transported to
Cueva Angeles. The trip to the cave includes four ziplines
over the sinkhole, a 40 m rappel to enter, and a 60 m Via
Ferrata to exit. Via Ferrata is an Italian word that means
“Iron Way” and is a system of ladders that are climbed with
protection. In the Alps the Via Ferratas are recognized
tourist attractions. Except for the Angeles sinkhole, the
author is unaware of any Via Ferratas in Puerto Rico. Both
Cueva Clara de Empalme and Cueva Angeles are examples
of how caves can be used to generate employment in Puerto
Rico but with different business models. Many residents of
the island, including organized school groups, have visited
the National Park. Salaries are lower in Puerto Rico than in
the United States and the price of the Cueva Angeles trip
means that the vast majority of the people who have seen
this cave live in the United States.

8. Conclusion
In Puerto Rico as in the United States, most attempts to
commercialize caves fail and in bankruptcy the cave is left
damaged and unprotected. Russell Gurnee and his idea of
“Conservation through Development” overestimated the
market for show caves in Puerto Rico. If all the projects
proposed by Gurnee in Puerto Rico had been built then most
would have failed and a much larger sum of money would

The author has biological notes from more than 50 caves in
Puerto Rico. In November 2012, in Cueva Angeles the
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have been lost. The challenge before the people of Puerto
Rico is to develop Speleology among Puerto Ricans and not
exclusively outsiders. The more cave science that is done
by Puerto Ricans resident in Puerto Rico, the easier it will
be to integrate the speleologists into activities to protect the
caves. It is also a challenge to protect caves even if the
market will not support “Conservation through
Development”. The bats that live in unprotected caves in
Puerto Rico reduce insect populations and increase
biodiversity in the forest by spreading seeds and pollen. The
Río Camuy Cave System has an annual range in air
temperatures of 3.1 °C. The five caves in the cave system
are all managed differently. One has electric lights, concrete
walkways, and bunkers to protect the tourists from falling
rocks. One has administrative obstacles that make
legitimate scientific access difficult. One is used for extreme
ecotourism. One is an abandoned show cave and one has
no protection. In the Río Camuy Cave System the
composition of the floating material has changed from
exclusively natural to now including manmade garbage
which is deposited near the river near upstream communities.
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Table 1. Air and water temperature and relative humidity data from various locations in the Río Camuy Cave System, Puerto Rico.
Data were collected by the author with the exception of the 1962 data which are from Gurnee and Gurnee (1974).

Location

Month

Year

Elev.
m

Tres Pueblos
Tres Pueblos
Tres Pueblos
Angeles
Humo
Ensueño

Feb
Feb
Aug
Nov
Sep
Nov

1962
2011
2011
2012
2012
2012

158
158
158
210
250
280

97

Temperature
Air
Water
C
C

Relative
Humidity
%

20
21.2
24.3
23.4
23.8
22.5

100
89.4
91.7

20
22.7
22.4
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Figure 1. Map of the Río Camuy Cave System in the municipios of Camuy, Hatillo, Lares, and Utuado, Puerto Rico. Base map produced
by Thalia Vev.
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CERIGO SPELEOLOGICAL PROJECT
IOANNIS PETROCHEILOS AND SPELEOLOGICAL RESEARCH
IN KYTHERA ISLAND, GREECE, FROM 1930 TO 1960
Konstantinos Prokopios Trimmis, Georgia Karadimou
Hellenic Speleological Society, Department of Northern Greece, School of Geology AUTH Thessaloniki Greece,
pktrimmis@gmail.com

This paper aims at presenting Ioannis Petrocheilos’ “works and days” and the speleological research on the island of
Kythera, Greece, from 1930 to 1960. Ioannis Petrocheilos was born on Kythera and conducted the first speleological
research in the area in the early 30’s. Within 20 years Petrocheilos explored and studied more than 20 caves on the island
with a specific and precise methodology. All his notes and data from that period survived in the archives of the Hellenic
Speleological Society. Within the framework of the Cerigo Speleological Project we studied the history and the chronicles
of that period in order to shed light on the beginning of Greek Speleology.

1. Introduction

from the Hellenic Speleological Society, the Aristotle
University of Thessaloniki and the University of Crete
participate. Research conducted between 1930 and 1960 is
of great importance not only for the island but for entire
Greece as well, because during this period the principles for
both the creation of the H.S.S. and the general exploration
and research of caves in Greece were established.
Furthermore, Ioannis Petrocheilos was the first Greek
speleologist who also originated from Kythera.

As part of the Cerigo Speleological Project from the Local
Department of Northern Greece of the Hellenic
Speleological Society (H.S.S.), the historical background
of the speleological research conducted on the island of
Kythera between 1930 and 2008 was studied.
According to the historical evidence, the first speleological
research in Kythera was conducted by Ioannis Petrocheilos,
the founder of the H.S.S., from the early 1930s to 1960.The
H.S.S. Department of Northern Greece continued the
research on the island within a new framework until 2008.
The speleological project of Kythera (Cerigo Speleological
Project) was launched, in which scientists and speleologists

2. Ioannis Petrocheilos1
Ioannis Petrocheilos was born in Smyrni (Izmir), Minor
Asia, in 1900. His parents were natives from the island of
Kythera. Petrocheilos’ dream was to be a composer and
therefore he studied music. In 1917, he started climbing,
painting and drawing landscapes. He enrolled at the Faculty
of Mathematical and Physical Sciences of the University of
Athens in 1918 and graduated in 1921. Between 1922
and1926 he worked as a chemistry teacher in public
schools.
In 1930, he moved back to Kythera with his wife Anna
Minardou, originally from the island of Tinos, to work as a
teacher at the school of Potamos village. He stayed on the
island for two years. During this period, he explored two
caves on the island and familiarized himself with
speleology. This new activity enchanted him and he was
awarded a scholarship from the Ministry of Education for
a special course at the Sorbonne, Paris, in physical geology
and anthropological geography (1932–1936).
Petrocheilos then returned to Kythera and continued
teaching at the same school as before that, by that time, had
become a secondary school. He started working in the field
of applied speleology, scouting the island. In the two
following years he explored four further caves in a more
systematic way this time. In 1937, he published his first
paper, bearing the title “Geotectonics”. Furthermore, he
Biographical information about Ioannis Petrocheilos was
gathered from the following published works: Grafios
Nidas 1961, Ioannou 2000, as well as from documents in
the archive of the Hellenic Speleological Society.
1

Figure 1. Ioannis Petrocheilos in Ag. Sophias Cave, Kythera,
1936. Photo M. Sophios.
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drew the geological map of the island, published
posthumously by the Institute of Geology and Mineral
Exploration (1935). He also discovered a fossil skeleton of
Elephas antiquus in Kythera, a discovery that was even
announced at the French Speleological Society. In 1937 he
was transferred to the secondary school of Andros, where
he taught until1943.

completed a series of studies at the prehistoric cave of
Alepotrypa in Diros, Mani.
In 1959, he and his wife explored the cave of Agios Andreas
in Kastania (Voion municipality).
At the request of the Institute of Geology and Subsurface
Research, he explored and excavated the Kokkines Petres
cave in Petralona, Chalkidiki where he discovered traces
(bones and teeth) of cave bear, wolf, deer and other animals
and he anticipated the discovery of traces of prehistoric man.
His hunch proved to be correct when subsequent researchers
discovered a human skull, shortly after his death (in 1960).

In that year, during the World War II, the Germansbombed
the island, and his residence was burnt to ashes. All his
household effects and his scientific archive, his library, his
scientific instrument collection as well as the manuscripts
he had drafted during his 13-year speleological and
geological research were lost. In 1943 he was therefore
transferred to Athens where he worked as a teacher at the
Evangelical School of Nea Smyrni. In 1948, he published
a book on inorganic and organic chemistry which was
republished in 1950.

Between 1950 and 1960, Petrocheilos conducted a series of
extensive scientific research which included hydrological
research on the water system of 50 communities and the
town of Thebes, landslides and settlement displacement;
while at the same time he was examining in collaboration
with some colleagues the possibility to create a subsurface
dam at the bed of river Evinos. Additionally, he conducted
drills in Athens (Patision Street, Nea Ionia, Larissis station)
in order to examine the subsoil in the Greek capital in view
of the construction of the metropolitan railway, known as
the Athens Metro, part of which was inaugurated in 2000.

In 1949, he participated with his wife Anna Petrocheilou
in the 1st International Speleological Congress in Valance,
France. In 1950, he was invited to participate in the
4th Speleological Congress in Bari, Italy. In the same year,
he, his wife and a few other intellectuals founded the
Hellenic Speleological Society which he served as its
president until his death on February 11th, 1960. In 1951,
he was appointed geologist at the Ministry of Industry and,
later, at the Institute of Geology and Subsurface Research
(which later became the Institute of Geology and Mineral
Exploration).

Beginning in 1951 he also published descriptions and
studies conducted in caves in the Bulletin of the Hellenic
Speleological Society. Alongside with his research since
1925, he published a number of articles in scientific
and nature magazines. In 1980, instead of holding a
commemoration ceremony, Anna Petrocheilou published a
volume with his poems, which she discovered in his archive
after his death – to her surprise, since she was not aware of
his poetic talent until then. The volume bears the title
Odoiporontas (foot-walking).

In 1954, Petrocheilos returned to Kythera. Together with
G. Grafios Nidas, his wife and the photographer Manolis
Sophios, he explored 14 caves on the island.

3. Speleological research in Kythera, 1930–1950

Figure 2. Kuriakoulou cave, Kalamos, 1936. Photo M. Sophios.

In 1957, he participated in the 5th International Congress
I.N.Q.U.A. held jointly in Madrid and Barcelona, Spain
where he announced the first discovery of an Ursus
spelaeus canine in Greece (Perama Cave, Ioannina). At the
same congress, Gasparis Mistardis, member of the Hellenic
Speleological Society, made another announcement
regarding the traces of old glaciers in Greece.

Figure 3. The position of the Island of Kythera in the eastern
Mediterranean.

Information on the research conducted in Kythera during
this 20-year period of Petrocheilos’ studies was gathered
from source documents of the Hellenic Speleological
Society’s archive. The archive maintains a file for each
cave, including the cave’s registry number as well as all
relevant information. We examined 19 files2 including

Petrocheilos was elected member of the International
Committee studying the Quaternary in the Mediterranean.
Healso participated in marine research using the
oceanographic boat Alcyone, in order to study the coasts of
Southern Peloponnese and Northern Crete. He also

These are the files (caves) registry numbers present in the archive:
2858, 2859, 2861,466, 2862, 2863, 2864, 2865, 2866, 495, 496,
509, 501, 558, 559, 698, 313, 4146, 314.
2
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50 documents in total. Some files only contained a single
document with information on the respective cave (e.g.,
2866:Tourkos Cave). Nevertheless, most files included
three to five documents. All documents but one had the
signature of Ioannis Petrocheilos, while the names of those
people who accompanied Petrocheilos in his explorations
were not mentioned. The notes were taken in Demotic
Greek and used multi-accented (or polytonic) spelling.
Spelling rules were not always followed while there was a
significant number of abbreviations and end-off-line broken
words. The hand-writing was illegible even though some
letters were written respecting the principles of calligraphy.
In general terms, the hand-writing indicates that the notes
were taken hastily, though no significant corrections appear.
The paper used is not specific. Notepad sheets with
horizontal blue lines and white A5 notepad sheets were
mostly used. However, in some cases the writer used rice
paper sheets, and in one case he even used the packaging
from a pack of cigarettes.

The notes do not bring to light any specific methodology
that might have been followed during the research. They
include information regarding the observations of the
research team as well as more specific geological
observations made by Petrocheilos himself. At the
beginning of each document information about the cave’s
location is given, its accessibility and the interior
dimensions. Then, details on the geology of the cave rock
follow. Finally, each report concludes with any further
details available regarding the cave. Seven out of 19 cave
reports were complemented by a basic sketch of the cave.
Table 1. Caves of Kythera and their data.

Figure 4. Plan by Io. Petrocheilos of Ag. Sophias Cave Ag.
Pelagia, Kythera, 1954. Archive of M. Sophios.

These 19 caves were basically explored between 1930 and
1931 and during 1936, 1952, 1954, and 1955. Most caves
were examined during 1954 (14 caves) while in 1930, 1931,
1952, and 1955 only one cave was examined per year. The
first cave to be explored was the cave at Cape Moudari, in
the north of the island. At first, the cave expeditions were
more like excursions and nature trips. Later on, after
Petrocheilos returned from France, the cave tracing was
done more systematically while at the same time the team
started examining the caves geologically.

No of the
cave

Name of cave and nearest
village

Year of
explor.

2858

Ag. Aikaterinis, Kapsali

1954

2859

Theologou, Pitsinades

1954

2861

Klefti, Kalamos

466

Kuriakoulou, Kalamos

1931

2864

Paliochora, Paliochora

1954

2866

Tourkou, Mulopotamos

1952

495

Ag. Sophia, Ag. Pelagia

1954

496

Panagia Orfani, Mulopotamos

1936/1954

509

Sparagariou, Kapsali

1954

501

Ag. Eleftheriou, Logothetianika

1954

558

Fournoi, Fournoi

1955

559

Spilaio Moudariou

1954

698

Vigla, Drumonas

1954

313

Ag. Ioannis, Kapsali

1936

314

Ag. Pavlos, Kapsali

1936/1954

315

Ag. Pelagia, Felwtis

1954

Ag. Sophia, Kalamos

1936/1954

Ag. Sophia, Mylopotamos

1936/1954

4. Summary
Speleology of Greek in Greece was not conducted until the
second quarter of the 20th century with the research of
Markovitz and Petrocheilos (Merdenisianos 2007).
Petrocheilos continued his research until his death in 1960
and can been seen as the founder of scientific and
exploratory speleology in Greece. He left behind important
speleological publications and data collections and the
country’s first speleology society as his legacy. The
speleological culture of Petrocheilos and his research
methods were born and shaped in Kythera during the 1930s.
A Kytherian and his small island were determined by fate
to give birth to Greek speleology. As a small homage to this
great teacher, the Cerigo Speleological Project aims at
highlighting his activity and speleological legacy.

In 1954, the research was more organized. The caves
explored at the time were recorded alongside with a basic
sketch of the area, while geological, biological,
archaeological, historical, and other observations were also
included. Furthermore, numerous pictures from the entrance
and the interior of the caves visited during that expedition
are present. To summarize, it appears that the 1954 research
represented the first organized large field speleological
expedition in Greece. Similar expeditions did not occur
until the 1980s, when the first organized expeditions in
areas such as the plateau of Astraka in Epirus, Kymi in
Euboea, and Crete took place.
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CONTRIBUTION OF HERMENGILD AND KAREL ŠKORPIL
TO THE BULGARIAN SPELEOLOGY
Alexey Zhalov, Magdalena Stamenova
Speleo Club “Helictit” – Sofia, Bulgaria, azhalov@gmail.com, m_stamenova65@yahoo.co.uk

The article presents some biographical aspects of the Czech nationals Hermengild and Karel Škorpil and their contribution
to karst and cave studies in Bulgaria and in developing Bulgarian speleology.

1. Introduction

3. Brief biography of the Škorpil brothers

As a result of the Russian-Turkish War and according to the
Treaty of Berlin, in 1878, two states were established in the
Bulgarian lands: Principality of Bulgaria and the autonomic
self-governing province East Rumelia, which was
dependent on the Ottoman empire. In autumn 1885, both
states united into one – the Principality of Bulgaria. In this
period a considerable number of new secondary schools
were opened in the Bulgarian cultural sphere. These needed
well educated teachers of different disciplines. Because of
that the Bulgarian government invited many foreigners to
work as teachers. Most of them came from Slavic countries.
In the first two decades after the Liberation of Bulgaria,
more than 300 foreign teachers from 22 nationalities were
employed (Penev and Petrov 1988). More than 100 of these
teachers were Czechs. This was a result of the interest and
sympathy of Czech people towards the destiny of
Bulgarians. At the same time, many Czech intellectuals
aspired to help with the educational and cultural
development of Bulgarians in practice. They saw Bulgaria
not only as a country where they could express themselves
as pedagogues, but were also keen to help in the research
of Bulgarian flora, fauna, mineral resources, archaeological
sites, etc.

3.1. Václav Hermengild (Hermin) Škorpil (Fig. 1) was
born on February 8th, 1858 in the city of Vysoke Myto (now
part of Usti nad Orlici District, Pardubice, Czechia).

Figure 1. Hermengild Škorpil.

Figure 2. Karel Škorpil.

He finished high school in Chrudim and Pardubice and
graduated at the Technical University in Prague and in
natural sciences at the University of Leipzig. After he
finished his education, he was invited by the East Rumelian
government and in 1880 he was appointed as a teacher in
Plovdiv’s mens high school. Since 1906 he was teacher in
various Bulgarian cities: Sofia, Sliven, Ruse and Varna,
where he helped in the schooling of natural history,
geography, zoology, botany, arithmetic and German. H.
Škorpil published the first summary of mineral treasures in
Bulgaria including a geologic map – a pioneering research
that served as the basis for scientific mineralogy studies in
Bulgaria. Very valuable were also his studies on the
geography of Bulgaria. Аmong them, together with his
brother, he studied the basic karst areas of Bulgaria including
about 90 caves. Hermin Škorpil began the study of the
natural resources in the surroundings of the town of Sliven
and described them in his book “Izkopaemi bogatstva
iznamereni do sega v tzelokupna Bulgaria” (Fossil Treasures
Found up to Date in Bulgaria) (Škorpil 1882). In this book
Hermin Škorpil described Morova dupka (Моrovitza) near
Теteven, the cave of Demir Baba near village Svestari, the
Sokolska Cave at Sokol’s monastery near Gabrovo and also
Zmeevi Doupki Cave (Dragon Cave) near Sliven. In the
same work H. Škorpil made a detailed description of the
cave Zmeevi dupki, and concluded: “It is important for us
to be aware of the alluvium on the bottom of this cave. It is
possible to find fossils of prehistoric man and such of
prehistoric animals of that era there.”

2. Why Hermengild and Karel Škorpil went to
Bulgaria
The brothers Hermengild and Karel Škorpil settled in
Bulgaria as a part of a large group of Czechs, whose aim
was to assist the newly established Bulgarian state. The
Škorpils family had close relation with the family of Prof.
Dr. Constantin Josef Jireček. The father of the Škorpil
brothers was a nephew of Jireček’s father. Constantin
Jireček was a Czech historian, diplomat and slavist. He
entered the Bulgarian service in 1879 and in 1881 became
a minister of education in Sofia. The bulk of Constantin’s
writings dealt with the history of the South Slavs and their
literature, including: History of the Bulgarians, The
Principality of Bulgaria, Travels in Bulgaria, etc. The close
relationship between the two families played a very
important role in increasing Hermengild’s and Karel’s
interest towards Bulgaria, which caused them to go there
and to devote themselves to the cultural prosperity of the
country.

The next book of Hermin was “Prirodni bogatstva v
celokupna Bulgaria” (Natural Resources of the Entire
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Bulgaria), issued in 1884 (H. Škorpil 1884), in which he
located and described more caves than in his first book.
Later he published the book “The Prehistoric People in
Bulgaria” (Škorpil 1886). In it, the author described in
details the cave-rock dwellings (most of them artificial) in
Dobrudja, Dobrudga’s Black Sea shore, the region of
Provadia, Shumen and the in the river valley of Russenski
Lom – northern Bulgaria. Hermin Škorpil also founded a
museum in Sliven, as well as a museum of natural sciences
in Ruse in 1902. From 1906 until his death he was the
curator of the Varna Archaeological Museum. For decades
he was the main motivator there fostering the interest and
studies in the history of Varna, Varna Region, and northeast
Bulgaria. Hermengild Škorpil died on June 25th, 1923, and
was buried near Varna.

In 1915 Karel Škorpil went in pension and became a
director of Archaeological Museum of Varna. He acted in
this duty till his death on March 9th, 1944, and was buried
among the ruins of the first Bulgarian capital Pliska.

4. The basic contribution of the Škorpils for
the study of Bulgarian karst and caves
The most significant contribution of the brothers’ Škorpil
to the study of Bulgarian karst was in the field of physical
geography. Their most important speleological books were:
“Krašskýh zjevecu v Bulgarsku”, “Sources et pertes d’eau
en Bulgarie” (Fig. 4) and “Krazhski phenomena in
Bulgaria” (Fig. 5).

3.2. Karel Václav Škorpil (Fig. 2) was born also in Vysoke
Myto on May 15th, 1859. He had finished high school in
Pardubice before graduating at the Charles University and
the Technical University in Prague. In 1881, he went to East
Rumelia.
Here he worked as a high-school teacher in the Bulgarian
cities of Plovdiv (1882–1886), Sliven (1886–1888), Varna
(1888–1890, 1894–1915) and Veliko Tarnovo (1890–1894).
In 1894 Karel Škorpil settled in Varna on the Bulgarian
Black Sea Coast. There he founded the Varna
Archaeological Society and later the Varna Archaeo-logical
Museum. Since 1915 until his death he served as director
of this museum. He was also a teacher and lecturer at the
Naval Academy and the Trade School. Karel and Herman
started to work as teachers in natural science and
mathematics, devoting their free time to the research and
description not only of antiquities but of Bulgarian karst
and caves. In his career of more than 50 years, Karel
published around 142 works, whether as the sole author or
in collaboration with his brother, including 30 in German,
Russian and Czech, primarily devoted to Bulgaria. He
discovered and headed the excavations of the mediaeval
Bulgarian cities at Pliska, Preslav and Madara. Karel was
member of the Bulgarian Academy of Sciences and the
Bulgarian Archaeological Institute. He was among the first
researchers of the karst terrains and its archaeological
remains. Meanwhile, in 1877, when Karel served as teacher
in Sliven, he made a trip around North Bulgaria during
which he visited and mapped the Emenska Cave near Emen
village, Tarnovo region (Fig. 3). This is the first map of a
Bulgarian cave known up to date (Škorpil 1887).
Figure 4. Cover of the book” Sources et pertes des eaux en
Bulgarie”.

In 1895, in Praha H. and K. Škorpil reported for the first
time about the karst phenomena in Bulgaria (Škorpil 1895)
internationally. In this work they described the conditions
of karst and cave development and also the location and
general information on 55 Bulgarian caves.
More complete and detailed was their later book, published
in France: “Sources et pertes des eaux en Bulgarie” (Springs
and Sinkholes in Bulgaria) (Škorpil and Škorpil 1898). In
it they gave results of specific terrain explorations,
described over 100 karst phenomena (uvalas, caves,
springs) and published additional information of 18 new

Figure 3. The map of Emenska Cave – 1887.
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along the Lom Rivers (surveyed in 1887, 1892 and 1912 by
the Archaeological Commission for identification and
preservation of antiquities in Bulgaria at the National
Museum in Sofia). He explored also the rock monasteries
and hermitages in South Dobrudja (concentrated along the
Black Sea coast and the Suha River) (Fig. 6). Meanwhile
Škorpil explored also the cave hermits and churches in the
periphery of the Shumen Plateau and surveyed and
described more than ten natural and tens of artificial objects
(K Škorpil 1905; K Škorpil 1932). The books contain also
the maps of all explored cave churches and monasteries.
Škorpils’ explorations and publications mark the beginning
of further studies of the natural and rock cut caves under
archaeological and religious aspects.

Figure 5. Cover of the book “Кrazhki yavlenia”.

Figure 6. Map of Cherven Rock Cut Monastery.

caves. The book included 21 figures that clearly illustrate
the hydrogeological connection between sinkholes and karst
sources in the explored regions.

5. Conclusions
Finally, who were these two scholars? Karel Škorpil – the
engineer and organizer, the fundraiser and researcher of
international scale, who helped to establish many scientific
associations at their early phase in Bulgaria; and Hermin
Škorpil – the naturalist and traveler, who helped
continuously in the studies of his brother as a teacher and
educator in Bulgaria, the explorer and writer of the first
books in natural history, geology, geography, speleology in
Bulgarian language.

The following book, published in Plovdiv in 1900, was
“Кrazhki yavlenia” (Underground Rivers, Caves and
Springs) (H and K Škorpil 1900), that summarized the
results from the brothers’ continued speleological research
in Bulgaria.
Besides publishing data about the phenomena of the
superficial karst, its caves and karst springs, this book was
also theoretical, including characteristics and mechanisms
of the formation of karst phenomena. In the book eleven
new caves are described. The book deals also with many
cave research related aspects – palaeontology, archaeology,
zoology, climatology, hydrology etc. It is illustrated with
30 drawings, maps and photos. In these three books a total
of 87 natural caves are described. The information from
these books became the starting point for the conducting of
the next more profound researches of the karst and caves in
Bulgaria.

The researches of the Škorpil brothers were often selffunded and all unearthed monuments were preserved in
Bulgaria. As a sign of appreciation of their activity for the
development of Bulgarian education, science and culture,
many Bulgarian places (streets in Varna, Sliven, Plovdiv,
Sofia, Kavarna), schools, a village – seaside resort, were
named after the brothers. Škorpil Glacier on Graham Land,
Antarctica, was also named after Karel Škorpil. In honour
of the Škorpil brothers three Bugarian plants were named:
Shkorpilova vedrica (Fritillaria graeca) – Fam. Liliaceae,
Shkorpilova mashterka (Thymus euximius) – Fam.
Lamiaceae (Dimitrov 2006) and Argostelimia Skorpilii Vel.
(Stanev 2001).

During their studies in Bulgaria the brothers Škorpil
encountered dozens of artificial or semi artificial cave
monasteries and in the end of the XIX century the term
“rock monastic cloisters” was introduced into scientific
terminology (Škorpil 1914). This is also the most significant
contribution to archaeological research of these objects in
karst areas. K. Škorpil scientifically documented and
described over 100 rock-cave churches and monasteries

Even today, 100 years after the publication of the first
important works of the Škorpil brothers about Bulgarian
karst and caves, these books are favorite and important
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readings of Bulgarian speleologists and cavers. Without any
doubt Hermengild and Karel Škorpils must be listed among
the founders of Bulgarian speleology and caving.
Finally we have to ask, what Karel and Hermann Škorpil
left during the period of their stay in Bulgaria – from 1880
to 1944? In spite of the fact that the known original sources
of Škorpils’ have been studied many times, there are still
little personal data about the brothers’ activity. Apparently
the names of K. and H. Škorpil as karst and caves explorers
are not well known in their native country – the Czech
Republic. More information probably could be found in the
archives at their birthplace Vysoke Myto, like their birth
certificates or any other early sources.

Figure 8. The monument of Karel and Hermengild Škorpil in front
ofn the Historical Museum in Varna.
Škorpil H, 1884. Prirodni bogatstva v celokupna Bulgaria. Plovdiv
(in Bulgarian).
Škorpil K, 1887. Notebook of the excursion of K. Škorpil, teacher
in Sliven in 1887 with the sketch map of Emenskata Cave.
Scientific Archive Bulgarian Academy of Sciences, F165 к,
а.u. 779.

Figure 7. Karel and Hermengild Škorpil – 1905, Varna.

Škorpil H, 1896. Purvobitnite ludi v Bulgaria. H.G. Danov press,
Plovdiv (in Bulgarian).
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JENOLAN SHOW CAVES; ORIGIN OF CAVE AND FEATURE NAMES
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The Jenolan Caves Historical and Preservation Society researchers and surveyors worked together to place names on maps
being produced by the Jenolan Caves Survey Project. Their sources for the cave and feature names were guidebooks,
newspaper articles, tourist publications, postcards, and photographs. Valuable contributions also came from the oral history
supplied by past and current guiding staff. From 1838 to the present day, guides have striven to acquaint visitors with the
“exotic” cave environment, resulting in a tradition of giving features familiar names. To the informed, names of caves and
formations can take on a hieroglyphic character that can guide you through the history of the caves. Being aware of the
feature names can give a glimpse of the discoverers, prompt interest in the adventures of early visitors and even recognise
the work involved in making the caves accessible. The result is that over a thousand names have been found that links
historically and culturally to the discoverers, management and visitors.

1. Introduction

formation known as the Potato Patch, and further along
Bone Cave were Snowball Cave and Crystal Fountain.
Returning to Irish Corner, visitors were astonished to find
they had to ascend a wire ladder to return to Cathedral and
thence the cave entrance. Although this route is not used
today, many of these names are still in use on the Lucas tours.

In 2005, as part of the Jenolan Caves Survey Project, the
authors started to work on names for the maps. The Jenolan
Show Caves are made up of “caves”, sections of a system
that have been given specific names to facilitate them as
cave tours (Figure 1). The naming project immediately
expanded as some cave and feature names provided an
historical and cultural record of the Jenolan Show Caves.
The result is an important record of the tradition of naming
at Jenolan from the discovery of the caves to the present day.

2. Discussion
2.1. The early years
The first recorded descriptive names, commenced with the
discovery of the arches in 1838 (Ralston 1989). Samuel
Cook (1889) suggested that an arch known as the Devils
Coach House was so named for reasons that had led to
similar names for numerous Devils Pinches and Peaks for
surface features around the world. Captain Cook had given
the name Devils Basin to a harbour because of its gloomy
appearance, being surrounded by savage rocks. For a brief
period, the Devils Coach House was renamed Easter Cave,
although the name never became popular.
The cave system has been known by various names:
McKeon’s Caves (1856), Binda Caves (1867), Fish River
Caves (1879), and finally on 19th August 1884 the name
Jenolan Caves was approved (Havard 1933).
By the 1860’s names had been established for the New Cave
(Ralston 1989). Visitors began their tour to this cave by
hiking through the bush to Wallaby Hole, entering the cave
through the Sole of the Boot to reach the Cathedral. They
had to negotiate The Slide by sitting on a bag and
descending further into the cave. In the Exhibition Cave
they climbed over rocks, lunched on Picnic Rock and drank
water from the Hidden River. In Lurline Cave those familiar
with William Wallace’s opera Lurline, first performed in
1860, could see “…the coral bowers and cells to which
Rudolph was transported” (Cook 1889). In an area of the
Bone Cave called the Irish Corner there was an interesting

Figure 1. Jenolan Show Caves.
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culture, history and, sometimes, even profession. The
chambers in the Orient (Figure 3) have names from that part
of the world which now known as the subcontinent.
The imagination of guides and tourists – From the very
beginning, cave guides and tourists used names to describe
formations, in part to make the strange more familiar. It is
a tradition that has evolved and has continued even at the
present as new cave is discovered. For example, renamed
by young visitors, the Unicorn’s Horn has become ET’s
Finger and The Minaret has become The Ice Cream Cone.
The cave divers have named a stalagmite as the Upside
Down Ice Cream Cone. A medical person was probably
responsible for describing the helictites in the Dragon’s
Throat in Baal as Diphtheria Symptoms.

Figure 2. The Old Curiosity Shop.

Some names became enshrined with the advent of
guidebooks; “English visitors see in this stalagmite the
features of Lord Salisbury” (Trickett 1905). According to
the 1924 Orient guidebook, visitors “…one and all will
recognise uncanny imitations…” and decorations seem “…
veiled in a film of suggestion where more is meant than
meets the eye and depends to a certain extent upon the
imagination” (Havard 1924). Figure 2 shows the Old
Curiosity Shop where such a process has resulted 13 named
features amongst a mass of helictites. The names for the
features in this figure can be found in Figure 3.

The beautiful and small – There are many sparkling
calcite crystal decorations at Jenolan, such as stalactites,
stalagmites, flowstones and helictites, that have been named
but some of the most intriguing formations are obscure. Old
publications and photographs have enabled identification
of these treasures. Among one mass of tangled helictites,
named The Battlefield, is the minute Leaping Stag. The
Diminutive Horse Head is one of the smallest examples of
named features at Jenolan (Figure 4).
The ambience of the environment – George Rawson
(1883) wrote of a visit to Fish River Caves that “…one is
bought into a silent and reverent attitude…” hence it is no
surprise that many names of religious significance were
used. There is an Organ Loft and Pulpit in the Grand
Archway, a Sanctuary in Nettle, a Cathedral and Bishop in
Lucas, Twelve Apostles in Orient (Figure 5), with Imperial
and Chifley both having a Vestry. Biblical names include
Elijah’s Retreat, Tower of Babel and Lots Wife.

At present the Orient (Figure 3) contains 134 named
features, by far the most of any cave at Jenolan. Many of
the features have been renamed over time, with some
features like the Dome of St Pauls renamed as many as
5 times (so far), to give a total of 206 names for the Orient
alone. There are only 119 of the 206 names on figure 3; it
was not possible to fit any more on!

Historical events – have also played a part, particularly in
renaming features. The Terraces in Exhibition Chamber
became the Pink and White Terraces in remembrance of
those in New Zealand destroyed by the 1886 eruption of
Mount Tarawera (Cook 1889). Mafeking was besieged
during the Boer War for 217 days, from October 1899 to

2.2. Names and Name changes
The reasons for names and name changes for caves, parts
of caves and features are multitude, and the following
paragraphs outline just a few examples. The shapes that
prompt a person to choose names are usually explained by

Figure 3. The Orient Map.
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Currently, there is a proposal to commemorate the Queen
Elizabeth II Jubilee with a named dome and arch in Jubilee
and Imperial respectively.
Honouring Australian dignitaries – In 1878 the New
Cave was named Lucas after John Lucas, M.L.A; “In
consequence of the great interest I displayed, and by the
publication of my paper, which first drew the attention of
the public to them, the Surveyor-General and other high
officials made an official visit, and named the largest cavern
The Lucas Cave” (Rawlinson 1976). One formation was
named Judge Windeyer’s Couch “…because it is said that
the learned judge sat on it when he visited the caves” (Cook
1889). In 1952, the Left Branch of Imperial was renamed
Chifley Cave in honour of J.B. (Ben) Chifley, who
represented in the Federal Parliament the region that
included Jenolan. The name change attracted some
criticism; “The gesture, however well intentioned, will not
give much pleasure to Mr Chifley’s admirers, for the sake
of the memory of a highly regarded man, I hope some more
tactful Chief Secretary changes the ludicrous name of
Chifley Cave back to what it was before” (Sunday Herald
1952).
Cave incidents – Jeremiah Wilson, exploring Jubilee in
1893, described the dreadful experience of having his
candle go out and believing he had no matches. Fortunately
he found some in his pocket, but he ensured the event was
not forgotten by naming the place where he was at the time
Wilson’s Despair. In Imperial, Ridley’s Short Cut was
named after “…a visitor who stepped back to allow a lady
to pass and fell through (to a cave below)…” (Leeder
1994). The guides describe the incident as a “…rambling
visitor who strayed from the fold, put a foot in the wrong
place, and descended fifty five feet without the benefit of the
rope. He landed on a coil of netting and bounced off”
(Ralston 1989).

Figure 4. Diminutive Horse Head.

The influence of lighting – Different lighting can influence
what can be recognised in the caves. Scenes lit by flickering
candles, and at times augmented by magnesium lamps,
delighted early visitors. However, the Stooping Lady could
“…be seen only by candle light, the magnesium flare being
too penetrating for this particular effect” (Foster 1890).
Harry Potter’s Scar was visible in the Exhibition Chamber
until the lighting system was recently upgraded. The new
lighting did however result in a perfect representation of a
Terracotta Warrior appearing in shadow on the wall over
the River Styx in Lucas.

Figure 5. The Twelve Apostles.

May 1900. The relief of Mafeking by the British from the
Boer coincided with the discovery of a high level passage
in the Exhibition Chamber, hence its name and the names
of some features in it (Figure 6).

After Ladies – In Lucas, Queen Victoria is unmistakable
as she looks out over the Royal Chamber in the Lucas
(Figure 7).
Other ladies are also featured throughout Jenolan, with
Lady Cecilia Carrington, Queen Esther and Margarita
Cracknell having chambers, as do Selina and Lucinda. Katie
and Edie have their bowers and Matilda has a retreat, while
Josephine, Nellie, Ethel and Minnie only merited grottos
(Figure 8).

Figure 6. Map of Mafeking.
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Figure 7. Queen Victoria.

3. Conclusion
In this discussion the evolution of names in the Jenolan
Show Caves has been illustrated with selected examples;
the Excel spread sheets for the Survey now contain more
than a thousand names. The Jenolan Show Caves can be
thought of as the “Caves of a Thousand Names”.
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The karst landscape and the caves can be perceived by several people in an equally varied way. From the layman to the
scientist, especially caves, assume different meanings according to historical and cultural conditions of a particular society.
Therefore, one can say that the human relationship with caves is not really new in the history of mankind. It is also not
less new the motivation for their use as shelters, safe houses and sacred places. Thus, caves and karst are important historical
and geographical records of specific regions. In this context, the importance of the Slovene karst to Geography is confirmed
by the Universal Geography of Conrad Malte-Brun and Elisée Reclus, two important classical geographers. By the analysis
of their works (“Universal Geography”) it was possible to identify how some important aspects of the karst landscape
were portraited.

1. Introduction

4th century BC, as well as in the works of Strabo, Pliny the
Elder, Polybius, among others. In a clear description of a
sink and a resurgence, Posidonius of Apameia (135–50 BC)
stated that the river Timavus disappeared between the
mountains, flowing into an abyss, only to reappear at a
distance of 130 stadiums, toward the sea (Kranjc 1997;
Kranjc 2006; Travassos et al. 2006). The Roman geographer
Strabo (63 BC–21 AD) was probably the first to mention
Lake Cerknica (Kranjc 2006).

The karst landscape and its caves may be perceived by
different people in many different ways. From the layman
to the scientist, especially caves have different meanings
according to the historical and cultural evolution of a
society.
Regions developed in carbonates such as limestone, make
up about 10 to 15 % of the Earth’s surface (Ford and
Williams 2007). Williams (2008) states that karst is found
mainly in soluble rocks such as limestone, marble and
dolomite. However, it also can be developed in evaporites
(e.g., gypsum and halite). The carbonate outcrops comprise
about 15,000,000 km2 of the non-frozen Earth’s
continental area (11 % of area). But percentage the
subsuperficial carbonates involved in the movement of
subsurface groundwater are considerably higher,
perhaps about 14 % of the world.

In the Late Antiquity, the Tabula Peutingeriana (Peutinger
Table, Peutinger Map) already showed signs of human
settlements on karst areas. Cultural tourism in the Kras
region (even in its primitive form) dates back to at least 280
AD in Sveta jama (Holy Cave), and at the Landarska jama
(Cave of Landar) around 888 AD. Countless travelers were
also attracted by the natural beauty of Postojnska jama
(Adelsberger Grotte, Cave of Postojna) since at least the
16th century and the jama Vilenica (Vilenica Cave) since at
least 1663 (Travassos et al. 2006; Travassos 2011).

A new proposition of these percentages, especially
regarding rocky outcrops, was made by Williams and Fong
(2008). The new proposal shows that about 12.5 % of global
land surface outcrops have carbonates. The authors
emphasize that they have tried to differentiate the areas
where the carbonate rocks are relatively pure and
continuous from those with relatively impure and
discontinuous deposits. More recently, Hartmann and
Moosdorf (2012), based on a new global lithological
map, proposed that the continents are covered by 64 %
sediments, a third of which are carbonates.

According to Kranjc (1997), Travassos et al. (2006), and
Travassos (2011), the region of the Kras Plateau became
popular by the description of geographers, topographer,
scholars, and travelers at the end of the 17th century and
beginning of the 18th century. This popularity was also due
to the fact that Trieste (Italy) became a free trade port in
1719 (Fig. 1).

In almost all karst regions, archaeologists find evidence of
human settlements. Around the world one can see that
whole populations are supplied by karst water and, in many
cultures, caves are still used as places for religious practice,
as cultural manifestations, or for any other purpose
(Travassos 2007). Such forms of use also comprise tourism
in all its aspects, such as Cultural Tourism and Geotourism.
The study of this peculiar type of relief could be already
seen in the works of Greek and Roman philosophers as
highlighted by various authors (e.g., Travassos 2007). Brief
descriptions of the Classical Karst (Region of the Kras
Plateau, Slovenia) have already appeared in works of the

Figure 1. Partial view of Trieste, probably from the Kras Plateau
or, il Carso (Reclus 1876–1894b, 58).
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The authors continued to demonstrate the importance of the
region to karstology when affirming that many researchers
were pioneers devotinge further studies to the region of
Kras. Kranjc (1997), Travassos et al. (2006) and Travassos
(2011) mention the books of J.V. Valvasor (1689), J.A.
Nagel (1748), B. Hacquet (1778–1789), and F.J.H.
Hohenwart (1830) and Kempe (2008) notes that the
German word “Karst” evolved in parallel to the word “kras”
and is documented on older maps such as those issued by
Ortelius, Mercator, and Blaeu and in the text of Sebastian
Münster (1628).

seek our way downward, through caverns and through
mines.” (Malte-Brun 1827, iv). “Cavities and fissures of the
Globe”, grottos, caves, underground water, bones and even
volcanic caverns are described (Malte-Brun 1827, 84–91).
In other parts of the work he affirmed that he will “point
out and occasionally describe at length the most remarkable
caverns and grottos of our globe; but we must here confine
ourselves to general views (…). Among the numerous
caverns of Carniola, that of Adelsberg is said to afford a
subterranean walk of two leagues; but this computation of
rather too enthusiastic writer requires to be confirmed.”
(Malte-Brun 1827, 86).

Geographers and geologists of the 19th century started to
use more frequently the term “karst” and the work of Jovan
Cvijić (Das Karstphänomen, 1893) provided the scientific
basis of the study Classical Karst, followed by F. Kraus
(1894) and E.A. Martel (1894), among others (see Kranjc
1997; Kranjc 2006; Travassos et al. 2006; Travassos 2011).

Still regarding the region of Slovenia, he stated that many
caves “contain deep pits of water, or wells, sometimes so
extensive as to acquire the name of subterraneous lakes”
(Malte-Brun 1827, 86). Malte-Brun registered the presence
of other cavities issuing rivers from underground. Such
examples are the “innumerable cavities of the Julian Alps,
in Carniola and Croatia” that possibly affect the seasonal
regime of the “Lake of Cirknitz” (Malte-Brun 1827, 86). It
is important to mention that historically the region of
Carniola was in Austria known as the Duchy of Carniola
(until 1918), with the capital of Laibach (Ljubljana).

Based on the original works of Malte-Brun and Elisée
Reclus, this paper intends to show how these two classical
geographers made significant contributions to the study of
karst, specialy in Slovenia.

2. The Universal Geography of Conrad MalteBrun (1755–1826)

The mountainous region which stretches to Illyria (the area
in the western part of today’s Balkan Peninsula) are, to a
great extent, composed of “calcareous rocks which
geologists have called Secondary, and which, from their
tendency to give way, so as to form numerous cavities, might
well be termed cavernous. It seems, indeed, as if all these
heights were hollow; at least it cannot be denied that almost
as many rivers flow below as above the ground. The
stranger who follows their course, observes them entering
and returning at different distances from the depths of the
earth. Others become wholly dry at certain seasons of the
year, and afterwards reappear.” (Malte-Brun 1832, 212).

The first major work of “encyclopedic inspiration in the
domain of European geography was the Universal
Geography (“Geographie Universelle”) of Conrad MalteBrun, Danish that was forced to exile in France due to his
ideas, considered too liberal for the time.” (Amorim Filho
1988, 19). The worked intended to provide a kind of
renewal in geographical ideas that he thought to be crucial
at that time (Amorim Filho 1988).
Conrad Malte-Brun was born at Thisted, Denmark, 1775,
and is believed to be the founder of the first modern
geographical society. Exiled from Denmark in 1800 for his
verses and pamphlets in support of the French Revolution,
Malte-Brun established himself as a journalist and
geographic writer in Paris (Britannica 2010).

He further affirmed that is possible to enumerate “more than
a thousand caverns in the chain that traverses Illyria from
north-west to south-east; but none can be compared in point
of extent with the one at Adelsberg, which is situated in a
small valley at no great distance from that burgh. Some
writers consider it equal in length to five miles. It is by no
means easy to trace the rapid declivities in the labyrinth,
or the narrow and tortuous passages which lead to immense
halls. All agree that it surpasses most places of the kind;
the soil is encrusted with fossil bones; a torrent rushes
through the cavities with a frightful noise, which is repeated
by many echoes; stalactites adorn the halls, and appear in
some places like the ruins of old palaces, in others like
magnificent columns.” (Malte-Brun 1832, 212).

In his work karst and caves were integrating physical and
human studies. Numerous references to the geology and the
type of limestone from various regions of the world were
made. Caves used as dwellings places and temples were
also identified. Descriptions of cavities filled with fossils
and concretions are also common in the eight existing
volumes.
In his preface to Volume 1, Malte-Brun (1827) says that the
idea of the work is to group – in a series of historical
speeches – both the Ancient World and the Modern
Geography in a way that could provide to the reader a vivid
picture of the whole world, with all the different countries,
their memorable places and their societies. He recognized
that “it appears an immense undertaking, when we consider
how many varied details require to be combined in a work
of moderate size.” (Malte-Brun 1827, iii).

Not too far away from the Grotto of Adelsberg, Malte-Brun
(1832, 212) described the “Cave of Magdalene, although
not nearly so large as the last, is fully as deep, and perhaps
as remarkable on account of its stalactites (…). Their
calcareous concretions exhibit the most varied forms.”
(Today called Črna jama, part of the Postojnska jama
system). Regarding the field of biospeleology, the aquatic
species “known by the name of Proteus anguinus abounds
in a small marsh at the extremity of the cave” (Malte-Brun
1832, 212).

Malte-Brun continues stating that, in studying the physical
aspects of the world, “we shall take a view of the leading
features of nature; the mountains (…), the seas (…), and the
rivers and the valleys by which it is intersected. We shall
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Malte-Brun stated about the Lake of Cerknica that it has
been more “frequently examined by naturalists than any
other (…). Calcareous mountains bound it on every side;
Mount Jovornick commands it on the south, and the Sliviza
on the north. It may be about four or five leagues in
circumference in dry seasons and in wet about seven or
eight. The waters of eight streams flow into it, and four or
five islands rise in the middle of the lake; the village of
Vorneck has been built on the largest of these islands. The
lake disappears at irregular periods, and flows through
forty clefts or apertures in its channels. The inhabitants then
collect the fish that have not been carried away by the
water, and shoot the aquatic fowl that seek in vain for their
haunts. The husbandman deposits the seed in the fertile
ooze, trusting that his labors may be crowned by an
abundant harvest; but his labor, his outlay, and his hopes,
are often vain. By the same issues, which served to drain
the lake, the waters rise suddenly with a tremendous noise
resembling a thunder; the fish reappear, the teal and water
birds find their wanted asylum, and man complains of his
improvidence.” (Malte-Brun 1832, 212).

He often related legends associated with these places. For
the present paper, special attention was paid to Volumes 1
and 3.
Althougth Reclus talked about other regions than Slovenia
in Volume 1, it is important to state that he mentioned the
same karst phenomena as common in Slovenia. Under this
perspective, in Volume 1, he discussed and compared the
limestone mountains of Bosnia with those of the Jura, being
very similar due to the existence of grottoes, sinkholes, and
subterranean rivers. “Sinkholes from 60 to 100 feet in
diameter, and shaped like funnels, are met with in many
localities. Several rivers appear suddenly at the foot of a
hill, and, after flowing on for a few miles, disappear again
beneath some portal in the rocks. The land of the
Herzegovina especially abounds in phenomena of this kind.
The ground there is pierced by “sinks”, or ponors, which
swallow up the water derived from precipitation. “Blind
valleys” and “troughs” present everywhere the traces of
currents of water and of temporary lakes, and after heavy
rains the subterranean basins sometimes rise to the surface,
and a river then flows for a time along the valley. As a rule,
however, the inhabitants are compelled to collect the water
they require in cisterns, or to fetch it from long distances.
Elsewhere the hydrography of the country is subject to
annual changes. Lakes which still figure upon our maps are
drained through subterranean passages only recently
opened; other lakes are formed in consequence of some
passage, which formerly carried off the surface water,
having become choked with alluvium. No more curious
river probably exists in the world than the Trebinishtitza in
the (…) Herzegovina.” (Reclus 1876–1894a, 127–128).
(This river may be the Trebinica (=Trebišnjica) river, in the
south of Bosnia-Herzegovina).

The main credit of Malte-Brun’s work is due to the fact that
it helped to increase the prestige of geography, being
sovereign for aproximatly 60 years until the emergence of
Elisée Reclus’ Universal Geography (Amorim Filho 1988,
21). Even though one cannot consider him as a karstologist,
it is possible to recognize his precise descriptions of the
karst landscape and its phenomena.

3. The Universal Geography of Elisée Reclus
(1830–1905)
Elisée Reclus is mostly known because of his Géographie
Universelle (1876–1894), the largest opus on regional
geography ever written by one person, among other
publications. “Even though criticized by some French
geographers and sometimes thought as superficial in some
issues (geological basis of Geography, for example), the
work of Reclus may be described as magnificent.” (Amorim
Filho 1988, 24). All the 19 volumes of the Universal
Geography approach the thematic of caves, ponors, springs,
and the use of karst by different cultures.

In Volume 3, possibly the most important book regarding
this paper, Reclus discussed the Kras Plateau, or, as he
would call it “the Carso, with its piled-up stones and
grotesquely shaped rocks, presents a unique appearance.”
(Reclus 1876–1894b, 40).
He also refered to the abundance of dolines of all shapes
and dimensions: “some of them presenting the appearance
of amphitheatres surrounded by rows of seats. These sinks
swallow up all the rain that falls, when they are converted
into temporary lakes, unless the water immediately
disappears in the bowels of the earth.” (Reclus 1876–
1894b, 40). For the bottom of such karst features, the author
noted that “these hidden spots are carefully cultivated by
the inhabitants, for upon the open plateau, owing to high
winds and arid soil, cultivation is not practicable.” (Reclus
1876–1894b, 40). Still talking about the Kras Plateau, he
affirmed that it “forms a good natural boundary, for it
presents great difficulties to a traveler, not so much because
of its height, but owing to its formidable precipices.”
(Reclus 1876–1894b, 43).

The books are divided as follows: Volume 1 – Southern
Europe (Greece, Turkey in Europe, Rumania, Serbia, Italy,
Spain and Portugal); Volume 2 – France and Switzerland;
Volume 3 – Austria-Hungary, Germany, Belgium, and the
Netherlands; Volume 4 – The British Isles; Volume 5 – The
northeast Atlantic. Islands of the North Atlantic,
Scandinavia, European islands of the Arctic ocean, Russia
in Europe; Volume 6 – Asiatic Russia; Volume 7 – East
Asia; Volume 8 – India and Indo-China; Volume 9 – SouthWestern Asia; Volume 10 – North-East Africa; Volume 11
– North-West Africa; Volume 12 – West Africa; Volume 13
– South and East Africa; Volume 14 – Australasia; Volume
15 – North America; Volume 16 – The United States;
Volume 17 – Mexico, Central America, West Indies;
Volume 18 – South America (the Andes regions); and
Volume 19 – Amazonia and La Plata.

Obviously, Reclus also made important references to the
“Dinaric Alps” and registered countless seasonal lakes and
karst springs and paid attention to the behavior of these
lakes and karst-rivers present in the region as “a strong
strategic barrier, not only because of their height, but also
because of the want of water.” (Reclus 1876–1894b, 43).
“The limestone of which they are composed quickly sucks
up the rain, and no other country in Europe abounds so

Like Malte-Brun, the karst phenomena which most called
Reclus’ attention were caverns, dolines, ponors and springs.
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As it is commonly observed in the reports of travelers and
scholars, the imaginary of karst areas almost always
presents some points in common. In this case, Reclus said
that “on a map these rivers, which hide themselves from
time to time in underground channels, resemble a serpent
cut into pieces.”(Reclus 1876–1894b, 45–46).

largely in underground rivers. These rivers have their
waterfalls, their freshets, and other phenomena, like rivers
flowing on the surface. M. Schmidt1 and others, by
descending into the sinks and embarking in small boats
upon mysterious watercourses, have succeeded in mapping
several of these subterranean river systems. Of all these
rivers the Rieka, or Recca, near Trieste, is the most famous.
Rising upon the Snowy Mountain, it flows for some distance
through a narrow canyon, until it disappears beneath the
rock, surmounted by the picturesque village St. Canzian.
Still lower down it flows over the bottom of a sink, then
forms some cataracts, and disappears once more, only to
appear again after an underground course of 22 miles.”
(Reclus 1876–1894b, 43–44) (Fig. 2).

Regarding the human relationship with karst, Reclus stated
that “one of the most difficult tasks of the people dwelling
around the Carso consists in protecting themselves against
the sudden floods caused by these subterranean rivers. The
water, not being able to spread laterally, rises vertically,
fills up the sinks, and even overflows them. The Rieka has
been observed to rise 350 feet above its ordinary level in
the sink of Trebic. The villages are thus perpetually
threatened by inundations. The inhabitants take many
precautions to avert the danger. They place gratings over
the openings of the sinks, to prevent their becoming choked
up; they occasionally clean cut the underground channels;
and sometimes even resort to blasting in order to open more
commodious passages for the surplus waters. Permanent
or temporary lakes are formed in many places, in spite of
these precautions.” (Reclus 1876–1894b, 46).

Reclus also mentioned that a large portion of Carniola and
Dalmatia would show sinking rivers in the limestone. When
encountering layers of impermeable rocks, occasionally the
underground rivers re-appear on the surface. When those
rivers are not visible on the surface, many towns have to
use cisterns for their water supply “although voluminous
rivers flow through inaccessible caverns beneath them.”
(Reclus 1876–1894b, 66).

Even with all the precautions, perennial or temporary lakes
(Fig. 3) form in various places, but none can be compared
“with the Zirknitz which lies on the northern slope of the
Carso.” (Reclus 1876–1894b, 47). “In the dry season its
water is drained off through the numerous fissures and
caverns which perforate its bed. After rains it rises to the
surface, sometimes very suddenly, and occasionally the lake
spreads over a surface of 30 square miles. Drainage works
have to some extent regulated the ebb and flow of the lake.
In former times, however, the whole of the plain was
occasionally converted into a lake, and the villagers
alternately gained a livelihood by fishing and by tilling the
land when it emerged.” (Reclus 1876–1894b, 67).

About the Pivka River he reported that it “is swallowed up
by the caverns of Postojna, or Adelsberg (…), (it) is perhaps
quite as remarkable a river as the Timavo. After an
underground course of about six miles the Pivka once more
reaches the surface, a calm and powerful river. Soon after
its junction with the Unz, it is again swallowed up, and
only reappears a short distance above Laibach.” (Reclus
1876–1894b, 66–67).

Figure 2. Drawing showing a map of the region surrounding
Postojna and Planina. Scale 1:120,000 and one can see also
the rivers Pivka and Unz, as well as the Planinško polje (Reclus
1876–1894b, 66).

1

Figure 3. Drawing showing a map of the area of Lake Cerknica
or Cerkniško jezero. Scale 1:115,000 (Reclus 1876–1894b, 67).

This may be a misprinting for Adolf Schmidl.
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Kranjc (2006) remarked on the antiquity of the first citation
of the Lake Cerknica: The Roman geographer Strabo
(63 BC – 21 AD) was probably the first to mention it and G.
Leonberger (1537) was the first to publish it. According to
the Kranjc (2006), the early authors from the 16th and 17th
centuries often just admired it but in the 18th century many
dedicated themselves to discuss its seasonal behavior
scientifically, and for the first time proposals emerged to
change its regime (e.g., drying up the lake).

Many projects have been suggested; a lot of research and
even some practical works were conducted until the middle
of the 20th century. No project was fully implemented
because of fear of flooding the capital, Ljubljana. After
World War II, the situation changed. Instead of draining the
lake, it was proposed to make the lake permanent. The first
experiments were not successful and in the 1980s attitudes
towards the lake changed. Environmental movements
prevailed and many projects began to protect the ephemeral
lake as a natural phenomenon (Kranjc 2006) (Figs. 4–6).

Figure 4. Partial view of Lake Cerknica or Cerkniško jezero. (Photo: L.E.P. Travassos.)

Figure 5. View of Lake Cerknica from the Mount Slivnica in the winter. (Photo: L.E.P. Travassos.)

Figure 6. View of Lake Cerknica from the Mount Slivnica in the summer. (Photo: L.E.P. Travassos).

4. Conclusions

Possibly Reclus was mentioning the area of the polje, not
the water surface. Further measurements of the karst water
behavior was not given by the authors, so one must
understand that such behavior were identified only by
personal observation and indigenous information.

This study was intended to demonstrate how the Slovene
karst was portraited by two important “Classical
Geographers”, who both published a “Universal Geography”.
One can say that most of the descriptions of the Slovene
karst are mostly correct with the exception of the surface of
the Lake Cerknica made by Elisée Reclus. He claimed that
the lake has an area of 30 square miles or more than 75 km2,
while in reality the lake surface changes from 20 to 25 km2
(Dolinar et al. 2010). These authors state that during an
average flood, water covers an area of 20 km2. If one think
about the surface of the plain, one can see that the polje is
a relatively flat enclosed karst depression, with a floor area
of 70 km2, and a catchment area of over 475 km2 (Žibrik et
al. 1976; cited by Kovačič 2010), thus Lake Cerknica has
an extensive karst watershed (Kranjc 2003; cited by Dolinar
et al. 2010).

The work of Malte-Brun (with approximately 4,200 pages
divided in eight volumes) lacks in cartographic
representations, but some artistic illustrations are included.
Unfortunately the karst region of Slovenia or the Dinaric
Karst is not pictured, just discussed.
The magnificence of the Slovene karst took the
geographers’ attention presenting interesting descriptions
of the territory. In the work of Reclus, regional maps were
made with the intention to better explain the texts. The
author showed the inundation zone of the Sava, the caverns
of Postojna (Adelsberg), the Lake of Zirknitz and the Plain
of Laibach.
115

History of Speleology and Karst Research – poster

2013 ICS Proceedings

It is desirable to expand this work towards the study of other
fields of geography such as general geomorphology, for
example.

Kranjc A, 1997. Introduction. In: Kranjc A (ed.), KRAS: Slovene
Classical Karst. ZRC SAZU, Ljubljana, 07–17.
Kovačič G, 2010. An attempt towards an assessment of the
Cerknica Polje water balance. Acta Carsologica, 39(1), 39–50.

Only with an in-depth study of the two authors, one can
assure that they have an important role in the development
of Karstology. Regarding Elisée Reclus, perhaps one of the
reasons for this was the fact that he had spent most of his
life in exile, away from France, due to his political ideas
(Anarchism). Amorim Filho (1988) reminded that Reclus
participated in the resistence movement against Napoleon
III, end of 1852, and in the Paris Commune in 1870/71. The
exile didn’t give him the stability demanded for a productive
academic life.

Malte-Brun C, 1827. Universal Geography, or a Description of All
the Parts of the World on a New Plan According to the Great
Natural Divisions of the Globe; Accompanied with Analytical,
Synoptical, and Elementary Tables. Published by John Laval,
Philadelphia, v.1, 503.
Malte-Brun C, 1832. Universal Geography, or a Description of All
the Parts of the World on a New Plan According to the Great
Natural Divisions of the Globe; Accompanied with Analytical,
Synoptical, and Elementary Tables. Published by John Laval,
Philadelphia, v.5, 427.

Finally, one can say that the reading of classical geographers
is considered to be a good opportunity for interdisciplinary
academic work, helping future researchers to better
understand the present by knowing the past.

Reclus E, 1876–1894a. The Universal Geography: Earth and its
Inhabitants. Edited and translated by E.G. Ravenstein,
F.R.G.S., F.S.S., Etc. London: J.S. Virtue & Co. Limited, v.1
(Southern Europe – Greece, Turkey in Europe, Rumania,
Servia. Italy, Spain and Portugal), 504.
Reclus E, 1876–1894b. The Universal Geography: Earth and its
Inhabitants. Edited and translated by E.G. Ravenstein,
F.R.G.S., F.S.S., Etc. London: J.S. Virtue & Co. Limited, v.3
(Austria-Hungary, Germany, Belgium, and the Netherlands),
504.
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IN MEMORIAM OF ERATO AGGELOPOULOU WOLF:
THE FIRST GREEK FEMALE CAVER

1

Konstantinos Prokopios Trimmis1, Pelly Filippatou2
IHellenic Speleological Society, Department of Northern Greece. School of Geolgy AUTH Thessaloniki Greece,
pktrimmis@gmail.com
2
Hellenic Speleological Society, Sina 32, Athens, 106 72, pfilippatou@yahoo.com

In the spring of 2012 Erato Angelopoulos Wolff died, aged 102 years. Erato was the woman who left her mark on Greek
caving in the late 1920’s and early 1930’s. During that period, some active members of the Greek Mountaineering Club
of Athens (EOS Athens) were caving in Attica, Euboea South and North-eastern Peloponnese. Caves like Koutouki in
Peania, Attica, Ermis in Ziria, Corinth and Ag. Triada Karystos Euboea, were explored for the first time by this group.
Erato was the only woman who participated in these explorations. She also published these explorations in articles that
she signed them herself in the “Ekdromika chronika” magazine of EOS Athens.
The research for this presentation was supported by Nicolas Anthony Aroney Trust, as a part of Cerigo Speleological Project.
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OLDEST DOCUMENTED CAVES OF THE WORLD: BIRKLEYN CAVES
Ali Yamaç
OBRUK Cave Research Group; Acikhava Apt. 16/7, Nisantasi, Istanbul, Turkey, info@obruk.org
The Birkleyn Caves are located near Lice, 25 km north of Diyarbakır, south-eastern Turkey. Three of the four caves are
close to each other and dry, but the forth is the longest and the most important of them. It is known as “Iskender-i Birkleyn”
among locals, and is traversed by a branch of the Tigris River flowing through it. These caves are probably among the
most interesting caves historically and speleologically because they contain 3,000 years old Assyrian inscriptions and
reliefs engraved on the walls. When the former stream bed of the Birkleyn River, which the caves are named after, was
blocked by subsidence in prehistoric times, the river opened a new bed to itself by physical erosion inside a nummulitic
Tertiary limestone south of its former bed.
The Birkleyn Caves were first examined by Taylor in 1862. Later Lehmann-Haupt made a short study of the caves in
1899. After a long interval, Anthony C. Waltham visited the region in 1974 and in 1977 members of Speleo Club de Paris
mapped three of these caves. In 2007, Andreas Schachner from German Archaeological Institute began to study the Birkleyn
caves in detail. The best known one of those caves, “Iskender-i Birkleyn” has a total length of 870 meters and was thought
to be the spring of Tigris because of its interesting geographical position. This was probably the reason why Assyrian
kings Tiglath-Pileser I and Shalmaneser III had reliefs and inscriptions made there. Likewise, the same cave was depicted
as the “Tigris Source” in the bronze ornaments at the gates of Balawat City, which is now in Iraq, forced under Shalmaneser
III. Those bronze reliefs, which date back to 850 BC, are displayed in the British Museum today and it is most probably
the oldest picture in the world that depicts a cave.
In this poster session these caves will be reviewed geologically and the translations of the Assyrian inscriptions on the
cave walls are presented in detail.

1. Introduction

site. Moreover, as a holy precinct in open nature, with
unlimited water and shelter from the powers of nature
offered by three caves in addition to the river grotto itself,
the “Tigris Source” would seem uniquely qualified to serve
as a refuge sanctuary.

Performative engagements with specific, culturally
significant places were among the primary means of
configuring landscapes in the ancient world. Ancient states
often appropriated symbolic or ritual landscapes through
commemorative ceremonies and building operations. These
commemorative sites became event-places where state
spectacles encountered and merged with local cult practices.
The Early Iron Age inscriptions and reliefs carved on the
cave walls of Birkleyn Caves in Eastern Turkey (Fig. 1),
known as the “Source of Tigris” in monuments, present a
compelling paradigm for such spatial practices. Assyrian
kings Tiglath-Pileser I (1114–1076 BC) and Shalmaneser
III (858–824 BC) carved “images of kingship” and
accompanying royal inscriptions at this impressive but
remote site. This important commemorative event was also
represented in detail on Shalmaneser III’s bronze bands at
Tell Balawat (Fig. 2), as well as in his annalistic texts,
rearticulating the performance of the place on public
monuments in Assyrian urban contexts. These bronze
ornaments from the gates of Balawat – Iraq, dated 850 BC,
are on display at the British Museum today and most
probably are the oldest pictures in the world that depict a
cave.

Figure 1. Location of Birkleyn Caves.

It is clear that the “Tigris Source” must have ranked high
as a sanctuary not just in local but also in international
esteem. Shalmaneser III deemed a visit to this cave so
important that in 852 BC he had his army take a detour on
its march back from inner Anatolia to Assyria; he and his
predecessor Tiglath-Pileser I performed sacrifices at the
“Tigris Source” and both left inscriptions and reliefs at the

Figure 2. Balawat door bands, showing sacrifices and Birkleyn
Cave at upper band, right corner. (Source: Wikipedia).
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2. Caves of Birkleyn in general

sets (=Mediterranean Sea). I have conquered the land of
Hatti completely. I entered the Enzu Crossing. I conquered
the lands of Suhmu, Daianu (and) Urartu completely. I went
to the land of Gilzanu. I accepted the tributes of the people
of Gilzanu. I went to the land of Nairi for three times. I
wrote my name to the spring of Tigris.

2.1. Cave no. 1
This is the most important one of the four known caves in
the region, also called “Tigris Tunnel”. It is located
underneath of the southern bluff that forms the westward
expansion of Mount Kohra and has a northeast-southwest
direction (Fig. 3). The cave has a total length of 870 meters
and is 20–25 meters high on average. At the entrance of the
cave, 4–5 meters above the floor there are three cuneiform
inscriptions. The westernmost one is the inscription and
relief of Tiglath-Pileser. 1.5 meters away is the Shalmaneser
III’s inscription and relief, and another inscription of the
same king 10 meters further on. In the following the
translations by Russel (1986) are cited.
The inscription of Tiglath-Pileser I (1114–1076 BC):
With the supports of my lords, the great gods Ashur, Samas
(and) Adad, I, Tukultī-apil-Ešarra (Tiglath-Pileser I), the
son of Ashur-resh-ishi, the king of Assyria who is the son of
Mutakkil-Nusku, the king of Assyria, the conqueror of the
great sea of Amurru Land (=Mediterranean Sea) and the
great sea of Nairi Land (=Lake Van), have been to the Nairi
Land three times.

Figure 3. Map of Birkleyn Caves (after Schachner 2004).

2.2. Cave no. 2
This cave lies in the northern outcrop and has a NE-SW
direction like the others. It has a length of 150 meters, an
average width of 25 meters and a height of 20 meters. It has
been used from prehistoric to medieval times. Sadly, inside
and outside of the cave many traces of illegal excavations
are found.

The inscription of Shalmaneser III (858–824 BC):
Šulmānu-ašarēdu (Shalmaneser III), great king, strong
king, the king of four realms, the king of Assyria, the king
of all humanity, with the support of his guides, the great
gods Samas and Adad, the mighty one (king) proceeds with
power. They (the gods) gave him (the king) the mountains
from the place the sun rises to the place the sun sets.

In front of the cave, there is a rock mass resembling a huge
platform. On the eastern side of this natural agglomeration,
where the cave wall intersects the outside wall, there are
two more inscriptions and another relief that belongs to
Shalmaneser III. The content of this inscription, which dates
back to 858–824 BC, is almost the same as the inscriptions
of the same king in the entrance of Cave no. 1.

A king that never stops to follow his enemies and like the
hills that flood devastated, strides the impassable rivers and
mountains, a brave, merciless king. Son of Aššur-nāir-apli
(=Ashurnasirpal II) who is the son of Tukulti-Ninurta II,
the king of Assyria, the conqueror ruler from the sea of the
land of Nairi (=Lake Van) to the great sea where the sun
sets (=Mediterranean Sea).

2.3. Cave no. 3

I have taken the land of Hatti and all their borders, the land
of Melindu, the land of Daianu, the land of Suhmu, the city
of Arsaskun, the crown city of Urartus, Aramu, the land of
Gilzanu, the land of Hubuskia-(the region) from the spring
of Tigris to the spring of Euphrates, (the region) from the
sea within the borders of Mazamua (=Caspian Sea) to the
sea of the land of Kaldu (=Persian Gulf) under my feet. I
went to Babylon and made a sacrifice. I went to the land of
Kaldu, took their cities under my rule and accepted their
tributes and gifts.

With a total length of 600 meters, this cave is located
200 meters east of Cave no. 2 and has two parts. After a
large entrance and two large spaces between small
clearances and bluffs that expand to the canyon, the visitors
enter the interior of the cave with a narrow corridor. The
whole cave is covered with stalactites and stalagmites. The
ceramics, that are found everywhere in the cave, suggest
that the cave was used intensively in the past.

Adda-idri of Damascus and Irhulenu of Hamat revolted
with fifteen cities. I fought with them four times.

2.4. Cave no. 4
Located above the entrance of the Cave no. 1, at the northern
bluffs, this cave consists of two successive spaces. The
majority of the ceiling of the main chamber, which is larger
compared to the entrance, has collapsed. The original size
of the cave is therefore difficult to estimate. In the light of
the discoveries of archaeologists, it is seen that these two
spaces were used over ages intensively by humans. On the
floor of this cave, several terracotta fragments were found
mostly from the Iron Age.

The second inscription of Shalmaneser III (858–824 BC)
reads:
The great gods Ashur, Bel, Sin, Samas, Adad, Ishtar who
like my kingdom and elevate my name.
Šulmānu-ašarēdu (Shalmaneser III), son of Aššur-nāir-apli
(=Ashurnasirpal II) who is the son of Tukulti-Ninurta II,
the king of Assyria, the conqueror ruler from the sea of the
land of Nairi (=Lake Van) to the great sea where the sun
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Though it has been a politically problematic region of
Turkey for a long time; we believe that culture, history and
natural beauties are the assets of all mankind. In the light
of all the information above, it is evident that Birkleyn
Caves have a great natural and historical importance and
those lonely natural values in a troubled land have to be
taken under protection without wasting any more time.

Wikipedia. http://en.wikipedia.org/wiki/File:Balawat-Salmanassar.
jpg. Accessed Feb. 2013.
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NAHAL ASA’EL CAVE: A UNIQUE 6,000 YEAR OLD WOODEN
INSTALLATION AND THE LATE CHALCOLITHIC PRESENCE IN
HARDLY ACCESSIBLE CAVES IN THE JUDEAN DESERT, ISRAEL
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1

Human occupation of caves located within high sheer cliffs in the remote arid region of the Judean Desert forms a distinct
regional phenomenon of the Ghassulian cultural sphere during the Late Chalcolithic period of the Southern Levant. Over
the last sixty years scholars have debated the nature of this phenomenon, suggesting that the caves were used either for
habitation, as seasonal herders’ shelters or storage facilities, for mortuary or ritual functions, or as temporary refuge places.
Recently, in order to test the various interpretations, the spatial and material traits of 70 caves with reported Chalcolithic
remains from the Judean Desert were analyzed. One such cave is located in Nahal Asa’el (Asa’el valley), ca. 10 km north
of Masada and 5 km west of the Dead Sea shore. This small cave features one of the most difficult approaches among the
studied caves, demanding a vertical abseiling of ca. 30 m. The cave was first visited in 1960, and a rare wooden
construction, a platform made of unworked logs, was discovered in its innermost passage. The discovery prompted the
late archaeologist P. Bar-Adon to launch an expedition to the cave in 1974. However, neither the initial discovery nor the
results of the 1974 expedition were ever published, and even the exact location of the cave was forgotten over the years.
As part of the renewed research we collected unpublished documents related to this cave, and re-located the cave in the
field. This was followed by systematic survey and mapping of the cave, detailed examination of its environmental
properties, and sampling of the wooden installation for taxonomic identification and radiocarbon dating. The results show
that the platform, which was constructed of local trees, is dated to the early fourth millennium BC, and is thus the earliest
of its kind in the entire Levant. The highly difficult access to the cave, the location of the platform within its deepest
section, its careless construction, and the scarcity of other material remains, all seem to support the notion that the cave,
as other neighboring caves, served as an ephemeral refuge during the Late Chalcolithic period.

1. Introduction

Sea Escarpment and the deep canyons draining into the
lake, contain material remains from this period. The first
caves with Ghassulian materials were discovered in 1952
(in Wadi Muraba’at; de-Vaux 1961), and during the last
sixty years ca. 100 caves with similar remains were found
in the entire region (e.g., Aharoni 1961a, b; Avigad 1961,
1962; de Vaux 1962; Yadin 1962, 1963; Allegro 1964; BarAdon 1989). The most renowned is the “Cave of the
Treasure”, located in Nahal Mishmar (Mishmar valley),
where a hoard of more than 400 copper objects was hidden,
wrapped in a reed mat, in a niche inside the cave (Bar-Adon
1961, 1962, 1980).

During the Late Chalcolithic period (ca. 4500–3800 BC), a
new culture emerged in the Mediterranean, semi-arid
regions of the Southern Levant (present-day Israel,
Palestine and Jordan). This culture, termed the Ghassulian
culture after the type-site of Teleilat Ghassul (e.g., Mallon
et al. 1934), is characterized by rural communities settled
in various environmental zones while practicing mixed
farming subsistence economies (Levy 1986a; Gilead 1988a;
Rowan and Golden 2009). Debates concerning the level of
social complexity, existence of hierarchical institutions and
degree of economic specialization characterize the scholarly
discourse on the Ghassulian (Levy 1986b, 1995, 2006;
Gilead 1988b, 2002). One of the hallmarks of this cultural
phase, which marks a distinct change from the preceding
periods, is the wide-scale exploitation of the subterranean
sphere. Caves, both natural and artificial, served for various
purposes in and around the settlements, such as habitation,
storage and burial (e.g., Perrot and Ladiray 1980; Perrot
1984; Gilead 1987; Gopher and Tsuk 1996; van den Brink
1998; Scheftelowitz and Oren 2004). These caves were
easily accessible from the sub-aerial sphere, and their forms
were chosen (or fitted) to suite their intended functions.

Over the years, several interpretations for the Late
Chalcolithic presence in the precipitous caves of the Judean
Desert were suggested. Most scholars view the caves as
either herders’ shelters or storage installations in relation to
seasonal movements of semi-nomadic pastoral groups (e.g.,
de Vaux 1970; Mazar 1990; Gates 1992). Another
prominent suggestion is that the caves served as temporary
refuge places for groups of people fleeing from the
sedentary areas in turbulent times (e.g., Avigad 1962; Haas
and Nathan 1973; Ussishkin 1980). Other hypotheses
include permanent habitations (de Vaux 1961), semisedentary traders’ stations (Tadmor 1989), mortuary
preferences (Ilan and Rowan 2007) or a cultic incentive of
an unclear nature (Bar-Adon 1980; Goran 1995). All
explanations remained rather speculative, however, as no
comprehensive examination of the environmental, spatial

The Judean Desert, a small local desert in the rain shadow
of the Judean Highlands (Fig. 1), shows a somewhat
different pattern. While no permanent settlements are
known in this region during the Late Chalcolithic period,
numerous natural caves, opened in the cliffs of the Dead
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Here we wish to demonstrate the characteristics of the Late
Chalcolithic presence in the Judean Desert caves using one
case-study, that of Nahal Asa’el Cave (henceforth NAC).
This cave, located only two km northeast of the famous
Cave of the Treasure (Fig. 1), contains a unique wooden
installation, discovered already in 1960 but never studied
in detail, even though the cave was extensively excavated
in 1974. Neither the initial discovery nor the results of the
excavation were ever published, and the very existence of
the cave was forgotten over the years. In what follows, we
discuss the results of our renewed research of the cave,
which included a study of the unpublished materials relating
to the previous explorations of the cave, and recent
fieldwork concentrating on environmental and spatial
aspects, as well as on the wooden installation. At the end of
the paper we consider the contribution of NAC to the
discussion over the role of the Judean Desert caves within
the Ghassulian cultural sphere.

and material characteristics of the caves under discussion
was conducted.

2. Methods
Unpublished documents, including a field notebook of the
1974 expedition to NAC written by Pesach Bar-Adon, the
cave’s excavator, as well as a prosaic summary written by
an expedition member, S. Heiman, an Israeli Defense Force
order, and a few photographs, were located in the house of
P. Bar-Adon’s son, Doron, in 2006, and formed the starting
point for the present research. Following conversations with
D. Bar-Adon, Y. Tsafrir and Y. Govrin, all participants in
past explorations of the cave, the latter was re-located in the
field in spring 2007. Consequently, a systematic survey and
mapping of the cave was undertaken. Mapping was
conducted using basic equipment (Leica Disto D3 laser
inclinometer and Silva Ranger 3 prismatic compass), and
mapping grade was 5B.

Figure 1. Study area of the Judean Desert with place names
mentioned in the text. Small black dots mark caves with Late
Chalcolithic remains. 1) Nahal Asa’el Cave; 2) Cave of the
Treasure; 3) Wadi Muraba’at Caves.

In order to test the aforementioned interpretations, we
recently compiled all available data from 70 caves in the
region (Davidovich 2008), ca. 20 of which were
discovered by us during an intensive cave survey
conducted between 2001 and 2005 (Eshel and Porat 2009).
Our analysis of the spatial and structural properties of the
caves seems to support the refuge model, at least with
regard to the majority of caves (Davidovich forthcoming).
The most fundamental issue is that of accessibility. Most
of the caves are located within high precipitous cliffs, and
demand walking on steep slopes above sheer cliffs, and in
half of the cases also the use of ropes and rope ladders.
No attempts to improve the access ways were noted, and
there are no signs indicating that access was essentially
different during the Late Chalcolithic. Regarding
structure, all caves were used entirely in their natural form,
in many cases involving the use of dark, narrow, low, and
unventilated spaces. Only rare examples of man-made
modifications for prolonged occupation were observed. In
addition, the material remains found in the caves are
essentially different from contemporary settlement sites,
primarily in the low frequency of several mundane artifact
categories, such as small ceramic vessels and various flint
tools. These features stand in striking contrast with the
patterns observed in the subterranean spaces used within
the settled provinces of the Ghassulian culture (above).
They also differ from historic and modern cave use
patterns of both settled agriculturalists and semi-nomadic
pastoralists living in and near the Judean Desert
(Davidovich 2008).

The focus of the renewed research was the wooden
installation found in the innermost passage of the cave.
Samples from four different logs were taken for wood
identification. Cross and longitudinal, tangential as well as
radial sections were made by hand with a sharp razor-blade.
The identification of the wood to species level, based on the
three-dimensional structure of the wood, was made
microscopically from these sections. Comparison was made
with reference sections prepared from living identified tree
specimens and with anatomical atlases.
Two of the aforementioned samples were submitted for
Radiocarbon dating. Both samples were pretreated in order
to extract the cellulose and to remove any contamination.
The purity of the extracted cellulose before dating was
checked using Fourier Transform Infrared Analysis. The
cellulose was oxidized to CO2 and then transformed to
graphite for the Accelerator Mass Spectrometry
measurement (see detailed procedures in Yizhaq et al.
2005). Calculated 14C ages have been corrected for
fractionation, referring to the standard δ13C value of -25 ‰
(wood). Calibrated ages in calendar years have been
obtained from the calibration curve Intcal04 (Reimer et al.
2004) by means of the 2005 version of OxCal v. 3.10
software (Bronk-Ramsey 1995; 2001).
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3. Environment and Cave Structure

chamber, and its floor is entirely strewn with collapsed
boulders. Shallow pockets of sediments are found between
the boulders, containing concentrations of small branches,
probably bird-nesting materials. From the northeastern part
of the chamber one can descend ca. 2 m, through two
narrow shafts-like opening between collapsed blocks, to the
inner, lower part of the cave, which consists of a few
intersecting narrow and low passages, forming a maze-like
structure. This area of the cave is completely dark and
requires crawling. Only little sedimentation is found in the
passages, mostly the result of local erosion together with
minor biogenic contribution (mainly bat guano). Box-work
is abundant on the ceiling of the passages, due to selective
weathering of bedrock between paleokarstic veins of
calcite. The innermost passage is slightly higher compare
with the rest of the system (over 2 m), and has a trapezoidal
cross-section with elevated “shoulders”; it contains almost
no sediment. The total length of the inner section reaches
30 m.

Nahal Asa’el (Arabic: Wadi an-Nidah) is a short ephemeral
ravine draining ca. 10 km2 of the central part of the Judean
Desert into the Dead Sea. It flows along its upper course in
a shallow channel, but ca. 1 km west of the Dead Sea
Western Fault Escarpment it enters a deep box-shaped
canyon, entrenched in Late Cretaceous carbonate rocks of
the Judea Group. A major dry waterfall divides the upper
part from the lower, 300–400 m deep canyon, which ends
in the Dead Sea Fault Escarpment. Further east, Nahal
Asa’el flows in the Quaternary fill of the Dead Sea
depression. The latter has developed as a pull-apart basin
within the Dead Sea transform since the late Miocene
(Garfunkel 1997). The major dry waterfall appears to be a
nickpoint associated with the Plio-Pleistocene downcutting
of the lower canyon, responding to the deepening Dead Sea
depression. The waterfall retreats in a rate reflecting the rare
flash-flood events (occurring no more than few times a
year) which perform the major geomorphic work. Annual
precipitation in the Nahal Asa’el catchment is ca. 70 mm.
NAC is located ca. 300 m east of the major waterfall (grid
reference 233200/590110, New Israel Grid), approximately
100 m below the top of the northern bank of the canyon,
within the Turonian limestone of Shivta Formation (Raz
1986; Fig. 2). The approach to the cave involves a walk on
steep slopes of Nezer Formation, leading to the top of the
vertical cliff ca. 30 m above the cave’s opening. From this
point, the only way to get to the cave is by abseiling down
the cliff face, which drops ca. 50 m further down below the
cave towards the canyon bed.

Figure 3. Plan and sections of NAC.

4. Past Explorations
NAC was first discovered in 1960 by a survey team of
“Camp C” headed by P. Bar-Adon, one of four camps that
formed part of the “Judean Desert Operation”, a large-scale
expedition to the caves located between Ein-Gedi and
Masada, on the Israeli side of the Judean Desert (Bar-Adon
1961). One young volunteer (and a future professor of
archaeology), Yoram Tsafrir, managed, with great difficulty,
to abseil down to the cave, where he found peculiar
concentration of wooden logs that were clearly brought by
humans. While the evidence for anthropogenic activity
inside a very hard-to-access cave was intriguing, the
expedition later focused on other caves in the region, mainly
the Cave of the Treasure (Bar-Adon 1980).

Figure 2. View of NAC in the northern bank of Nahal Asa’el, as
seen from the opposite bank.

NAC, as most other Judean Desert caves (Frumkin 2001;
Lisker et al. 2010), developed as an isolated chamber karst
cave below watertable during the mid to late Cenozoic
(Frumkin and Fischhendler 2005). It was drained empty
when base level and associated watertable dropped during
the development of the Dead Sea morphostructural
depression. Sometime during the Pliocene-Early
Pleistocene, the cave was truncated by the entrenching
canyon. The most dominant process which shaped the
present structure of the cave is roof collapse, possibly of
tectonic origins.

It took another 14 years before Bar-Adon decided to go
back to NAC. In August 1974, in the heat of the summer,
he arranged an expedition devoted exclusively to the
exploration of this cave. Administration and manpower
were provided by the Israel Defence Force, under an order
entitled “Bar-Adon Operation”. According to the
unpublished field documentation, the actual excavation in
the cave totaled five days. The work included survey,
mapping, and minor excavations in the inner passages and

The cave is comprised of outer and inner sections (Fig. 3).
The outer space is a 9 m long, 12 m wide and 7 m high
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three logs, while the xylem of the small twig was found
deformed. Two samples were identified as made of Acacia
raddiana Savi (Acacia), while a third specimen (the twigs)
was attributed to the same genus, but could not be identified
to the species level. The fourth log was made of Ziziphus
spina-christi (L.) desf. (Christ thorn; Jujube). Both tree
species can still be found today in distances of up to 1 km
from the cave.

around the shafts connecting the inner and outer parts of the
cave. It turned out that the few anthropogenic elements
found in the cave were all observed already during the
preliminary survey, while the excavations yielded nothing
but a small unindicative flint flake. The survey finds
included the wooden platform (to be described in detail
below), few more logs scattered in the southernmost part of
the inner passages (probably the ones seen by Tsafrir in
1960), as well as few pieces of ropes and a small ceramic
bowl collected from the innermost passage, southwest of
the platform. The bowl, which was dated by Bar-Adon
based on typological grounds to the Chalcolithic period,
was in fact the only typo-chronological element found
inside the cave. Both the bowl and the ropes were lost after
the excavations, and their re-assessment is therefore
impossible. Thus, the dating of the anthropogenic activity
in the cave in general, and of the wooden platform in
particular, remained somewhat obscured following BarAdon’s expedition.

Two of the Acacia specimens, a thick log (MA1) and the
small twigs (MA4), were dated by radiocarbon. The stable
isotope ratio δ13C and the radiocarbon results are reported
in Table 1. Both samples gave δ13C values close to -25 ‰,
in accordance with their identification as deriving from a
C3 plant. The calibrated 14C ages show that one sample
(MA1) most probably dates to the 45th–44th centuries BC,
while the second sample is dated to the 40th–39th centuries
BC. Both ages fall within the accepted range for the Late
Chalcolithic period, though the second age may be
considered rather late in the period, on the verge of the
transition to the Early Bronze Age I (Gilead 1994; Bar and
Winter 2010; Davidovich forthcoming).

5. The Wooden Installation

Table 1. Stable isotope ratio δ13C and radiocarbon results for two
samples from NAC wooden platform.

As already mentioned, the main find from NAC is the
wooden installation, constructed in the northeastern portion
of the innermost passage. This is a kind of platform (which
may also by termed shelf or board) made of unworked
wooden logs, which was built ca. 1.4 m above the passage
floor, and ca. 0.7 m below its ceiling, leaning on the
elevated shoulders of the passage (Fig. 4). Two logs (0.9
and 1.2 m long) were placed across the passage, while the
other logs (1.3–1.6 m long) were laid perpendicularly on
top of the former, spaced 10–20 cm apart, in a disorderly
fashion. The logs are 5–15 cm thick, and their weight is
estimated in 2–5 kg each. Few twigs were placed on top of
the construction, but it is unclear whether it was entirely
covered with twigs in origin. All the wood was preserved
in a dry state, as most organic materials found in the Judean
Desert caves.

Sample Lab
#
#

δ13C
‰
(PDB)

C age
±1σ
(years
BP)

Calibrated
age ±1σ
68.2% prob.
(years BC)

Calibrated
age ±2σ
95.4% prob.
(years BC)

14

MA1

RTT
-25.2
5894

5590
± 65

4490–4350

4560–4320

MA4

RTT
-23.45
5895

5110
± 60

3970–3800

4050–3760

6. Discussion
The wooden platform of NAC constitutes a unique item
from the Late Chalcolithic period in the Southern Levant,
and the earliest well-preserved wooden construction known
from the entire region. The dry conditions prevailing in the
Judean Desert, as well as the hardly-accessible location of
the cave, contributed to the preservation of this rare
element. While other caves in the region yielded occasional
wooden logs, including modified ones (e.g., the Cave of the
Treasure: Bar-Adon 1980; Wadi Muraba’at Cave #2: deVaux 1961), only in one case was a relatively large wooden
log radiometrically dated to the Late Chalcolithic (in Zruia
Cave; Davidovich forthcoming). The only other wooden
platform known from the Judean Desert, found in Nahal
Mishmar Cave #5, ca. 300 m west of the Cave of the
Treasure (Bar-Adon 1980), had never been dated, and there
are circumstantial arguments in favor of a much later date
for this element.
The incentive for the construction of the platform in NAC
and its exact use remain somewhat vague. While carrying
the logs into the cave and inserting them into its innermost
section were very demanding tasks, the actual construction
appears to be rather carelessly built. No effort was invested
in modifying the logs or in constructing a solid installation
(as the logs were not tied together). The platform probably
served to carry something on top which would have been
better off the ground, but there are no indications as to what

Figure 4. The wooden platform of NAC, looking NE. The location
of radiocarbon samples MA1 and MA4 is indicated.

The dendroarchaeological inspections have shown that the
wooden platform was made of local trees, growing in the
Dead Sea basin and the eastern part of the Judean Desert.
Four different logs were sampled, three from the main
construction and the fourth from the twigs resting on top.
The state of preservation of the xylem was excellent in the
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this might have been. Options include daily artifacts such
as beddings and utensils, food supplies, or even prestigious
objects, though the flimsy construction may not accord with
the latter option.

by, and there are no indications for mortuary or ritual
practices conducted in the cave. Yet, it should be stressed
that the high degree of difficulty in accessing the cave
coupled with the almost complete absence of artifacts
makes NAC a somewhat unusual manifestation of the
refuge phenomenon. In addition, the exact function of the
wooden platform within the refuge model is unclear (could
it be that it once carried important objects for the people
taking refuge in the cave, which were removed when they
decided to leave the cave for good?). It may be
hypothesized that the cave had a specific function within
the system of refuge caves in the Judean Desert, a function
which remains, for the time being, a mystery.

The radiocarbon dates place the wooden platform within
the time-frame of the Late Chalcolithic period, and are
paralleled by few dozens of dates from other Judean Desert
caves (Davidovich 2008: 131–135). Although the two dates
obtained from the platform are a few centuries apart, it is
more likely that both belong to a single constructional phase
rather than to two chronologically-separated phases. It
seems that the later of the two dates, in the very early fourth
millennium, would be the better estimation for the time of
construction of the platform (and of the occupation of the
cave in general), as it derives from small twigs. The
existence of an earlier date might be the result of an “old
wood effect” related to the relatively thick log from which
this date derives. Another possibility is that the occupants
of the cave used old dry trunks for the construction of the
platform. It should be noted that the radiocarbon dates
accord well with the Chalcolithic date ascribed by BarAdon to the ceramic bowl based on typological grounds
(above).
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The radiometric dating of the platform showed beyond
doubt that NAC is indeed part of the phenomenon of Late
Chalcolithic presence in hardly-accessible caves in the
Judean Desert cliffs. Actually, it is one of the caves with the
most difficult and dangerous approach in the region,
involving both walking over steep terrain and the use of
long ropes to reach the cave’s mouth. Even more astounding
is the fact that such an effort was invested in a cave with
very little space for occupation. In fact, the only potentially
convenient part of the cave is the outer chamber, but the
latter’s floor is piled up with boulders, and no attempts to
evacuate them and to create a more suitable space were
noted. The inner passages are even less suited for a long
stay, as they are dark, dusty, unventilated and tedious to
move through.
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Rich Upper Pleistocene fauna was studied in the Kurtun-1 Cave. The cave is located in Rhiphean limestone in the South
West vicinity of Baikal Lake. Entire collection of faunal remains comprises of 23 species of large mammals, 20 species
of micromammals, 29 species of birds, 13 species of terrestrial and aquatic molluscs, and 1 species of fish. Kurtun-1 is the
only site at Baikal where terrestrial fauna of Kargin Interglacial (MIS 3) is known.

1. Introduction
The cave Kurtun-1 (Fig. 1) is located in Rhiphean limestone
on the Primorski Mountain Ridge, South West of the
vicinity of Baikal Lake (Fig. 2), on the left bank of the
Kurtun River at the height of 133 m above thalweg of the
river valley. The site was studied by researchers from the
East Siberian Scientific Research Institute of Geology,
Geophysics and Mineral Resources (Irkutsk),
Archaeological Laboratory of the Irkutsk State University
and Geological Institute of the Siberian Branch of the
Russian Academy of Sciences.

Figure 2. Location of Kurtun-1 Cave.

Thickness, m
Unit 1. Limestone rubble of granule to pebble size,
with common slabs of boulder size, abundant plant
detritus, excrement from pikas and rodents, and molluscs
shells.
0.1–0.15
Unit 2. Unconsolidated breccia consisting of clasts from
pebble to cobble size, some irregular lenses of clasts from
granule to pebble size, with soft light brown silty clayey
moderately calcareous cement, occasional wood debris and
pieces of tree branches. Rock fragments are represented by
limestone and firm orange brown claystone with manganese
films on clast faces. Breccia fills a vertical hole up to 1.8 m
deep along the west wall. Contact with unit 3 is gradual. 1.0

Figure 1. Entrance of Kurtun-1 Cave.

2. Methods
Cave sediments were tested in five pits and a trench (Fig. 3).
Test intervals ranged from 5 to 20 cm depending on
saturation of sediments by limestone rubble and the size of
clasts. Sediments were sieved in dry condition through 5
mm round aperture screen and bones were picked up from
this coarse fraction. Then size fraction -5 mm was washed
and wet screened using 1 mm mesh sieves. Size fraction +1
mm was being dried up and faunal remains were extracted.

Unit 3. Multicolored clayey breccia consisting of angular
firm claystone clasts up to 80–90 %. Cement is soft orange
brown sandy silty clay with yellow mottles and convoluted
lenses. Occasional highly weathered siliceous schist
fragments. Sharp subhorizontal contact with unit 4.
0.9
Unit 4. Greenish brown silty clay with fine mica and
indistinct inclined parallel lamination.
0.3

3. Cave sediments

Unit 5. Clay breccia with granule sized clasts.

Cave deposits from the entrance grotto were studied in the
test pit #2 (Fig. 4), from the top to bottom:

Unit 6. Greyish yellow and lemon-yellow clayey silt with
indistinct lenticular structure.
> 0.2
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Figure 3. Map of Kurtun-1 Cave. 1 – test pit: a – on cross-section,
b – on plan; 2 – trench; 3 – loam; 4 – rock fragments: a – of cobble
to boulder size, b – of pebble size; 5 – large mammal bones; 6 –
fragments of stalactites and flowstone cores.

Observed thickness: 2.3

Figure 4. Cross-section of cave deposits from the entrance grotto:
northern wall of the pit #2. See legend at Fig. 5.

Grain-size analysis of the 2-d unit showed, that sediments
consist of silt (11.7 %), sand (20.1 %) and clay (46.7 %).
Fine and medium sand grains prevail in sand fraction
(11.7 % and 5.6 % respectively).

According to grain-size analysis, unit 6 consists of silty
(36.9 %) clays (48.7 %) with admixture of fine (2.3 %) and
medium (0.3 %) sand.

Light minerals consist of quartz (82.0 %) and potassium
feldspar (11.4 %) with minor quantities of muscovite
(3.6 %), biotite (0.3 %) and plagioclase (2.7 %).

Quartz prevails among the light minerals (84.5 %), while
muscovite plays a secondary role (12.1 %). Quantities of
potassium feldspar and plagioclase are insignificant (2.8 %
and 0.6 % respectively).

Main components of heavy minerals are epidote (26.8 %)
and hornblende (22.8 %), minor pyrite (8.4 %), unidentified
Ti minerals (11.8 %), goethite (7.3 %), ilmenite and
magnetite (7.1 %), leucoxene (2.6 %), zircon (2.6 %) and
garnet (2.0 %).

Heavy minerals predominately consist of unidentified Ti
minerals (44.6 %), minor quantities of zircon (11 %),
tourmaline (11.8 %), pyrite (8.6 %), leucoxene (8.1 %) and
epidote (4.8 %) with admixture of ilmenite (3.2 %), goethite
(1.6 %), garnets, sphene, hornblende, anatase, disthen, and
tremolite (0.5–0.7 % each).

Illite and chlorite compose the clay fraction of unit 2.
Cement and filling of the clay breccia of the unit 3 consist
of silt (18.4 %) and clay (63.5 %) with insignificant
admixture of fine and medium sand. Bulk content of
carbonates, both in the form of sandy and silty grains, and
also in a form of cement, comprises 15.5 %.

Cave sediments in the Kostenosny Passage were studied in
the test pit #1 (Fig. 5), from top to bottom:
Thickness, m
Unit 1. Sandy loam, brownish grey, containing limestone
clasts up to 0.4 × 1.2 m, stalactite and flowstone fragments
up to 0.7 × 0.5 × 0.4 m, abundant mammal bones, fish
scales and plant detritus. The layer was highly disturbed by
pika burrows and saturated with their excrements. 0.5–0.9

Light minerals of sediments of the unit 3 consist of quartz
(86.2 %), muscovite (9.8 %) and insignificant admixture of
plagioclase (2.3 %) and biotite (0.6 %).
Heavy minerals consist of epidote (31.6 %), ilmenite
(22 %), hornblende (14.1 %), unidentified Ti minerals
(8.8 %) and goethite (6.8 %), with very minor zircon
(3.8 %), tourmaline (2.7 %), sphene (2.4 %), rutile (1.5 %),
leucoxene (1.7 %), pyrite (1.5 %) and garnets (1.2 %).

Unit 2. Silty clay, brown, with abundant fine limestone and
grey siliceous slate fragments, bones of large mammals and
micromammals. Quantity of rock fragments vary in wide
limits.
0.4–0.6

Grain-size analysis of sediments of the unit 4 showed
dominancy of the clay fraction (81.7 %) and presence of silt
particles (11.2 %). Fine and medium sand content was
insignificant (0.9 % and 0.1 % respectively).

Unit 3. Sandy silty clay, brownish-grey.

0.1–0.2

Unit 4. Silty clay, reddish-brown, highly calcareous,
containing abundant fragments of firm claystone.
0.15
Observed thickness: 1.7

Light minerals of the unit 4 consist of quartz (66.6 %) and
muscovite (33.3 %) with admixture of potassium feldspar
(0.3 %).

The #1 pit exposed limestone at bottom only near the wall.
Central parts of the passage have much thicker sediments;
full thickness of cave deposits was intersected nowhere.

Heavy minerals consist of unidentified Ti minerals
(33.1 %), limonite (18.9 %), pyrite (12.1 %), ilmenite
(10.3 %) with minor amount of hornblende (9.8 %), zircon
(6.3 %) and tourmaline (7.0 %).

The upper rubble layer of unit 1 in the Kostenosny Passage
was formed from the Kargin Interglacial (MIS 3) to
Holocene. This conclusion is supported by 14C data
33,500±1,000 (GIN-5823) of brown bear bone extracted
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molluscs were found.

from the depth 0.4–0.6 m. The unit 1 is not stratified and
contained the remains of fossil Pleistocene and subfossil
Holocene fauna.

Amongst the bones of large mammals, 11 % of which
belong to the extinct species of the Upper Palaeolithic
faunal complex, namely woolly rhinoceros, Baikalian yak,
cave hyena and cave lion. At the present time, the Siberian
goat, red wolf and arctic lemming locally extinct on the
Primorski Ridge (Nekipelov et al. 1965), while their bones

Brown silty clays of the underlying unit 2 in the Kostenosny
Passage were accumulated during Kargin Interglacial
(MIS 3) on the basis of 14C data >40 K (SOAN-2902)
obtained from charcoal. Also the shell of a relatively

Figure 5. Cross-section of cave sediments in the pit #1, Kostenosny Passage. 1 – host rocks; 2–4 – limestone fragments: 2 – of boulder
and bigger size, 3 – of cobble size, 4 – of pebble size; 5 – clastic silty clay; 6 – sandy silty clay; 7 – silty clay; 8 – claystone clasts;
9 – pika’s excrements; 10 – wooden debris; 11 – large mammal bones; 12 – micromammalia bones; 13 – mollusc shells; 14 – fish
remains.

are part of the cave taphocoenosis.

thermophilic terrestrial mollusc Gastrocopta theeli (West.)
(Popova et al. 2002) was found there.

The most abundant remains among the large mammal bones
belong to roe deer (19.0 %), red deer (10.0 %), musk deer
(9.5 %) and brown bear (9.0 %). The bones of the extinct
woolly rhinoceros, cave hyena and bison make up 4 %,
3.5 % and 2 % respectively.

No paleontological remains were found in the underlying
units 3 and 4.

4. Faunal remains

Faunal remains extracted from the layers, which had been
formed during Kargin Interglacial (MIS 3), have especial
significance amidst obtained collection because terrestrial
fauna of this time interval was not yet studied at Lake
Baikal. Total number of large mammal bones comprises of
301 specimens. Remains of roe deer, red deer and sable
prevail (18 %, 12 % and 10 % respectively), and the bones
of other mammals are less common: wooly rhinoceros, cave
hyena and badger (all by 6 %), fox (5 %), brown bear and
reindeer (by 4 %), wolf and bison (by 3 %).

Bone saturation of sediments varies significantly in
different parts of the cave. Bone remains are rare in the
entrance grotto, whereas they were abundant in the
Kostenosny Passage. The latter can probably be explained
by the likelihood of usage of distant parts of the passage as
dens by carnivores. Relics of recent bear’s lair and fox’s
den were clearly visible before excavations began.
Extensive physical weathering of walls and ceiling
triggered collapse of blocks, slabs and smaller rubble, and
also contributed to impoverishment of the paleontological
remains in the entrance grotto.

The collection of micromammalian bones extracted from
the Kargin sediments consists of 3,510 specimens. The
largest part of it belongs to the remains identified only to
Arvicolidae family, which comprises 42.7 % of whole
collection. Remains of other rodents and lagomorphs are
far less abundant: Ochotona hyperborea (18.8 %), Lepus
timidus (2.8 %). Clethrionomys rufocanus (12.5 %),
C. rutilus (5.1 %), C. sp. (2.3 %), Microtus gregalis (4.0 %),
M. sp. (3.4 %), Alticola cf. argentatus (3.4 %).

Overall, 602 identified bones of 23 species of large
mammals and small carnivores were extracted from the
cave sediments; one taxon was identified to genus. Total
number of micromammalian bones is not available because
plentiful bone remains obtained from unit 1 in the
Kostenosny Passage were not counted. Micromammalian
remains belong to 20 species and 12 taxa identified to
genus. Collections of avifauna remains consist of 194 bones
of 29 species; 4 taxa identified to genus. Along with the
above, numerous Arctic grayling remains, isolated snake
spondyls, and shells of 13 species of terrestrial and aquatic

Abundance of pika remains in taphocoenosis of the cave is
attributed to the wide spread nature on rocky screes and
cliffs in the surrounding area.
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The list of the Kargin fauna is populated with fish
(1 species), snakes, birds (20 species and 4 taxa identified
to genus), terrestrial (7 species) and aquatic (1 species and
2 taxa identified to genus) molluscs.

charcoal location was in the entrance part of the manhole
into the Kostenosny Passage. The passage was used by
brown bears, foxes, cave hyenas and cave lions as a den and
a lair. This suggests that the fire was started with the
purpose of hunting for carnivores.

A list of fauna of the Kargin Interglacial from the cave
Kurtun-1: Mammalia: Insectivora: Sorex sp.; Chiroptera:
Murina hilgendorfi Peters; Lagomorpha: Lepus timidus L.,
Lepus sp., Ochotona hyperborea Pall.; Rodentia: Pteromys
volans L., Sciurus (Sciurus) vulgaris L., Tamias (Eutamias)
sibiricus Laxm., Spermophilus (Urocitellus) undulatus
Pall., Spermophilus (Urocitellus) sp., Marmota sp.,
Apodemus sp., Micromys cf. minutus Pall., Cricetulus sp.,
Alticola cf. argentatus Severtzov, Clethrionomys rufocanus
Sundev., C. rutilus Pall., Clethrionomys sp., Lagurus cf.
lagurus Pall., Myopus sp., Arvicola cf. terrestris L.,
Microtus (Stenocranius) gregalis Pall., M. aff. fortis Büchn.,
M. (Microtus) oeconomus Pall., M. cf. arvalis Pall.,
Microtus sp.; Carnivora: Canis lupus L., Vulpes vulpes L.,
Cuon alpinus Pall., Ursus (Ursus) arctos L., Martes
(Martes) zibellina L., Mustela (Kolonocus) sibirica Pall.,
M. (Putorius) eversmanni Lesson, Meles meles L., Crocuta
(Crocuta) spelaea Gold., Panthera (Leo) spelaea Gold.,
Felis (Lynx) lynx L.; Proboscidea: Mammuthus primigenius
Blum.; Perissodactyla: Equus sp., Coelodonta antiquitatis
Blum.; Artiodactyla: Sus scrofa L., Moschus moschiferus
L., Cervus (Cervus) elaphus L., Capreolus capreolus L.,
Rangifer tarandus L., Bison (Bison) priscus Boj., Capra
(Ibex) sibirica Pall., Ovis (Ovis) ammon L. Pisces:
Salmaniformes: Thymallus arcticus Pall., Thymallus sp.,
Reptilia: Squamata: Serpentes. Aves: Anseriformes: Anas
clypeata L., A. platyrhynchos L., A. acuta L., A.
guerguedula L., Bucephala clangula (L.), Mergus serrator
L.; Falconiformes: Accipiter gentilis (L.), Falco peregrines
Tunstall, F. tinunculus L.; Galliformes: Bonasa bonasia L.,
Tetrao tetrix (L.), T. urogallus L., Lagopus sp., Perdix
dauricae Pall.; Strigiformes: Strix sp., Otus scops (L.),
Surnia ulula (L.); Apodiformes: Apus pacificus (Latham);
Piciformes: Picus sp.; Passeriformes: Turdus sp., Monticola
saxatilis (L.), Pyrrhula pyrrhula (L.), Coccothraustes
coccothraustes (L.), Nucifraga caryocatactes (L.),
Pyrrhocorax pyrrhocorax L. Mollusca: Gastropoda:
Succinea ex gr. oblonga (Drap.), S. putris L., Bradybaena
schrencki (Midd.), Vallonia tenuilabris (Al. Brawn), V. ex
gr. pulchella (O.F.Müller), Gastrocopta theeli (West.),
Pupilla muscorum (L.), Lymnaea sp., Anisus (Gyraulus)
acronicus (Fér.), Bivalvia: Euglesa sp.

6. Conclusions
The Upper Pleistocene site Kurtun-1 is characterized by
vast diversity of discovered species of mammals and birds,
and novelty of number of finds:
1) the richest site of the Kargin mammal and avian fauna
by the number of species in Eastern Siberia;
2) the only site of Upper Pleistocene avifauna at Baikal
lake;
3) first locality at Baikal where bones of the cave hyena,
the steppe polecat and the red wolf were found;
4) second locality at Baikal containing remains of Panthera
(Leo) spelaea Gold. (the first find was made in the
vicinity of the Sagan-Zaba bay (Ovodov 2009);
5) first site at Baikal where relatively thermophilic
terrestrial mollusc Gastrocopta theeli (West.) was found
in the Upper Pleistocene sediments;
6) the presence of fire-pit and charcoal older than 40
thousand years in cave sediments, advantageous location
of the entrance grotto for temporary shelter, overnight stop
and hunting for carnivores allows to consider the cave
Kurtun-1 as the most promising place for the search of
Palaeolithic human remains at Baikal at the present day.
The cave carries a great potential for additional
characteristics of the fauna of Kargin Interglacial.
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BAROVÁ (SOBOLOVA) CAVE, MORAVIAN KARST (CZECH REPUBLIC)
UPPER PLEISTOCENE FOSILIFEROUS IN-CAVE SEDIMENTS
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Since the discovery of Barová Cave in 1947, three periods of excavations in the inner part of the cave had been done until
present, in context with both caving activities connecting distand parts of the cave and archeological/paleontological
research projects proceeded within the cave entrance. Fossil bone remains of typical Upper Pleistocene fauna (Weischelian
glaciation) were excavated, exspecially bone remains of the cave bear (Ursus ex gr. spelaeus). These activities followed
by intensive speleological work led to the filling up all the entrance parts with huge slag deposits. Then the locality became
unclear and taken as paleontologically completely excavated. As the consequence of the underlying sediments slide
succesion in the northwest part of the “Shaft II”, new layers of bone rich sediments were opened in the basis of the old
excavation sites and their surroundings. Subsequently, new restoration of old excavation sites was done, the terrain had
been cleaned, newly topographically measured and used as the entrance to more distand parts of the cave. New instructive
profiles have been opened in front of the fossiliferous debris tongue. Fossil bone remains excavated during these works
belong to these taxa: Ursus ex gr. spelaeus, Panthera spelaea, Crocuta spelaea, Canis lupus, Vulpes sp., Rangifer tarandus,
Cervus sp., Capra ibex, Lepus sp., Aves gen. sp. Most of the samples still wait for identification, which will proceed next
season. No remains of Pleistocene small mammal fauna were found yet, the washing result is still negative (rodent bones
found in there are recent), as well as the palynologic analysis. One of the valuable founds is almost complete skull of the
subadult cave lion (Panthera spelaea) female with part of her postcranial skeleton. Researches, excavations and recovery
works still run in the cave, the goal is to create educative site of the Pleistocene paleonthology for the next student or
speleologist generation didactical use.

1. Introduction

Karst caves), at least partially preserved, one must look after
elsewhere. It’s worth to look at the cave where works began
later, i.e. the cave was discovered later, and the terrain, cave
shape, inaccesibility, or inatractivity (of course, the in-cave
facie does not offer such rich variety of results and
discoveries, there are no rich stratigraphically important
fossils, above all small mammals and molluscs) caused
saving the cave off the very interest. However, even there
are some complications here.

Paleontological researches inside the caves of Moravian
Karst have their rich tradition. Many of the caves here
became the “classic” localities of Quaternary paleontology,
used since the start of 19th century and, naturally, exploated
by bone collectors and for some magic purpose since almost
ancient times. Some of them were hugely devastated and
destroyed, when only a small part of paleontological founds
is now kept in some european museums, some classic
localities are now used as open-for-public sights and very
recent excavations were going on mostly as salvage
activities, when turistical use had priority. The finds of these
localities were scientifically processed and now are kept in
public collections in museums and other institutions.
Keeping at least a part of the original sediments, bone layers
of Pleistocene fauna, stone beds, artefacts or local finding
situation is presented in case of very important
archeological or paleoantropological sites in entrance part
of caves like Kůlna Cave. In-cave sediments left in shape
of the instructive cross-section, profile, or intact layer
sequence, these are much rarer. Mostly they had been built
in caves not allowed for public visitors, ones of the most
important are those in Holštejnská – Nezaměstnaných Cave
and Malý lesík Cave. Here in the caves of active
speleological work the goal is to discover a new part of the
cave or connect it with another underground place. Profiles
and cross-sections are one of more consequences only. Most
of the Pleistocene “bear caves” with bone rich sediments of
the Upper Pleistocene has been already exploated,
processed and used for another purpose, they are already
empty. Intending to visit some in-cave fossiliferous Upper
Pleistocene sediments (once so typical for many Moravian

Figure 1. Second Shaft in Barová Cave, shape in 2007, V. Káňa.

Barová (Sobolova) Cave, situated in the central part od
Moravian Karst on the right side of Josefovské údolí Valley,
had been discovered in 1947 by Dr. A. Sobol and hid
companions, digging through the debris at the entrance under
the wall of “Krkavčí skála” limestone rock cliff. Now the
entrance lays in 346 m above sea level. The cave is
complicated polygenetic system of vertical and horizontal
corridors and shafts. The active Jedovnický potok Creek
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Figure 2. Entrance part of Barová Cave, measured by F. Musil and P. Koukal 2012.

flows through the underneath level. It is the part of Býčí skála
– Rudické propadání cave system, the second longest in the
Czech Republic. Total denivelation of the Barová Cave
reaches 60 meters, the length is app. 900 m. There are three
levels of the cave, each has the different shape and formation.
The upper level is mostly vertical, chimneys are or filled with
sediment (Jurassic and cretaceous origin) or already emptied.
The entrance corridor is such an emptied chimney, filled at
the base with fossiliferous Pleistocene sediments. The middle
level in shape of six shaftlike domes is created by sedimental
fallings and slides filling otherwise unbroken underground
corridor, approximately 100 m long (see Fig.1). The names
of these shafts correspondent with the time of discovery in
1947 (First, Second, Third…, in following we use I., II.). The
underneath level is, in fact, the system of siphons and
corridors on the flow of Jedovnický potok Creek. Two of
shafts protrude to the creek (I. and II.). There were lots of
actions and speleological works done at the underneath level
of the cave from 2006 to 2012, including water pumping and
hydro-mining, digging and new discoveries.

bones of the woolf (Canis lupus), and the cave lion
(Panthera spelaea). Sadly, all space on the ground of the
cave between the entrance and the Shaft II. had been
covered by very thick layer of slag deposits.
In 1958, R. Musil opened the test pit at the beginning of the
passage between entrance corridor and the Shaft II. He
sketched basic stratigraphy of the sediments as the debris
cone, excavated Upper Pleistocene large mammals bone
remains and, based on these excavations, characterized the
cave as the typical cave bear den (Musil 1959, 1960). From
these excavation finds the brain case of the cave hyena
(Crocuta spelaea), the part of ibex (Capra ibex) skull and
two hemimandibulae of the cave lion (Panthera spelaea)
are worth to be reminded here. These finds show that the
cave served to cave hyenas as a den, too. There were clearly
cave hyenas transporting their prey body parts to the cave
as they still do with their prey and den in Africa. Sadly here
again, lots of debris, slag, huge quantity of sandy and clay
material had been deposited within the cave, too.
The next phase followed between 1983 and 1986, when in
terms of the research project, L. Seitl managed
comparatively extended excavations within the cave. Most
of excavations were concentrated in the entrance parts,
archeology and sedimental cone in front of the cave. Some
in-cave sediments were excavated at the branch called
Medvědí (Bear Branch). Three layers were distinguished,
upper loess-like, middle bone sediments and underlying
reddish clay, all covered by calcite sinter plate. Bone
remains belonged mostly to cave bear and cave hyena, very
interesting was pelvis fragment of the wooly rhinoceros
(Coelodonta antiquitatis), chewed by hyenas. Most
sediment was taken away from the cave, washed and purely
controlled, in case of the in-cave sediments with negative
result.

2. Previous paleontological excavations and
researches
The first paleontological excavations were done by A.
Sobol and his companions in 1947–1956, some bones of
Pleistocene mammals were taken from the ground in the
entrance corridor, from some small excavations and
connective passages dug between the entrance and the Shaft
II (see Fig. 2). Some paleontological material had been
found directly on the surface of the entrance corridor and
small cavities near Shaft II. From the collection of A. Sobol
(now in Moravian Museum Brno) is to list long bones and
jaws of cave bear cubs (Ursus ex gr. spelaeus), numerous
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3. Material, methodology and osteological
analysis

Other speleological works (digging, excavations, washing,
measuring) were then concentrated in the distand parts of
the cave, fossiliferous sediments yet unexploated

The excavated area is the front of large sedimental tongue
spreading from northwest, ending on the border of the
Shaft II. It’s topography follows the ceiling relief almost
without difference. The parts cropped by pendants have
thickness to 2.5 m, the main part is a lot thinner, about
30–40 cm. Only some parts are covered by the sinter plate,
most parts are buried under slag and debris or sandy deposit.

Figure 3. Excavations in the probe “Pod žebříkem” in November
2012, photo by M. Maláč.

dissapeared under the slag deposits, the corridor nearby was
used only to pass to the next parts of the cave, excavation
sites were abandoned, only some small test pits made by
cavers appeared and disappeared. Only important natural
proces inside the cave was continual falling of the
underlying sediments in the northwestern part of the
Shaft II. The shaft had changed many times, continuous
slides of the complexed sands, clay, and gravel sediment of
uncertain age formed the shape of the shaft (Hypr and
Koudelka 1995). The strongest slides took place from 2008
to 2011, when the space of the Shaft II increased by one
third. The new cross-section through fossiliferous sediments
emerged nearby both older excavation sites Musil 1958 and
Seitl 1986. Then, immediately, the reconstruction of all
former excavation sites started, the new passage between
entrance corridor and the other parts of the cave was made
and after that, new test pit through the debris cone at the
centre of the fossiliferous sedimental tongue was started to
dig and explore. The place has been named Podžebříková
sonda (Testpit Under the Ladder, see Fig. 3). The branch of
the sedimental tongue near former Musil 1958 pit, on the
northwestern border of the Shaft II, has been named Liščí
chodba (Fox Passage). These three test pits (Liščí – Fox,
Medvědí – Bear, Podžebříková – Under the Ladder) are the
places, where we process current excavations and research.

Figure 4. Liščí (Fox) Passage test pit profile, shape of December
2012, A. Mátl, V. Káňa.

The fossiliferous sediments appear in all test pits consisting
of three layers. Layer A is overlaying, consisting of sands,
clay and loess-like sediments and rarely contains
Pleistocene bones, the remains of recent rodents
(Apodemus, Microtus) are present. It reaches thickness up
to 60 cm in terminal parts of the tongue, where originally
the calcite plate covered it (Seitl 1988). Layer B is
constituted by limestone blocks, debris, sinter and calcite
fragments, quartzite, silicite stones, sand, clay and
disarticulated Pleistocene bones in mass from 10 cm to
1.2 m. Layer C is incontinual base of the layer B, consisting
of red clay, corroded limestone blocks, sinter plates and the
clusters of crashed and compressed Pleistocene bones (see
Fig. 4). It is from 5 cm to 80 cm thick. The sediments of the
layers B and C were washed, the result was negative yet,
palynological analysis was made from the sample of the
layer C in Liščí (Fox) test pit, it is negative, too (Doláková
in verb. 2012).
Numerous osteological materials are found in both Liščí
(Fox) Passage pit and Medvědí (Bear) pit, and so in currently
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excavated test pit Podžebříková (Under the Ladder). Bones
are not in situ, they were transported vertically and
horizontaly as a part of rocky sediments of the debris cone.
Consequently, bones are not in anatomical position, their
affiliation with skeletons is unrecognizable. Larger bones
like skulls, pelves, long bones, are often badly fragmented,
although it is possible to reconstruct most of them.
Bone determination of paleontological finds is processed
using comparative collection of Anthropos Institute, MM
and osteological handbooks, atlasses and monographies
(Hue 1907, Lavocat 1966, Pales and Lambert 1971, Schmid
1972). Ontogenetical age of the bone remains is reckoned
by Habermehl (1985). Minimal number of individuals
(MNI) is to reckon using methodics of Chaplin (1971), cave
lion dentical measurment by Driesch (1976).

Figure 5. Situation in the time of the cave lion (Panthera spelaea)
skull excavation in October 2012, photo by I. Harna.

Very important find comes from newly excavated test pit
Podžebříková (Under the Ladder). Here almost complete
skull of the cave lion (Panthera spelaea) subadult female
has been found, including complete mandible, and a part of
postcranial skeleton (see Fig. 5). Basing on the age, size,
bone shape and situation, these bones appear to belong to
the skull: axis, atlas, three cervical vertebrae, one thoracal
vertebra, two lumbar and seven caudal, five sternal
segments, ulna, two metacarpals, two tibiae, patella,
calcaneus, all metatarsals of the left hindlimb, and several
individual carpals, tasals and phalanges. In spite of fact, that
the excavation is still at the beginning, the number of bone
remains belonging to this individual can increase in the
future.

All osteological, taphonomical and paleontological analyses
is just beginning, the research is still running, all results are
to be taken as preliminary. Dominant species within all
finds is the cave bear from the group of Ursus spelaeus,
what corresponds to the situation published by Musil (1959,
1960) and Seitl (1988). Until now, these taxa were validated
from our current excavations within all three test pits:
Ursus ex gr. spelaeus Rosenmüller, 1794
Panthera spelaea (Goldfuss, 1810)
Canis lupus Linnaeus, 1758
Crocuta crocuta spelaea (Goldfuss, 1823)
Capra ibex Linnaeus, 1758

Most of the cranial sutures are still open, the individual is
young, about two to thre years old, until the discovery of
this skull supposed as a female. Dental measurment of
lower praemolares p4 and molares m1 were accomplished
in comparation with data of the works of F. G. Baryshnikov
(2011). In the article, there the data of the length and width
p4 and m1 from many European localities are present
(Baryshnikov 2011, pp. 205–206, tab. 3). The data from the
individual of Barová Cave correspond with female shape
(see Tab. 1 and Fig. 6, Fig. 7). The individual is a young,
not fully grown female with already permanent teeth,
unique in the region of Moravian Karst and this part of the
central Europe by its well-preserved state.

Rangifer tarandus (Linnaeus, 1758)
Cervus sp. Linnaeus, 1758
Vulpes sp. Frisch, 1775
Lepus sp. Linnaeus, 1758
In comparation with frequency of remains of the cave bear,
other taxa, lions, hyenas and wolves exceptional, bone
remains of ibex, reindeer, deer, hare and foxes are very rare,
but present.
Only a part of the osteological finds from current ecavations
in Barová Cave could be analysed until today. The first
analysed sample is from Liščí chodba excavations. As is
visible from results, 95.3 % of determined bones come from
cave bear (Ursus ex gr. spelaeus), both wolves and cave
lions are 2.3 %. No other taxa were found in the sample.
Following samples are to be analysed and the taxa ratio can
be different.

4. Discussion
Individual fossiliferous sediment layers in Barová Cave are
presumably not a consequence of more in-cave landsliding
events, the base (layer C) is the result of relatively slow
sedimentation gravitationally transported bones and other
components to shallow waters or muddy pits on the surface
of underlying sediments, where the bones were crashed and
fragmented by stones overlaying consequently. Faunal
structure in individual parts show slight difference (no
hyenas present in Liščí test pit, at least some hyenas in
others), taphonomical state is slightly different too, it
suggests that different parts of sedimental tongue have
different origin, e.g., places of source. The shape of
sediments in the entrance corridor shows the possibility, that
the animals during Upper Pleistocene time used this part of
the cave, which was more complex, large sized
underground dome, as a den, the transport of bone remains

The cave bear bones processed until now (December 2012)
belong to at least 4 individuals, (MNI = 4), the bone remains
of wolf and lion both belong to just one individual (MNI = 1).
In case of the cave bear, all parts of skeleton are present here,
presumably no alimentar transport (at least out of the cave) or
only slight manipulation with carcasses took place. Basing on
the teeth development and wearing, epiphysal merging and
cranial suture shape it shows, that most present remains of the
cave bear belong to young adult individuals, bear cubs or senile
individuals are present more rarely. Both sexes are present in
case of the cave bear. Bone remains of the cave lion and wolf
from Liščí chodba test pit belong to adult individuals.
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Table 1. Length (L) and width (W) of cave lion (Panthera spelaea) lower molars m1 from European localities, according to Baryshnikov
(2011). Molars m1 from Barová Cave (bold print) fall into the range of females.

Males
Locality
Kent’s Cavern, England
Kent’s Cavern, England
Kent’s Cavern, England
Jaurens, France
l’Herm, France
Widkirchli, Switzerland
Wierzchowska Górna, Poland
Wierzchowska Górna, Poland
Schusteriucke, Austria
Lautscher, Austria
Předmostí, Czech Republic
Kodak, Ukraine
Krasnyi Yar, Russia
Sukhoi Log, Russia
Kurtak, Russia

Females
L
30,0
29,8
30,8
29,9
31,3
31,2
31,1
30,9
30,3
29,7
30,2
29,9
32,0
28,9
30,1

W
14,7
15,7
15,3
15,1
15,3
16,5
17,0
16,2
16,0
16,9
14,1
15,5
16,7
14,1
14,9

Locality
Kent’s Cavern, England
Kent’s Cavern, England
Jaurens, France
Jaurens, France
Circeo, Italy
Zoolithen Cave, Germany
Wierzchowska Górna, Poland
Wierzchowska Górna, Poland
Předmostí, Czech Republic
Předmostí, Czech Republic
Švédův Stůl, Czech Republic
Barová Cave, Czech Republic
Barová Cave, Czech Republic
Starye Duruitory, Moldova
Krishtaleva, Crimea, Ukraine
Krasnyi Yar, Russia
Shubnoe, Russia
Medvezhiya Cave, Russia

L
26,7
28,0
27,9
28,0
25,9
28,1
27,8
27,1
26,7
27,9
25,8
27,3
27,4
25,9
25,9
27,0
27,5
26,2

W
12,5
14,8
14,2
14,1
13,8
14,4
13,5
12,8
12,8
12,6
13,4
14,1
13,9
12,4
12,4
13,3
13,5
13,6

Figure 7. Young cave lioness left lower jaw, excavation “Pod
žebříkem” in Barová cave.
Figure 6. Ratio of length to width of cave lion molars m1 from
European localities (see Tab. 1, according to Baryshnikov 2011).
Molars of males and females are clearly divided on the basis of
size. Molars from Barová cave fall into the range of females
decidedly.

5. Conclusion
Although the fauna is not much varied, the place still seems
to be an ideal training site for Pleistocene paleontology. The
goal is not what we remove from the cave, it is about
something different. The most important is, what remains
in the cave as an instructive educational locality shaped for
in situ teaching. We will form the locality in Barová Cave
to the didactic tool for university students of paleontology,
geology, karsology etc., cavers, speleologists, instructed
visitors. It is presumable, that the rest of our test pit in
Podžebříková will grant more various fauna than any others
in Barová and as such can be ideal cross-section profile for
the next studies. As well as the teachers and specialized
public get unique place to see rests of intact Pleistocene
bone sediments. The excavation in Liščí chodba test pit now
already serves as such teaching profile. The restoration of
other parts of the cave continues.

could not be for a long horizontal and even vertical distance
(Complete skull of young lioness could not “survive such
transport”). So the entrances had to be different and maybe
numerous, being now buried (along with most of the
entrance corridor) under meters of Holocene sediments,
debris and man-made deposits.
Most of the cave entrance part served as wintering habitat
for cave bears, while (probably in periods, when bears were
not present) some parts could be a hyena den or a shelter
for cave lions. Although the most finds are remains of the
cave bears, increasing number of other taxa promises that,
in following seasons, the locality can bring some more
important finds opening the view at the paleoecological
state of the Upper Pleistocene in the central part of
Moravian Karst.
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MARESHA – A SUBTERRANEAN CITY FROM THE HELLENISTIC
PERIOD IN THE JUDEAN FOOTHILLS, ISRAEL
Amos Kloner
Department of Land of Israel and Archaeology, Bar-Ilan University, Ramat Gan, Israel,
Amos.Kloner@biu.ac.il
The ancient city of Maresha is identified with Tell Sandahannah, situated in the Judean Foothills, about 40 km southwest
of Jerusalem. The city was founded in the Iron Age and continued in existence until the late Hellenistic period. During the
Hellenistic period Maresha flourished and became the central city of a region known as Idumaea. The archaeological site
consists of an Upper City (= UC), a Lower City (LC) and a large number of artificial subterranean complexes comprising
caves, columbaria, water cisterns, store rooms, oil presses etc, designated as the Subterranean City (= SC). This Hellenistic
period’ subterranean infrastructure is the focus of this paper. In this paper we present and discuss the typology and functions
of the caves of Maresha. We suggest to identify ten basic types of rock-cut (artificial) caves: 1. Columbarium
(pl. Columbaria) – Subterranean dovecotes; 2. Olive presses (or, olive-oil plants); 3. Baths (and “filter chambers”);
4. Underground quarries; 5. Cisterns; 6. Stables; 7. Ritual caves; 8. Storage chambers; 9. Burial caves; 10. Hiding
complexes

1. Introduction

a Tell (mound) dating to the Iron Age II and the Persian
periods, with two Hellenistic phases (Ptolemaic and
Seleucid); (Bliss and Macalister 1902; Kloner 2003). The
Seleucid city, established on the top of the mound, dating
from the 2nd century BCE, is referred hereafter as the Upper
City. The UC in its last phase was fortified, almost square
in plan and measured about 6 acres (24 dunams; Avi-Yonah
and Kloner 1993).

The ancient city of Maresha is identified with Tell
Sandahannah, situated in the Judean Foothills, about 40 km
southwest of Jerusalem. The archaeological site consists of
an Upper City (= UC), a Lower City (LC) and a large
number of artificial subterranean complexes, comprising
caves, columbaria, water cisterns, storage rooms, oil presses
etc. These complexes, rock-cut underneath the LC, are
designated as the Subterranean City (= SC). This
subterranean infrastructure is the focus of this paper.

At the foot of the upper city there was a vast surrounding
lower city, covering c. 80 acres (320 dunams). Excavations
on behalf of the Israel Antiquities Authority (= IAA) have
been directed by the author in the LC and in the SC from
1972 to 1999 (Kloner 1996; Kloner 2003).

2. History of Maresha

The LC – at least in its general layout – was almost certainly
planned in advance. The street grid and adjacent buildings
were obviously pre-planned and public buildings were also
provided for. In excavation Areas 53, 61, and 930 in the LC,
large dwelling houses were uncovered, with ground level
areas extending between 150 to 400 square metres. Walls
and parts of buildings were discovered in all of the
excavation areas of the LC. The densely built-up buildings
appear to have served as residences, commercial stores, and
workshops.

The city of Maresha was founded in the Iron Age and
continued in existence until the late Hellenistic period.
During the Hellenistic period Maresha flourished and
became the central city of a region known as Idumaea.
According to 1 Macc. 5:66, Maresha was used by the
Seleucids as a base from which to instigate attacks on Judea
and therefore became subject to reprisals from the
Maccabees (2 Macc. 12:35). During the reign of the
Hasmonean ruler John Hyrcanus I (137–104 BCE),
Maresha, along with the rest of Idumaea, was conquered.
Well dated finds attest to the abandonement of the upper
and lower city in 112/111 BCE or slightly later.

Most of the construction work at Maresha employed
roughly rectangular blocks of local chalky limestone
(regarding the characteristics of the local stone, see below).
Most of this building stone was extracted from subterranean
quarries that were left disused following the stoneextraction process. Other sources of stone were quarried in
subterranean spaces that were primarily, and in a few cases
only subsequently, adapted for use as workshops,
columbaria, and water cisterns.

Maresha was briefly (and only partly) inhabited during
three additional, later periods: the Bar Kokhba Revolt
(132–136 CE); the Byzantine period; the early Islamic
period.

3. Archaeological Exploration and the Lower
City (Fig. 1)

A fortification wall surrounded the LC. The general course
of this wall is marked on the map (Fig. 1), that also includes
the location of the UC uncovered in the 1900 excavations,
and the subterranean complexes that were surveyed,
measured, and drawn during our work.

Archaeological excavations were conducted in the UC in
the summer of 1900 by F. J. Bliss and R.A.S. Macalister on
behalf of the Palestine Exploration Fund (= PEF). These
and the renewed excavations revealed the ancient layers of
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Figure 1. Maresha: General plan, showing the UC, the LC, surrounded by a wall, and location of 160 subterranean complexes in the SC.
(Kloner and IAA expedition).

subterranean spaces per house. Where there were more than
four subterranean spaces, these apparently served
specialized functions. The cave interiors were sometimes
joined up at a later time by the cutting of openings through
the contiguous walls. New chambers were also later hewn
and added to the complex. The hewing of the caves at
Maresha apparently started in the eighth century BCE and
reached its peak in the 2nd century BCE.

4. The Subterranean City
The SC is unique in terms of its overall size and number of
spaces, by comparison to all other known complexes in
other regions and from other periods. Artificial, man-made
caves were found beneath all excavated residential houses
and in all of the excavation areas. The number of
subterranean rooms and spaces accessed through one
opening from the ground surface varied from one to four.

Bliss and Macalister numbered the subterranean complexes
they found below the LC from 1 to 63 and published a map
of their locations. They pointed out that many of these
complexes were not surveyed. More than 100 additional
complexes have been identified and documented since
(Fig. 1). The subterranean complex no. 61 at Maresha, for
example, which is defined as one cave, comprises of about

The most common layout of a subterranean unit, consisted
of a descent by way of a dromos-like staircase (Fig. 2),
which gave access to spaces on the right and left, and to a
third space whose opening was opposite the lower end of
the dromos. Only in few cases were there more than four
140

Archeology and Paleontology in Caves – oral

2013 ICS Proceedings

5. The Geology of Maresha and the Surrounding
Region
The area of the Judean Foothills is characterized by
formations of soft, chalky limestone from the Eocene.
Maresha is situated on rocks of the Zor’a formation, the
Maresha member. The thickness of Maresha member varies
between 30 m and 100 m. Above the chalky limestone,
known locally as kirton, a harder nari crust formed, 1 to
3 m thick.
The residents of the region in antiquity were familiar with
the geological conditions. Due to the relative ease of
quarrying and accessibility, thousands of subterranean
chambers were hewn in the region, for various purposes
(Bliss and Macalister 1902:204–270; Kloner 2003:4).
Figure 2. Stepped corridor (dromos) leading into subterranean
complex in area 53 (B. Zissu).

6. A Typology of Caves

50 different chambers and spaces connected to each other
in the underground (Fig. 3). The soft chalk that was
systematically removed from the caves was used for
building, and this process links between the quarrying of
the subterranean chambers, subsequently used for specific
functions, and the construction of buildings on the surface
of the site.

The entrance and basic layout: The most common
arrangement of the caves in Hellenistic Maresha consisted
of a descent by way of a dromos-like rectangular staircase,
which gave access to spaces on the right and left, and to a
third space whose opening was opposite the lower end of
the dromos-like staircase.
In this paper we present and discuss the typology and
functions of various types of caves, typical to Maresha. We
suggest to identify ten basic types of rock-cut (artificial)
caves:
1. Columbarium (pl. Columbaria) – Subterranean dovecotes
2. Olive presses (or, olive-oil plants)
3. Baths (and “filter chambers”)
4. Underground quarries
5. Cisterns
6. Stables
7. Ritual caves
8. Storage chambers
9. Burial caves
10. Hiding complexes
6.1. Columbarium (pl. Columbaria) – Subterranean
Dovecotes
Hundreds of columbaria hewn in caves have been found in
Israel, mainly in the Judean Foothills. This large number
may be due to the ease of hewing the soft limestone and the
structures’ durability even when subjected to secondary use
in later periods. A great deal of research has been devoted
to ascertaining the purpose of the niche-bearing structures,
and numerous explanations have been offered (Tepper
1986). Today, most researchers tend to agree that the
structures in question were used to raise pigeons (Tepper
1986; Kloner 2000; Zissu 1995).
The term columbarium refers to structures used for the
raising of doves or pigeons. (The term also applies to
subterranean structures containing niches for cremated

Figure 3. Plan of Subterranean Complex 61 (Kloner and IAA
Expedition).
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made of wood, rope, leather, etc., the presses have entirely
survived.

ashes. But it should be stressed that these burial installations
are common in Italy – in Rome, Ostia, Pompeii and
elsewhere, but entirely absent from the archaeological
record in Israel, where cremation was a rare custom,
practiced mostly by Romans). Pigeons’ raising was a source
of economic income; pigeons were raised for three
purposes: their meat was a fine source of food; their
droppings were used as an excellent fertilizer; the doves
were used for cultic purposes as sacrifice in pagan temples.
In order to maintain this active economic endeavor there
was the need of quarrying caves with small niches (about
0.25×0.25 m each), arranged in rows along the walls.

All of them were planned in advance as olive-oil plants and
were built and operated according to an identical method:
Each contained a crushing basin and two or three pressing
installations of the “lever and weights” type (Kloner and
Sagiv 1993).
The crushing basin had a concave crushing surface and a
convex or lens-shaped crushing stone cut in order to fit
them. There was only one crushing stone to each crushing
basin. The lens-shaped crushing stones (of a somewhat
different method) are known from other Mediterranean
sites, as Olinthos and Pompeii (Kloner and Sagiv 1993).

Pigeon-raising in Israel, particularly in the area of the
Judean Foothills, evidently dates back as far as the third
century BCE; it flourished during the Hellenistic and Early
Roman periods. The number and technological
sophistication of underground dovecotes reached their peak
in the Judean foothills, particularly at Maresha and its
surroundings.

The pressing installation: The beam (varied in length –
4.5–7.5 m) was anchored in a niche cut in the wall. A rock
cut wall about 1.5m high divided the area at the back where
the beam niche was found from the main chamber of the
press. The collecting vat was at the bottom of a cylindrical
aperture that was cut into this wall and that was open both
to the back and the front. The crushed olives were piled up
over the opening of the collecting vat and held in place in
the cylindrical aperture, the sections of wall on either side
acting as press piers. The beam was raised and lowered in
the openings in the cylindrical aperture pressing down on
the crushed olives; the extracted liquid seeped straight down
into the vat. In front of the collecting vat there was often an
elongated shallow rock cut basin in which the jars for the
oil, water and residue probably stood. Each press in which
traces of the weights can be found, was equipped with three
weights of the type with a bore in the form of a reversed T.

At Maresha’s LC, 85 columbaria installations were found
in caves, dating from the third and the second centuries
BCE. The number of niches per cave varies from 200 to
4,000. These columbaria were carved underneath the
dwellings of the lower city, and were accessed by staircases
from their courtyards. The pigeons would fly in and out of
the subterranean chambers through vertical shafts opening
at the courtyard level of dwellings.
The Columbarium cave situated in the western part of the
LC (Subterranean Complex 30), was quarried in the shape
of a double cross and contains about 2,000 niches (originally
it contained about 2,600). This cave, locally known as esSuk, is one of the largest and best designed – by its size, by
its shape and by its quarrying quality (Fig. 4).

There was usually an entrance in the dividing wall, cut with
the purpose to enable passage between the back room and
the main press room. The presses often came in pairs and
then the approach to both back rooms was through one
entrance in the wall that was usually between the two
presses. In some cases a third press was added, probably
because the two presses were insufficient to handle the
amounts of crushed olives in given point of time. An
unusual feature in the Maresha press rooms was a cultic
niches – a small rock-cut altar located in a niche in the wall,
often above the entrance in the dividing wall, between two
presses (Kloner 2003: 51–72).

Figure 4. Main columbarium in Complex 30 (B. Zissu).

6.2. Olive Presses (Olive-Oil Plants)
Twenty-seven subterranean olive presses (or olive-oil
plants), all of them hewn in the chalky bedrock, were found
at Maresha. The presses are located beneath the dwellings
of the LC and accessed by rock-cut steps from courtyards
or from streets. The presses are dated to the Hellenistic
period, from the third-second centuries BCE. With the
exception of perishable, organic components that were of

Figure 5. Olive press in Complex 61 (B. Zissu).
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6.3. Caves used as baths (and “filter chambers”)

Among the types of caves originally cut to quarry blocks of
chalk, used to build the houses of the city, the underground
quarries are particularly prominent. It is obvious that the
purpose of the quarrying was to extract blocks of kirton for
construction and then to use the resulting large,
underground spaces for various purposes, as storage, the
housing of animals, and so on.

Baths were unearthed in some of the subterranean
complexes at Maresha. More than twenty rock-hewn
facilities have been discovered, which served as baths
mainly in the third and second centuries BCE. The plans of
a the bathing installation at Maresha are similar to each
other; a typical bath contained a staircase leading from the
surface to a roomlet, a feeding channel and funnels, through
which hot or lukewarm water were flown to the roomlet,
and a low seat that was carved on the roomlet’s floor,
enabling the bather to seat inside the half-meter deep water.

6.5. Cisterns
The water supply of Maresha was almost entirely based on
runoff diverting and collection in water cisterns.

It is worthy of mentioning the Bath Cave in subterranean
complex no. 82. It had two small chambers containing seats
for the convenience of the bathers (seating-bath), who
showered in sprays of water emerging from jets in the
bedrock wall. The bather was concealed from the slave
pouring the water, and thus his modesty was preserved. One
other cave with a bath, which is located in subterranean
complex no. 61, under one of the dwellings, was probably
the private bath of the house owner.

Most of the bell-shaped subterranean caves at the LC that
were accessed by spiral curving staircases with well carved
parapets and comprised a hewn channel along the stairs for
runoff drainage – are water cisterns (Fig. 6).
These are wide as well as relatively deep bell-shaped
cavities, usually circular in plan (about 10 m high and 6 m
across; few are oval or square in shape). Given that the local
kirton is water impervious, merely a part of the subterranean
cisterns are plastered, usually along fissures in the rock, for
allowing the collection and storage of rain water. A typical
cistern has a spiraling staircase with parapets, leading down
for the drawing of water and the cleaning of silt that
accumulated over time. The cisterns could have held up to
300–400 cu ms. each, and they were usually cut in the rock
in pairs or threes.

Some scholars postulated that the baths and the practice of
washing the body were involved with some cultic purifying
rites. As early as the third and second centuries BCE, the
Idumean population of Maresha used also another type of
baths – similar in layout to the mikwaot or Jewish ritual
immersion baths. These stepped and plastered water
installations, were hewn underneath homes in the UC as well
as in the LC (Kloner 2003:15–16; Kloner and Arbel
1998:162). Since the mikwaot at Maresha apparently predate
the conquest and conversion of the Idumeans to Judaism by
John Hyrcanus I by the end of the second century BCE they
probably testify to similar ritual purification practices among
Jews and Idumeans. We cannot rule out entirely the
possibility that the baths belonged to Jews living in the city
prior to the Hasmonean conquest.

About 320 subterranean cisterns were identified underneath
the houses of the LC, dating mainly from the third century
BCE to the first century CE.
Cisterns of this type, with aesthetically designed parapets
are found only in few other sites in the Judean Foothills.

Another kind of installation involved with water, was
designated as “filter chamber” by Macalister. There were at
least 15 filter chambers, or filtration rooms at the site, which
were small rooms usually hewn directly above the cisterns
to collect rainwater that was drained into them. The runoff
water was flowed from these small rooms to the cisterns
through a small opening spilling into the cistern itself. The
cisterns were huge in size in proportion to these small
rooms. The writers assume that the filter chambers had the
same function as the baths.
A total of about 60 bathing installations were documented
so far at Maresha.
Figure 6. Typical cistern in Complex 61 (B. Zissu).

6.4. Quarries
Some 2,500 chambers and spaces of various dimensions
and designs have been discovered beneath the lower city of
Maresha and its surroundings. These spaces are arranged in
160 clusters, designated by us as “subterranean complexes”.
These complexes sometimes contain as many as 70 spaces
per complex. Bliss and Macalister (1902) determined that
any connection between underground spaces and chambers,
even if reached by climbing or crawling, associated them
with the same complex. We still follow this method (Kloner
2003: 18–21).

6.6. Stables
Seven subterranean stables for horses, mules and donkeys
and probably also cattle, were found in the LC. They were
identified as such by the discovery of hewn feeding troughs
placed between pillars supporting the roof, and by the stone
floor that was sloped to facilitate the collection of urine,
which was an important component in the tanning industry
in antiquity. There are also places to tether the animals in
these chambers.
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6.7. Ritual Caves

is that the residential houses of Maresha, and the
subterranean chambers and means of production hewn
underneath, served the local population over generations.

Another type of cave-use is as artificially cut installations
for ritual and cultic purposes. Such caves are found in
Subterranean Complex 51 and at some other Hellenistic
period’ subterranean complexes. This assumption is based
upon discovery of decorative cultic niches in some of the
areas as well as schematic anthropomorphic reliefs carved
into some of the walls. It is possible the reliefs are
representations of the Idumaean god Kos. The exact
purpose of these chambers awaits further discussion.

Economic activities were conducted below the surface of the
ground out of engineering considerations, due to the durability
of the rock walls and ceilings. The cost of quarrying and
providing suitable spaces for workshops and installations in
the underground was far cheaper and more convenient than
constructing these above ground where the cost of building
and maintenance of structures was much higher.
Descent into the subterranean spaces was from the houses
above, from courtyards and inner spaces, from rooms and
corridors to baths, from passages between houses, and in
some cases from passages to the street adjacent to the house
through separate entrances.

6.8. Storage Caves
There is little doubt that many of the subterranean areas at
Maresha were also used for the basic function of storage.
The presence of ties in the walls, storage niches, and
remains of silo-shaped chambers are clear indications of
this.

Manufacturing and processing installations and other types
were found in caves throughout the LC. Olive-oil presses
and columbaria were very common, albeit in smaller
concentrations in the northern sector compared with most
of the areas of the city. As indicated above, these
installations were closely connected with the large
residential units. Even where the entrances to the
installation were not in the house itself, the caves extended
directly beneath the rooms of the house. Water for use in
the home or for sale was drawn from rock-cut cisterns,
sometimes being used jointly by neighbouring households.
Thus, two such adjoining installations – even if they had
been hewn in the rock during one operation – each had its
own entrance and functioned independently.

6.9. Burial caves (“Necropoleis”)
Three cemeteries (= necropoleis) are known in the vicinity
of the LC, and outside the perimeter of the walls. The
necropoleis contain a total of 40 burial caves, all of a similar
design: a rectangular chamber into whose walls loculi
(burial niches) were cut, featuring typical gabled openings.
All the burial caves were initially cut in the Hellenistic
period. Two of these caves, discovered in 1902, had
outstanding decorations and wall paintings (Peters and
Thiersch 1905) dating from the third century BCE.
The Hellenistic period burial caves of Maresha were longterm family tombs – made for the burial of families of the
city residents. The tombs continued to serve this purpose
throughout the 3rd and 2nd centuries BCE. (Peters and
Thiersch 1905; Oren and Rappaport 1984; Kloner 2003).
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Ciemna Cave is a famous Polish palaeolithic site, the eponymic site for Prondnikian culture of Neanderthal man.
Archaeological investigations have been conducted since the beginning of 20th century and engaged many researchers.
However the reliable scheme of chronostratigraphy of sediments was not established. It was a reason for providing new
excavation in 2007–2012 that yielded a 5 meters long profile of sediments. The sequence was divided into 24 layers,
grouped in six lithostratigraphical series. They are: I – the oldest one, yellowish and reddish clays and silty loams; II –
brown and grayish brown loams and silty loams with limestone rubble, dated to marine oxygen isotope stage OIS 5 and
probably also OIS 6 and OIS 7; III – brown and grayish brown debris of limestone rubble, dated to OIS 4; IV – brown and
grayish brown loams, silty loams and loess with limestone rubble, dated to OIS 3; V – yellowish brown redeposited loess,
dated to OIS 2; VI – dark humus sediments, dated to OIS 1. The upper part of profile may be easily correlated with
analogous or similar sediments excavated during former investigations. However correlation of lower part with older data
is difficult and may be only roughly made on the basis of current knowledge. Further researches are necessary to explain
the detail stratigraphical position of sediments from the Ciemna Cave system.

1. Introduction

excavations are situated in the main chamber, while the
former ones at the entrance area and in the Ogrojec.

Ciemna Cave is known as palaeolithic site and was explored
from the beginning of 20th century (Czarnowski 1924;
Krukowski 1924, 1939–48; Kowalski 1967, 2006). Among
other Middle Palaeolithic chert tools, S. Krukowski has
found there a characteristic asymmetrical knives and named
them “prondniks” after “Prądnik”, the name of stream
flowing beneath the cave. Basing on the chert artifacts from
this cave and from the Wylotne Rockshelter, so called
“Micoquo-Prondnikian” assemblages were defined by
Chmielewski (1969). Published information about the
lithological composition of sediments was very poor. New
excavation has been provided since 2007 by Institute of
Archaeology, Jagiellonian University (P. Valde-Nowak, K.
Sobczyk, B. Ginter), Archaeological Museum in Kraków
(M. Zając, D. Stefański) and Institute of Systematics and
Evolution of Animals, Pol. Acad. Sci (P. Wojtal, B.
Miękina) with participation of Institute of Geological
Sciences, Pol. Acad. Sci., representing by the authors.

Figure 1. Plan of the Ciemna Cave system; location of older
trenches after Kowalski (2006).

2. Geomorphological setting
Ciemna Cave is one of the biggest caves in southern part of
the Polish Jura Chain (Kraków-Częstochowa Upland,
southern Poland). It is situated near the top of the Prądnik
Stream karstic valley, at altitude of 62 m above the valley
bottom, 372 m a.s.l., and is connected with the middle
horizon of caves in the region (see Madeyska 1977). It is
developed in Upper Jurassic rocky limestone (Gradziński
et al. 2007). Besides the main chamber and channels the
cave system consists of several parts, fragmentally
destroyed by erosion and situated outside the cave: tunnellike form Oborzysko Wielkie, passing into small cave called
W Leszczynie Cave, and unroofed area called Ogrojec – an
open terrace, a part of former cave (Fig. 1). The recent

3. Description of the profile
24 lithologically different layers were distinguished during
the excavations in 2007–2012 (Fig. 2). They are grouped
into 6 series:
Series I – layers 19-17 – they form the oldest series. They
are reddish and yellowish clays and silty loams.
Series II – layers 16-9 – a series with greatest thickness,
built mainly of loams and silty loams with abundant
limestone rubble. These layers are usually colored brown
or grayish brown. Sedimentary structures do not occur,
except of rubble impact structures, what indicates relatively
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low energy of sedimentary environment and low
sedimentation rate. As the contrary, postsedimentary
structures are numerous and formed as subsidence bending
and cryoturbation. These disturbances were caused by
climate-controlled secondary processes. Macroscopic
differences between layers are weakly marked and
boundaries are unclear. Main differences are caused by
color and rubble quantity. Detail analyses indicate important
differences in weathering parameters, however in lower part
these differences are also poorly marked.

Series V – layers 2.12-2.11 should be distinguished as a
separate series, although the most weakly developed.
Layers occur in south part of chamber only, near the cave
wall. These sediments are yellowish brown loess with
sparse limestone rubble. Some sedimentary structures were
noticed and they have a form of poorly preserved trough
stratification. It indicates that sediments were washed into
the cave by water flow or by mud slides.
Series VI – layers 1.2-1.1 – the youngest dark colored
humus sediments. Two layers are relatively different. The
upper one 1.1 is a modern cave pavement built of
condensed trodden sediments. The lower one 1.2 is the
remnant of natural layer. The primary uppermost part of
profile including the greater part of the Holocene sediments
has not survived. It is proved by erosional character of
1.2/1.1 border as well as traces of sediment removing,
preserved on the walls.

Series III – layers 8-6 are limestone debris with brown and
grayish brown sandy-silt matrix. The rubble is sharp-edged,
mechanically weathered.

4. Discussion
Series I – layers 19-17. Age of these sediments was not
established, however it should be noted that similar red
loams or clays lying in similar stratigraphic position are
known from other caves of Polish Jura (for example from
Biśnik Cave, Nietoperzowa Cave, Cave in Dziadowa Skała,
Koziarnia Cave). Their age was estimated to Neogene or
Lower Pleistocene (Madeyska 1981; Mirosław-Grabowska
2002). Layer 17 is lithologically similar to layer 19 and its
lense-like shape suggests that it is a fragment of layer 19,
redeposited by slope processes. Analogical situation was
observed in Biśnik Cave and connected with OIS 8 / OIS 7
boundary (Krajcarz and Cyrek 2011). Similar sediments
were also noticed from outside parts of Ciemna Cave
system– from Ogrojec (Madeyska 1981) and from entrance
to the Ciemna Cave (Krukowski 1939–48). In Ogrojec the
sediments lie in the same position – in the bottom part of
Quaternary profile, directly on the rock surface (Fig. 3). At
the entrance to Ciemna Cave situation is different – red
loam is situated between loess series (Fig. 3). Here the loam
layer is thin and mixed with Pleistocene bones (Krukowski
1939–48) what indicates that sediment is not preserved in
situ, but it was redeposited from the cave interior by slope
processes. It may not be excluded that the loam was
redeposited during the same event which resulted in
deposition of layer 17 inside the cave. However the fresh
character of lowermost loess at the entrance to the cave and
good preservation state of frost-weathered rocky bottom in
this place (Krukowski 1939–48) suggest that the
redeposition event was relatively young and should be
correlated with Vistulian Glaciation (OIS 5d-2). Further
investigation is needed to explain that situation.
Series II – layers 16-9. Layers 15-16 and 11.2 exhibit the
highest stage of limestone rubble smoothing in the whole
sequence of this set, what probably indicates interglacial (or
warm interstadial) age of mentioned layers. They can be
correlated either with OIS 7 and OIS 5e, or with OIS 5e and
OIS 5c isotopic stages, respectively. Further researches are
necessary to choose one of these stratigraphical models.
Layers younger than 11.2 present distinctly lower
weathering stage of limestone rubble, what indicates that
climatic conditions had moved toward more cold and dry

Figure 2. Profile of sediments in Ciemna Cave excavated during
2007–2012.

Series IV – layers 5-2.2 – brown and grayish brown loams,
silty loams and loess with limestone rubble. Clasts are
smoothed what indicates mild climate during sedimentation
of the series.
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conditions of Early Vistulian. The age of whole series II is
OIS 5, and lowermost parts probably may be correlated
with OIS 6 and OIS 7. Analogical sediments are not known
from the entrance to the cave, however they were found in
Ogrojec (Madeyska 1981; Kowalski 2006). Poor Middle
Palaeolithic levels are known from these sediments, both
from the Ciemna Cave interior (Sobczyk 2011) and from
Ogrojec (Kowalski 2006), what additionally allows to
correlate these sediments.

Pleniglacial, i.e. OIS 2, inside the Ciemna Cave. On the
contrary, well preserved loess deposits occur outside the
cave (Fig. 3) and were found in each archaeological trench,
at the entrance to the cave, in Oborzysko Wielkie and in
Ogrojec (Krukowski 1939–48; Madeyska 1981; Kowalski
2006).
Series VI – layers 1.2-1.1. These sediments were
undoubtedly accumulated during Holocene, OIS 1. Layer
1.2 is a natural deposit, partially destroyed by erosional
event, most probably due to anthropogenic activity in
modern times. It is possible that modification of cave
interior was connected with preparation of cave for the visit
of Polish king Stanisław August Poniatowski in 18th
century. These layers may be correlated with humus
sediments from outside parts (Fig. 3), described from all
trenches and excavated during the earliest archaeological
works in 19th century by Czarnowski (1924). Holocene
sediments are the best developed in Ogrojec and Oborzysko
Wielkie, where they are stratified and contain numerous
Holocene artifacts (Czarnowski 1924; Kowalski 1967).
Similar black humuous sediments are known from almost
every cave of Polish Jura (Madeyska 1981).

Series III – layers 8-6. The limestone rubble is strongly
mechanically weathered, with sharp edges, what indicates
that these sediments are related to cold Pleniglacial period
of OIS 4 stage. These layers should be stratigraphically
correlated with loess sediments of the same age (Fig. 3) that
occur at the entrance to the cave and in Ogrojec (Krukowski
1939–48; Madeyska 1981; Kowalski 2006). It seems
probable that redeposition of sediments at the entrance to
the cave (mentioned above) and deposition of the thickest
loess series at the same place are related to the same period
of Early Pleniglacial.
Series IV – layers 5-2.2. Limestone ruble is weathered and
smoothed what indicates the climate milding during
deposition of these layers. Weathering parameters as well
as radiocarbon dates (unpublished data – B. Alex, P.
Wojtal), Middle Palaeolithic levels in lower part and
Jerzmanowician-like artifacts in its upper part (Sobczyk
2011) allow to correlate this series with Middle Pleniglacial,
isotopic stage OIS 3. Similar loams with rich Middle
Palaeolithic (Micoquian) level were described from Ogrojec
(Krukowski 1939–48; Madeyska 1981). At the border of
Ogrojec and Oborzysko Wielkie the loams disappear,
however Micoquian cultural layer is still present between
two loess packets (Krukowski 1939–48).

5. Conclusions
Upper parts of newly excavated profile of sediments from
Ciemna Cave may be easily correlated with sediments from
outside parts of the cave system (at the entrance to the cave,
in Ogrojec and Oborzysko Wielkie). More problematic is
lower part of new profile. Several models of
chronostratigraphy of this part may be presented on the
basis of current data. In addition, former investigations had
not provided reliable stratigraphy of sediments from other
archaeological trenches. Further detail studies are needed
to explain the stratigraphy and age of sediments from
Ciemna Cave system.

Series V – layers 2.12-2.11. Probably these loess-like
redeposited sediments constitute the only trace of Upper

Figure 3. An attempt of correlation of sediments excavated in different archaeological trenches (from 1918–1919 according to Krukowski
1924, 1939–48; from 1963–1968 according to Madeyska 1981, Kowalski 2006; from 2007–2012 – new data) and possible geological
cross-section from the Ciemna Cave interior across Ogrojec to Oborzysko Wielkie.
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Caves are not only the parts of our natural, but our cultural heritage as well. A significant number of caves contain particular
archaeological remains, from the Paleolithic to the Middle Ages. In the Ph.D. thesis we are trying to reconstruct the role
of the caves in different younger prehistoric eras (from the Neolithic to the Iron Age), by examining the archaeological
finds, relationships between the settlement types and involving new scientific methods. It is very important to reinterpret
the find material from “old excavations” in the light of the new results as well. Our first attempt of reinterpretation was
the Baradla Cave, which resulted in several unanswered questions.

1. Cave protection

Also sereval attempts were made to collect all the
Hungarian archaeological cave sites, last time Kinga
Székely tried to summarize archaeological records of the
National Cave Registry (http://www.termeszetvedelem.hu/).
The Registry does not contain earlier archaeological
literature, thus the latest list considered to be incomplete.
Despite of the several attempts, no one could valuate the
significance of this settlement type from the Neolithic
period to the Iron Age.

The first legislations of Hungarian cave protection came
from the beginning of the 20th century, in 1935 the law only
involved the protection of the caves with “scientific value”.
Since 1961, caves have been ex lege protected. In 1998, the
conditions of cave exploration, research, visit, and the
obligations of the researchers were strictly codified.
In the late 19th century, the archaeological data were mostly
discussed by researchers interested in the Paleolithic period.
In later eras – because of the rich open air settlements,
cemeteries, etc. – cave sites were not, or only marginally
mentioned in the prehistoric investigation.

3. Baradla Cave
The Baradla Cave is the longest natural cave in Hungary,
with the lenght of 20,500 m, and part of the BaradlaDomica Cave System (25,000 m total length). The
Slovakian Domica Cave – like the Hungarian Baradla Cave
– is also a Middle Neolithic cave site.

2. Research history, cave sites
In cave exploration, the first written document is known
from 1549, and only mentioned the stalagmites (Wernher
1549). From the 18th and 19th century, our most common
source of research are itineraria; systematic research and
excavations only began with Baron Jenő Nyáry’s work at
Hungary’s largest natural cave, the Baradla Cave at
Aggtelek (Nyáry 1881). At the beginning of the 20th century,
remarkable and large-scale excavations began at Hungary’s
greatest archaeological cave sites, like Szeleta Cave,
Istállós-kő Cave (work of Lajos Bella, Jenő Hillebrand,
Ottokár Kadić, Tivadar Kormos, Andor Saád, Géza Megay,
Andor Leszih, etc. – their work highly exceeded the
century’s excavation standard.) After World War II, the
research’s opportunities suddenly declined, only a few tried
to continue – mostly in the Paleolithic period – the cave
research.

This outstanding cave system has been on the UNESCO
World Heritage List since 1995, with altogether 712 caves
from the Aggtelek Karst (Hungary) and Slovak Karst. The
cave system has 10 known entrances, 3 opens from
Slovakia and 7 from Hungary (http://whc.unesco.org/en/
list/725).
Strikingly large number of educational and scientific
literature is known about the Baradla Cave, but there is
hardly any work in which the author is striving for
completeness. Despite the continuing interest, long-winded
summaries of archaeological work are rarely born. Most of
the literature does not use their results and observations but
uses fragments from existing reports, or information based
on verbal communication. This makes it more difficult to
create a proper scientific assessment; meanwhile
completely contradictory information can be revealed in the
literature.

Within the framework of younger prehistoric (Neolithic,
Copper Age, Bronze Age, Iron Age) several attempts were
made to collect and organize the cave sites of each
archaeological culture: József Korek and Pál Patay in 1958
the Neolithic Bükk Culture (Korek, Patay 1958), Tibor
Kemenczei in 1970 (Kemenczei 1970) and 1984
(Kemenczei 1984) the Bronze Age Kyjatice Culture,
Zsuzsanna M. Virág between 1995 (Virág 1995) and 2002
(Virág 2002) the Copper Age Ludanice Culture, and György
László in 2009 Copper Age Baden Culture (György 2009).

Previous archaeological finds from the Baradla Cave were
taken to different collections across the country, more
archaeological remains (human bones, botanical specimens)
whereabouts were an open question at the time of
documentation. The Baradla Cave finds are officially stored
in two museums: the Herman Ottó Museum at Miskolc and
the Hungarian National Museum, however it is likely that
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4. The archaeological use of cave sites

large amount of artefacts are in private collections. The
situation is complicated by the fact that the data in the
inventory books of the Hungarian National Museum does
not always match the stored material.

One of the greatest questions is the purpose of inhabiting
various caves during the different phases of prehistory. In
several caves, artefacts from the Paleolithic to the Middle
Ages can be found. The reason probably lies within the
various usage in different ages.

The recent earthworks, visitor activities and the natural
water drips steadily disturb the intact archaeological layers.
Despite of the hundreds of years of illicit excavations,
illegal collecting, archaeological excavations and
earthworks still a significant amount of artefacts can be
found in the cave. The last intensive field survey in
2001/2002 – without any excavation – resulted more than
8,000 archaeological finds (Fig. 1).

Not all the caves were used for animal husbandry or
housing purposes, mostly the suitable sized and easily
accessible caves were occupied. Often the fear of a
supernatural being withheld the people of the use of the
cave, but the “supernatural” was often the rhythmic drip of
the stalactites, or the clattering of cave bats and owls.

After several years of excavations and research it is clear
that there was no Paleolithic occupation in the Baradla
Cave, the first inhabitants were the people of the Middle
Neolithic Bükk Culture (The Bükk Culture is a part of a
large, Middle Neolithic culture complex in the Carpathian
Basin, the Alföld Linear Pottery Culture, i.e. ALPC, which
is parallel with the European Middle Neolithic culture
complex, the Transdanubian Linear Pottery Culture or
simply Linear Pottery Culture, i.e. TLPC or LPC). After the
Neolithic period, the cave was only inhabited in the Late
Bronze Age by the people of Kyjatice Culture.

In archaeological terms, we can distinguish secular and
ritual usage.
4.1. Secular use
Water access: One of the most obvious secular usages of
the caves was obtaining water. In prehistoric cultures, water
played a very critical role in the life of the community.
Settlements were mostly established nearby natural water
sources, like ponds, rivers or caves. Water had a special role
in the life of the community, for example in the end of the
Middle-European Neolithic, lack of water and its
deterioration often led to ritual acts (Holl 2007; Laczi 2011).
In the Baradla Cave, more than a kilometre away from the
natural entrance a Bükk Culture pottery was placed under
a stalactite, probably during a drier weather period. The
hemispherical, well burned, incised and incrusted fine
pottery is the last occurrence of any archaeological artefact
in the cave branch, which can indicate both secular and
ritual function. The lack of artefacts also encumbers the
interpretation of the bowl, no other remains are known from
that part of the cave (Kiss 1997).

The publication of the finds is based on – in the absence of
stratigraphy – the artificially created geographic
information system (GIS), which contains a total of 246
units, following the natural units of the cave. The field
survey and the mapping was started at the main entrance,
the separation of the spatial units is based on the natural
demarcation of the cave branches.
According to the archaeological finds (mostly ceramic
styles and burial rites), the areas closer to the cave’s natural
entrance were mostly inhabited during the Bronze Age, the
more distant areas were inhabited during the Neolithic
period (Holl 2007). Both household and fine ceramics had
been found at the whole occupied territory, as well as
chipped and polished stone tools, bone tools and animal
bones (Raczky et al. 2007).

Husbandry: Not only archaeological remains refer to
animal husbandry in the caves, but the name of the caves,
rock shelters as well. The Istallós-kő Cave’s name refers to
the livestock function, it means “stone stable”. According
to written sources, more than one thousand swine could
been herded in (Paládi, Kovács 1965), and it was also the
nocturnal and winter shed of the local landowner’s flock of
sheep in the 19th century (Hála 1995). Other cave names,
like Kecskés (Goat) Cave, Kis-Lócsűr (Small Horse Barn)
Cave also refers to animal husbandry (Gunda 1962). One
of the oldest linguistic evidence is the Greek word
“strunga”, which means milking pen. The Romanian
strungā, Albanian štrungε, Ukrainian strunka, Hungarian
esztrenga words can be traced back to the “cave” word
(Laczi 2011). Besides the nomenclature, the most important
source of lifestocking in caves is animal bones and fire
rings. However, we should be careful with both phenomena,
because animal bones – especially if fragmented and cut
marks can be found on them – rather indicate the meat’s
ingestion in the cave. Also the fireplaces can be more recent
than we first suspect.

Despite the accurate field work, elaborate GIS, the great
number of literature, systematic processing of ceramics,
there is still very little known about the concrete usage of
the Baradla Cave. This problem gave us the idea to
investigate all the archaeological cave sites in the country,
also publishing the material finds, and examining the
relations with the other type of settlements. Hopefully this
work can finally reveal the exact functions of the cave sites
through the ages.

Figure 1. Incised three-quarted spherical Bükk Culture fine bowls
fom the Baradla Cave, stray finds. (O. Laczi, “The Neolithic
archaeological finds of Baradla Cave at Aggtelek” [Az aggteleki
Baradla-barlang neolitikus emlékanyaga], MA Thesis, 2011,
unpublished. Table XLVIII. 2–3).
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Figure 2. Reconstructions of the stake hole structures in Kőlyuk
Cave. (J. Korek, “Bükk Culture settlement in the Hillebrand Cave”
[A bükki kultúra települése a Hillebrand barlangban], Folia
Archaeologica X, 1958, p. 23, figure 4a–4b, 5a–5b).

Habitation: The most important, and also the most divisive
role of the archaeological caves is the habitation function.
In the early and middle 20th century, archaeologists
discovered different stake- and post hole structures with
fireplaces in caves, which were interpreted as houses. Two
of these asymmetrical structures were excavated in the
Baradla Cave in 1937 by Sándor Gallus (Korek 1958;
Fig. 3), and two in the Kőlyuk Cave in 1958 (György 2009),
by József Korek (Fig. 2). Both of the authors agree that the
stake hole structures were houses, and their main function
was the protection of fireplaces from the dripping water.
The irregular arrangement, the dry cave climate and the
great number of the stake holes contradict this theory.
Balázs Holl, cave researcher drew my attention that these
holes are likely to be imprints of the torches people used to
light with through the ages until the late 19th century.
However, the clear archaeological evidences of habitation
are the large amount of household pottery, grinding stones,
animal bones, fireplaces from sterile layers, etc.

Figure 3. Reconstructions of the stake hole structures in the
Baradla Cave (unpublished after Sándor Gallus, Hungarian
National Museum – Archaeological Repository).

Other: We have no archaeological evidences for other
secular uses, but defensive, storage, high-stand, mining
(clay, limestone, guano), medical treatment functions could
also have been important.

Figure 4. The so-called furnace from Baradla Cave (F. Tompa,
“25 Jahre Urgeschichtforschung in Ungarn 1912–36”, Bericht der
Römisch-Germanischen Kommission 24–25, 1934–1935, 39).

The Late Copper Age Baden Culture’s cave sites also
include burials. In the recently excavated Ősi Cave, cavers
and archaeologists collected the human bones from the
disturbed graves. The bones were identified and they
belonged to at least three people (a young woman, a child
and an infant.) Unfortunately the burial rite couldn’t be
studied because of the heavy disturbance (Kemenczei 1984,
42–43). In the Late Bronze Age Kyjatice Culture the most
characteristic burial type – similar to the other Late Bronze
Age Cultures – is the cremation. The only exception is the
cave sites of the culture, where graves with inhumation rite
are documented. The relatively small number of
inhumational cave burials may refer that the people had a
special role in the whole community (Tompa 1934–1935).
Despite of the archaeological investigations and collections
in the Baradla Cave, one can still find human bones
scattered on the surface, sometimes under 2–3 cm thick
dripstone layer.

4.2. Ritual use
Cultural anthropologists agree that whenever a crisis
threatens the community, the people can respond by
increasing ritual activity to propitiate the divine being,
presumably a similar case had happened in the caves as well.
Burial: The first and very important ritual cave use is the
burial function. The most common rite in cave burial is the
inhumation. One of the most frequent skeleton burials in
Hungary can be connected to the Bükk Culture. However,
few burials can be found in caves, the exact rites can be
precisely studied. Middle Neolithic burials are contracted,
lying mostly on the left side, with only a few grave goods
(like pottery, spondylus beads and/or bracelets, lithic tools
and sometimes red ocher). Artefacts associated with the
burials are slightly, or not differentiated by gender.
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The inadequate documentation of previous excavations and
field surveys is also a great problem, at some sites it is
extremely hard to examine the exact places of the earlier
excavation trenches. Sometimes there is a strip of land left
unexcavated, and we are also able to reconstruct the section
walls, but most of the previously excavated caves are
completely disinterred with no possibility of control
excavations.

Special objects: One of the most controversial objects in
the Hungarian cave archaeology is also from the Baradla
Cave. Ferenc Tompa excavated in 1929 the so-called
furnace 200 meters away from the entrance. The elongated,
rounded-end furnace was surrounded by a higher rim, it was
also found in a sterile Neolithic layer, and it was lying
directly on the rock, at the depth of about 130 cm. Closer
to the rounded edge (from approx. 30–35 cm distance)
three, each of 10 cm diameter holes were placed in an
isosceles triangle shape. Next to the three smaller holes,
there was a 25 cm diameter small pit, which was interpreted
as a fire ring. The author interprets the whole structure as a
“place of worship” (Fig. 4). Unfortunately we have no
opportunity to reinterpret the furnace from primary source,
because it has been destroyed during the excavation process
(Raczky – Anders 2003).

The unprocessed archaeological finds from rescue
excavations encumber the appropriate research, the museum
inventory system also makes it difficult to do our job.
There is only minimum or no communication between the
different research areas, like hydrology, geology, biology
and archaeology, the cave exploration also drifted towards
the sport caving. “Too much” attention from hiking people
and excessive cave pollution is also a great problem.

Face-pots: The so-called face-pot fragments – excavated in
several caves – may refer to special use as well. This pottery
type played a special role in the Central European Middle
Neolithic: according to the newest results, they were
“external manifestations of templates, maps of existence
coded into clay”, corresponding to comprehensive “views
of the world” (Tompa 1937; Fig. 5).

Most of the cave archaeological finds are unfortunately
stray finds, not even the contemporaneous documentation
transmits the exact findspot.

6. New perspectives and methods
Like in any other archaeological sector, cave archaeology
has undergone a paradigm shift as well. After the long-term
historical approach, within the framework of processual and
postprocessual archaeology researchers started to involve
the “neglected” sciences like geology, radiocarbon dating,
two- and three dimensional modelling, etc. Field survey,
mapping of archaeological sites, the relationship between
open-air settlements, cemeteries and cave sites have become
a quite popular new research area.

Figure 5. Face-pot fragments from the Baradla Cave. (J. Kalicz
and J. Koós, “Neolithic anhtopomorf vessels from the NorthEastern part of the Carpathian Basin” (Újkőkori arcos edények a
Kárpát-medence északkeleti részéből), a miskolci Herman Ottó
Múzeum Évkönyve, 2000, Picture 11, after J. Korek and P. Patay,
“The spread of Bükk Culture in Hungary” (A bükki kultúra
elterjedése Magyarországon), Régészeti Füzetek II/2, 1958).

One of the most significant research advances is the
accelerator mass spectrometry (AMS) method for dating
small amounts of organic substances. Based on the
radiocarbon dating, AMS method is able to determine even
the age of the pigments of Upper Paleolithic cave paintings
(Valladas et al. 2001). One of the most recent results of the
Slovakian cave research is the dating of an organic-rich
dripstone stratum – between two white, sterile dripstone
layers – filled with charcoal particles. These radiocarbon
results from the Domica Cave perfectly fit in the
chronology of the Middle Neolithic Bükk Culture
(Gradziński et. al. 2003). Like in the Domica Cave, the
Baradla Cave is rich in charcoal dripstone layers as well:
one of the fragmented stalactite formations includes two
charcoal layers, separated with sterile white dripstone strata.
The two charcoal layers could probably cover the two main
archaeological periods (Middle Neolithic and Late Bronze
Age) in the cave.

Depots: The large amount of Bükk Culture fine ceramics in
the Baradla Cave raises the possibility of a Middle Neolithic
“storehouse” in the cave branches. Unfortunately, due to
lack of archaeometrical research we are unable to give
further information about this possibility.
In 1929, a Late Bronze Age special assemblage of artefacts
had been excavated by Ferenc Tompa in the Baradla Cave
as well. The treasure-hoard included 28 pieces of gold
items, including bracelets, spirals, and small gold
fragments. The findings are still unpublished (Tompa
1937).

Relatively new method in the archaeological research is the
electron paramagnetic resonance (EPR) method, which is
mostly used in biology and chemistry, measuring the lightabsorbing features of the material. The technique is suitable
for dating calcite (stalactites, bones and microorganisms),
aragonite (corals and molluscs) (Ikeya, Ohmura 1981),
hydroxyapatite (fossil teeth and bones) (Ramya and Velraj
2012) and quartz (volcanic and sedimentary rocks, bones
and aquatic organisms). Attemps have been made for dating
zirconium, rock salt, gypsum, feldspar, archaeological
ceramics and peat. The disadvantage of the technology that

5. The problems with Hungarian cave research
One of the most important problems with the Hungarian
cave research is the limited amount of archaeological
literature. Most of the literature comes from the early 20th
century, and based on the Paleolithic research. We are also
lack of greater, summary works, we have only smaller
publications with an archaeological culture’s cave site
register or a summary of a specific site (like Szeleta Cave).
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at least 4,000 years old remains can be dated (Wencka,
Krzyminiewski 2004).

would like to thank Balázs Holl for the help with the GIS
system and maps, the great ideas, motivation and
inspirational thoughts and photographies.I thank Gábor
Rezi Kató, who carried out the field survey and excavation
at the Baradla Cave in 2001/2002, and ceded the right of
publication to me. My sincere thanks also goes to Piroska
Csengeri for the lot of help, useful literature, ideas and
advice during the procession of the Bükk Culture ceramic
finds.

The dripstone formations are also suitable for climate
studies: scientists examined the thorium/uranim (Th/U)
ratio of the dripstone samples in the North American McFail
Cave. The measurements showed that the period between
7600 and 7000 BP was warmer and wetter, and between
7000 and 3000 BP a slower transition towards the cooler
weather have been observed (Van Beynen et al. 2004). The
method was also used at the Helderberg Plateau for dating
the caves without archaeological remains (Lauritzen and
Mylroie 2000).
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NEOLITHIC DRAWINGS FROM BESTAŽOVCA CAVE,
WESTERN SLOVENIA
Andrej Mihevc
Karst research institute ZRC SAZU, Titov trg 2, SL-6230 Postojna, Slovenia, Mihevc@zrc-sazu.si
Bestažovca is the remnant of an old horizontal cave system which was reshaped by sediment fill, karst denudation and
collapsing. The present entrance to the cave is a 25 m shaft. Red ochre drawings are preserved on the walls in the main
passage of the cave, along with black dots on the passage ceiling. Dating of the dots and charcoal with 14C suggest that the
drawings are about 7,000 years old, dating from the Neolithic period. The ochre drawings are most likely of the same age,
but they may also be older. Some drawings have been damaged by dripping water or condensation or are covered with fine
white calcite crystals. The drawings are preserved because sediment creep closed the main former entrance to the cave.
This stabilised the climate in the cave and made the cave climate favourable for preservation. The drawings from Bestažovca
currently represent the only known Neolithic cave art in the wider area of the Dinaric Mountains and the neighbouring Alps.

1. Introduction

Figure 1. Kras plateau above the Gulf of Trieste and position of
Bestažovca cave E of Sežana.

Bestažovca is 250 m long and 45 m deep. The cave is
located at the top of a small hill on the Karst plateau about
10 km from the coast of the Gulf of Trieste at a height of
480 m (45°41’34.92”N, 13°53’30.22”E).

Figure 2. The vertical entrance to the cave.

A small opening with a 25 m shaft is located at the top of a
large entrance chamber. The floor of the chamber is covered
by rocks that have been thrown into the cave over the past
two millennia by farmers clearing rocks from the karst
surface. From this chamber a narrow passage and 15 m shafts
lead to the main part of the cave. This consists of a nearly
horizontal passage about 150 m long, 10 m wide and up to
15 m high. Phreatic features on the walls and allogenic fluvial
deposits, clays and silts show that the passage is a relic of an
old epiphreatic cave (Mihevc 2001). The passage, known as
Glavni Rov (Main Passage), was until recently connected
with a collapse doline. The connection between the cave and
the doline was later closed as a result of sediment creep,
separating Bestažovca from one of the entrances, which is
now just a large rock shelter or abri called Perkova Pečina.

Figure 3. Perkova Pečina – the former main entrance – is today
separated from Bestažovca by sediment fill.

Bestažovca was first entered in 1913 but the cave was not
explored and surveyed until 1979. Cavers noticed pieces of
prehistoric pottery, charcoal and some bones scattered on
the cave floor and reported this to the local museum.
Archaeologists visited the cave but because of the difficult
access no further exploration was done (Saksida and Turk

Present climatic conditions in the main passage are stable,
mean annual temperature is about 9 °C, and fluctuations of
temperature and humidity are small.
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Figure 4. Schematic cross section of the two caves. The arrow indicates the narrow part of the passage that was blocked after the
drawings were made and separated the caves.

1988). The pottery was defined as Neolithic.

Some of them are only remnants and their original shape
cannot be discerned. They have been washed away by
dripping water or condensation or covered with fine white
calcite crystals. The drawings only cover a very small
proportion of the cave walls.

More attention was devoted to the cave when Mihevc
(2001) used archaeological remains in the cave as a time
tracer to evaluate the intensity of sediment creep, which he
attributed to the fact that the cave had two entrances in the
past and was exposed to severe seasonal freezing. Sediment
creep narrowed the entrance from the collapse doline and
eventually completely filled it.
The entrance was already narrow when Neolithic people
began using Bestažovca, but the cave was still quite
exposed to the elements and cold in the winter. When the
passage filled completely, the cave climate became stable,
enabling the formation of straw stalactites on the ceiling
and the growth of stick stalagmites on the formerly unstable
floor (Mihevc 2009). Close study of the evidence for these
events led to the discovery of red ochre drawings on the
cave walls and black dots on the ceiling.
The discovery was kept secret until a stainless steel gate
had been installed to protect the cave against further
damage. Work in the cave is still in progress (Mihevc and
Velušček 2012) and the results presented here are only
preliminary results.

Figure 6. The largest group of drawings.

The largest group of drawings consists of 23 dots and lines.
Straight vertical lines prevail. These were probably made
by fingers soaked in red dye. The longest line (31 cm) splits
into two branches in its lower part. Some of the lines are
double width and also split in the lower part. It is most
likely that these were made by two fingers. A smaller
number of drawings appear on two other panels, although

Figure 5. The main panel with drawings and white coating of
calcite crystals.

2. Drawings
The drawings are symbols made with red ochre on the walls
and black dots on the passage ceiling. There are 32 red lines
or dots preserved in three different places.

Figure 7. A V-shaped symbol (top left) and three similar symbols
in the lower central part of the image.
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only four of them are fully preserved. In a more distant part
of passage there is a drawing of one V-shaped symbol and
a group of three identical V-shaped symbols tilted to the left
at an angle of about 45°.
Near the largest panel on the ceiling of the passage are 35
scattered, rather irregular black dots. These were made by
torches or burned sticks at least 1.5 m long. Radiocarbon
dating of one of the black dots, of a piece of charcoal from a
fireplace and a piece of charcoal from a torch show a narrow
time span of about 500 years, dating to between 6730–7289
BP, which matches the age determined for the pottery.
In addition to the drawings, in three places there are
remnants of grass or some other plant that were deliberately
positioned where dripping water deposited on them a thin
layer of calcite, thus preserving their shape.
After the drawings were made the entrance closed completely
and created conditions that preserved the drawings.

3. Conclusions
The discovery of cave art in Bestažovca is very important
for several reasons. The drawings currently represent the

2013 ICS Proceedings
only known Neolithic cave art in the wider area of the
Dinaric mountains and the neighbouring Alps.
They help us to understand the conditions in which cave art
might be preserved. In the entrance sections of comparable
caves in the area, seasonal air movements cause
condensation on the walls in summer and desiccation in
winter. Condensation can wash away the drawings, while
evaporation of the water can cover them with white calcite
crystals. Cave art is probably therefore preserved deeper
inside the caves, in a zone with a more stable climate.
The find is also important because it tells us that there are
still many things to be found even in well-known caves or
karst areas such as the Karst plateau.
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Figure 8. Grass or some other plant was covered by a thin film of
calcite.

Figure 9. Main passage (Glavni Rov): a caver is standing in front of the main panel with the drawings. Black dots can be seen on the
ceiling. The floor was levelled due to cryoturbation and sediment creep from Perkova Pečina. After the connection was closed, sediment
stabilised and tall stick-like stalagmites began to grow.
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CAVES IN THE NEOLITHIC AND EARLY AENEOLITHIC PERIODS
FROM THE NEAR EAST TO CENTRAL EUROPE
Vladimír Peša
Vlastivědné muzeum a galerie v České Lípě, nám. Osvobození 297, CZ-470 34 Česká Lípa, Czech Republic,
pesa@muzeumcl.cz
Interpretive models of the function and significance of caves in prehistoric society are closely related to developments in
the field of archaeology and changes in thinking during the 19th and early 20th centuries, which in Central and Southeast
Europe continues to have a strong influence on these models to this day. Looking at the period from the Neolithic to the
Early Aeneolithic, the paper tests the relationship between archaeological finds, caves’ characteristics, and basic functional
models of their use (habitation, pastoralism, cult practices). The most important archaeological sites are associated primarily
with dark or semi-dark caves, and for the most part show evidence of cult activities. At the same time, the main phases of
cave habitation correspond to periods of significant climatic changes with periods of drought. It would appear that cult
activities during these periods of climatic disruption occurred only in traditional societies, whereas caves were not used
by cultures that were more advanced from a civilisational viewpoint. From a general cosmological viewpoint, the
underworld is part of the nonhuman realm and, like the heavens, is reserved for the gods. As a natural archetype in human
society, caves were a space for communicating with the gods and, along with archaeological sites from hilltops, may
express a knowledge of the mythological axis mundi as early as during the Neolithic and Aeneolithic.

Figure 1. A chronological and geographical overview of the use of caves in the region stretching from the Near East to Central Europe,
showing the hypothetical waves of the spread of the cave phenomenon (arrows). Cultures with an especially strong relationship to caves
are marked in red (Peša 2011).

notions of the universal functions of caves in two contexts.
Until the second half of the 20th century there was a
predominant interest throughout most of Europe in
Palaeolithic history, and an interpretive model of
Palaeolithic cave settlement was subsequently applied to
post-Mesolithic find situations that were often less distinct
or even different. Secondly, at the close of the 19th century
society in general (including archaeology) viewed caves
mainly as a refuge from war or as providing shelter from
inclement weather while engaged in agricultural or pastoral

1. An interpretation of caves as a socio-cultural
phenomenon
From the beginning of archaeological excavations in the
19th century up to the present day, caves as archaeological
sites have most often been interpreted as longer- or shorterterm settlements, refuges or shelters for herdsmen; other
possible interpretations for caves include cult functions and
shelters for social outcasts. I see the beginnings of these
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activities away from one’s main settlement. Speculations as
to the greater importance of cult activities and the
symbolism of caves does not appear with greater regularity
in the literature until the 1980s, but the image of caves as a
place of habitation persists. Using the Neolithic period as
an example, the present paper attempts to describe the
phenomenon of cave use within the broader chronological
context while also providing a functional interpretation of
the archaeological evidence in connection with the natural
character of caves (Peša 2011).

burials, and were apparently marked on the surface. There
is no safe evidence of cave burials during the subsequent
Pre-Pottery and Pottery Neolithic, nor is there any mention
of other human remains. The situation changed during the
Middle Chalcolithic at the latest, when the first caves were
transformed into graves – i.e. into spaces assigned
exclusively for the dead and with the associated cults, with
the bodies placed on the surface of caves, either into
ossuaries inside underground spaces (Peša 2011, 2011a,
with bibliography).

2. Testing the functional models of caves

2.2. The Balkans and SE central Europe

2.1. The Levant and Anatolia

A similar picture of the transformation in the choice of
caves is offered by the central Balkans and the Carpathian
Basin from the Late Mesolithic to Early Neolithic. With the
emergence of the Starčevo-Criş II B culture outside of the
Mesolithic region near the Iron Gates on the Danube River,
the Neolithic population focused its attention on various
types of caves (Petrescu 2010), many of which are not well
suited or downright unsuitable for inhabitation. A similar
trend can be seen throughout the region during subsequent
periods all the way to the Middle Aeneolithic. In addition
to a highly variable morphology of cave interiors, we also
frequently encounter skewed find sets that, with a few
exceptions, lack any evidence of chipped or ground tools
being processed on site, or in which food remnants are
seriously underrepresented. Only two localities show
evidence of features that may be considered residential
(Devetashkata, Aggtelek – in front of Baradla Cave; Mikov
and Dchambazov 1960, Korek 1970). The find contexts and
the actual finds indicate that these sites were used
intermittently for a long time (at Aggtelek, the Tiszadob
group through the Bükk I culture); in my opinion, the
evidence points towards a conscious and/or final placement
of artefacts, and not towards discarded waste material left
behind after the cave was abandoned (Peša 2011).

The Near East is an important region for the study of caves
in many different aspects. At the end of the hunter-gatherer
period of the Late Palaeolithic, caves served as more or less
seasonal sites that were also used for certain ritual activities.
The gradual sedentarization of the people of the Natufian
culture added residential objects to cave entrances, with the
more important sites probably inhabited for the greater part
of the year (Hayonim, Nahal Oren, i.e. Bar-Yosef and Valla
eds 1991). In terms of morphology, the preference was
clearly for bright, spacious and dry caves (Kebara, Shuqba,
Erq el Ahmar, Hilazon Tachtit etc.) or the entrance areas of
larger, wetter, and darker karst caves or the terraces in front
of them (e.g., Raqefet). A similar trend continues in the PrePottery Neolithic (PPN), for which there is clear evidence
of more central settlements of long-term use as well as
seasonal (summer) sites. The blossoming of Neolithic
culture in the Near East during the PPNB and the
emergence of large settlement agglomerations is
accompanied by the first evidence of a cave cult (Nahal
Hemar, Bar-Yosef and Alon 1988).
The Pottery Neolithic can be called a period of
transformation of man’s relationship to caves. Following
the cultural collapse in the southern Levant and the region’s
partial depopulation at the close of the PPNB, but in
Anatolia’s Neolithic settlement centres this relationship
apparently moved towards the ritualization of the
underground world, one possible example of which are the
anthropomorphic cave speleothems from the shrine in Çatal
Hüyük. In the Late Neolithic, interest in dark and wet caves
not well disposed for habitation spread to the southern
Levant as well, but archaeologically more significant
contexts associated with cult activities are not found in this
region until during the Chalcolithic. If we accept the
frequently proposed connection between climatic events
(indicating, at least in local situations, the desiccation of the
landscape) and the profound changes in Neolithic
civilisation at the end of the PPNB, then the possibility that
agricultural society would turn its attention to karst caves
with a permanent circulation of underground water that was
essentially independent from external fluctuations seems
the logical result of the new threat to society and culture.
Cave burials can be seen as early as during the Natufian
Culture, when we find not only occasional burials in
inhabited caves but also the first smaller burial sites
separated from the inhabited area. All known burials are pit

Figure 2. Cave in the mountain, or mountain in the cave?
Children’s drawing from an art contest held by the Cave
Administration of the Czech Republic (2010). In prehistoric
central Europe, we encounter the connection between the
underworld (cave) and sky (mountain) during periods of climatic
unrest, as demonstrated by archaeological finds from both
borderline worlds.
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2.3. Pastoralism

the apparently most significant function of caves is as a
place of final – probably votive – placement of various
items, with vessels (empty or not) later clearly
predominating (e.g., Kjuljuk in Bulgaria, Meziad in
Romania) (Peša 2011 with bibliography). In the karst
regions of the western Carpathians, the intensive use of
caves spread at the beginning of the Middle Neolithic. The
archaeologically significant Domica, Baradla, and Ardovo
Caves are part of an active karst system interlaced by
underground streams and contain Neolithic finds
exclusively in dark portions of the cave far from the
entrance. The specific importance of these caves or of the
activities performed therein is evidenced by archaeological
finds containing a high incidence of anthropomorphic
decorations of vessels, as well as the more frequent
incidence of decorated ceramic tableware as compared to
open air settlements (Kalicz and Makkay 1977, Šiška 1989,
Soják 2003). In the smaller Bükk Mts. caves, the cultural
layers contain human bones related both to occasional
burials (Büdöspest) as well as to potential ritual activities
(Istállóskö). In the Moravian Karst, dark caves or caves
with decorative cave formations would appear to have been
popular for cult activities as well (Koňská jáma, Výpustek).

Pastoralism has been frequently associated with the use of
central European caves since the 19th century, but this
connection is only rarely based on more specific evidence.
By comparison, the caves of the Near East offer abundant
materials for study. The oldest known sites (rockshelters)
are found in the Pottery Neolithic of the southern Levant
(Rosen et al. 2005). In the landscapes of the Near East, rock
overhangs and bright caves containing only a limited range
of finds related to a mobile way of life and typical layers of
ash left over from the burning of dung are to this day
associated with a nomadic way of life (e.g., Kuijt and
Russell 1993).
We find almost no cave localities in Central and Southeast
Europe with characteristics similar to those of the Levant.
Although we do encounter caves with thick cultural layers
and a large amount of pottery in the potential pastoralist
landscape of the Romanian Dobruja (Harţuche 1976), there
is no further evidence except in the microregion
surrounding La Adam Cave – not to mention the fact that
several caves (e.g., Baba, Limanu) are not suitable for
providing refuge to livestock. Another presumed pastoralist
region in the Neolithic is the karst of Hungary and southern
Slovakia, for which – based on the study of the region’s
most important caves, Domica, Baradla and Ardovo – there
exists a hypothesis (Lichardus 1974) regarding winter cave
habitation with stabling for livestock. We might counter that
the set of animal bones from Domica and Ardovo Caves
consists primarily of game (70–80 %), meaning that
domesticated species including the most common
(sheep/goats) strike us as merely supplementary. What is
more, none of the many comprehensively explored caves
throughout the region yielded layers of ash containing
animal dung, which would have indicated the long-term
stabling of animals. Also, the model of winter cave
habitation and summer pastures in the surrounding
countryside does not correspond to the system of
transhumance as described for the Near East and Balkans,
which by all indications never included dark and wet karst
caves.

3. Caves as an archetype of nature in human
culture?
Based on archaeological sources, I can say that for the
studied area of the Near East, the Balkans, and the SE part
of Central Europe there is clearly more information on
various forms of cult activities starting in the Neolithic than
the mostly unclear evidence of a habitational, economic, or
pastoralist character. Settlement activities or shelters outside
of permanent settlement structures are related to the
economic and social development of society (i.e.
archaeological culture) and can be highly variable on the
level of individual human lifetimes. If we take into account
the period of the past 400 years, practically every generation
has experienced some war or period of unrest, but
archaeologically speaking these events have left only very
imperceptible traces in caves (Peša 2013). A similar
situation can be found in Central Europe and further to the
east in relation to modern pastoralism, which has left very
different and less conspicuous traces than the majority of
important Neolithic cave sites.

2.4. Cult and ritual activities
In all regions, the aforementioned change in the significance
of caves associated with the emergence of the agricultural
civilisation of the Pottery Neolithic was expressed primarily
in the choice of new types of caves that had not been sought
out previously and that were less suitable or entirely
unsuited for habitation. It would seem that these sites may
have been visited for their specific natural features – for
instance, cave formations featuring various sinterous
formations that often were of an anthropomorphic or
zoomorphic nature, underground sources water, or the
overall character of dark spaces without any sensory stimuli
and thus suitable for meditation or for bringing about
altered states of consciousness. Whereas the Neolithic find
contexts in Balkan caves are generally nothing special, with
the onset of the Aeneolithic they become more distinctive,
and there is an increase in the thickness of cultural layers
and the number of finds, especially pottery (e.g.,
Devetashkata, Hoţilor, Româneşti). In archaeological terms,

The conspicuous alternation of periods of intensive use of
caves with periods containing no archaeologically
documented interest has been repeatedly discussed by
researchers (e.g., Matoušek 1996), albeit with uncertain or
pessimistic conclusions. The alternation of several centuries
of hiatus with another several centuries of more or less
continuous usage (Fig. 1) tends to indicate global causes
that go beyond the specific local problems of society.
Should the majority of important Neolithic caves yield
evidence of cult or ritual use, then this would mean that
periods of interest in caves are related to the religious topics
of the era and the long-term needs of communicating with
the spiritual realm. Human culture can be threatened by
extensive military conflicts or global changes in climate.
Both causes have been felt in the past and continue to have
a catastrophic impact primarily on a society’s economic and
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more promising. Theories as to the practical importance of
such caves as mere sources of water are off target, not to
mention the fact that despite their wet character most caves
could scarcely suffice as an equivalent source of water.
According to the general cosmological division of the world
into three planes (the sky and the underworld as the seat of
the gods and the earth’s surface as the realm of people),
caves are part of the non-human realm. This is confirmed
among other things by cultural anthropologists’
observations from various parts of the world (e.g., Eliade
1971, Brady and Prufer eds. 2005). The underground, with
its typical attributes of permanent darkness and the absence
of stimuli, differs significantly from man’s natural
environment and in the mythologies of non-European
nations is inhabited solely by gods or demigods that rule
the forces of nature associated in particular with rainfall and
harvests. In mythology, the main significance of the
underworld is as the potential source of all rivers and
streams that spring from the ground, as well as all plants
that grow out of it. Similarly, on the basis of
ethnoarchaeological analogies, caves contain a multitude of
meanings as sacral symbols or as diverse parts of
comprehensive ideological systems, and when associated
with the vagina or the womb of the earth and fertility, they
may represent places of transition between different states
of existence (Brady and Prufer eds. 2005, Lewis-Williams
2002). What is more, caves’ frequent location on mountains
or hillsides forms a figurative Cosmic Axis – Axis Mundi –
connecting the underworld with the heavenly realm (Satari
1981, Matoušek 1999). This connection may in fact be why
caves are ascribed the ability to influence the weather and
why people have sought the source of winds in the
underground, i.e. in the draughts coming from cave (for
Mesoamerica, Brady and Prufer eds. 2005, 21fl; for Central
Europe, Peša 2013). Even in the recent past, this vertical
view of the world was still a natural, universally valid and
respected part of the human awareness of existence (e.g.,
Eliade 1971). In fact, the concurrent existence of cult
activities in caves as well as on hilltops and mountain peaks
may represent an archaeologically tangible testament to this
Cosmic Axis.

agricultural potential. As compared to conflicts, climatic
changes are reflected either indirectly through changes in
settlement structure and topography, or are increasingly
documented and thrown into a clearer light by
palaeoclimatological research. The strong correlation
between unstable climatic fluctuations of the Sub-Boreal
period (i.e. Ložek 1998) and an increase in cult practices
(not just in caves but also at other natural features) serves
to corroborate events from the Late and Final Bronze Age
and may offer an explanation for the situation in the
Neolithic and Aeneolithic as well (cf. fluctuations between
5200 and 5000 cal BC – Gál, Juhász and Sümegi 2005,
Gronenborn 2012).

Figure 3. The cave as a living being in a mixed-media drawing
from an art contest held by the Cave Administration of the Czech
Republic (2010). Among the peoples of Mesoamerica or Siberia,
the cave’s personification with the intangible forces of nature is a
part of the cultural consciousness to this day, and fragments of
this worldview have been preserved in central Europe as well.

In response to the question, “If all the cultures from this
period were under the same environmental pressures, why
didn’t they all use caves during this same period?” I offer
the following hypothesis: Cultural societies express their
identity via cultural norms, through which they define their
relationship to extra-cultural phenomena – which, according
culturological definitions, include all that is biological and
natural. The stronger a society’s socio-cultural sensibilities
and the deeper its faith in its mechanisms of cultural
development, the lower its need to turn to culturally
indefinable and incomprehensible nature and its forces. As
is clearly visible from an overview of the cave phenomenon
from the Neolithic to the Early Aeneolithic (Peša 2011), the
most civilised societies in terms of the most advanced
expressions of material culture and social (power)
hierarchies – i.e. the inhabitants of large settlements, tells
or agglomerations – show only an imperceptible or often
no interest in caves – as compared to the agricultural
populations of less fertile regions with a lower social and
power hierarchy. For these traditional societies, caves may
have represented an unchanging archetype of the natural
forces that were more than tangible during times of
environmental change.

4. Conclusion
It strikes me as likely that because they were accessible
natural objects from the underground realm of the universal
cosmological model of the world, caves represented
primarily a place for man to communicate with the relevant
deities that according to the various cultures’ mythologies
ruled over the natural elements. Thus, during times of
climatic pressure, not only actual sources of underground
water but perhaps also most other caves in general became
places of worship and cult rituals. Of course, this return to
natural values as the result of global events could take place
in those cultures and societies that retained at least a partial
awareness of man being a part of nature. According to our
picture of caves, in most cases this therefore did not include
highly developed societies with significant social
hierarchies and advanced levels of organization – at least
not in the studied territory from the Neolithic to the Early
Aeneolithic. Also, despite the presumed universality of this
interpretation, this does not mean that all caves were

Global climate changes with periods of drought affected
first and foremost landscapes with a sensitive ecosystem –
of which karst regions and their caves are a perfect example.
As the landscape’s economic potential declined, the region’s
underground with its wet spaces (and, in rare instances,
underground streams of water) must have appeared all the
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necessarily and unconditionally used merely as places of
cult activity or sacrifice. In many cases, specific regional
or societal customs or cultural traditions surely played a role
as well.
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Caves as important cult or religious sites fall within the
concept of the sacral landscape, whose universality is
documented by geographically remoted analogies (Brady
and Prufer eds. 2005). Such a concept of the landscape is
closer to the traditional view of the Central European
landscape of the Middle Ages and the modern era, and was
only recently forgotten by modern society.
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THE CULTURE OF ANTHROPOGENIC CAVES WITH STONE DOORS
IN ANCIENT ARMENIA
Samvel M. Shahinyan
The Armenian Speleological Centre, Rostom 61, Yerevan, Armenia 0018.armspeleo@yahoo.com
There are lot of underground constructions in the Armenian Highland, which has not natural tunnel gates, have stone made
doors, and in the holes there are from 500 to 3,000 liter capacity pitchers for grain and some vine and oil products in just
rock-cut and cave monuments. Those anthropogenic caves are called the caves with stone doors. Almost 100 of them
could be found in the foot of mount Aragats. Those caves are considered to be Midvale period constructions, but depend
on our observations we could justify that there appeared in 6 thousand years ago.

1. Introduction
Based on the large amount of collected scientific material
about rock-carved dwellings and anthropogenic caves in
Asia Minor and in the Armenian Highland, we can boldly
speak about the “cave culture”. I think we can use the term
“cave culture” since, starting from architectural and
engineering specificities up to the daily life and
relationships of the cave dwellers have made a unique
thinking and culture.
The surroundings of Mount Aragats have been repeatedly
investigated by archaeologists, architects and naturalists,
and since 1982 – also by speleologists. The speleological
expedition of the Geographic Society of the Armenian SSR
Academy of Science in 1982–85, 1989–90 and the
expedition of the Armenian Speleological Center, since
2002–03, have implemented voluminous works in this site
discovering, studying and classifying rock-cut and cave
monuments. Simultaneously, local geological surveys were
carried out to provide the geological assessment of the
location of the cave structure. Overall, more than 160 rockcut structures and improved and used-by-man caves were
discovered in the area from Talin to Ashtarak and then
Mount Ara – Aragats area. The caves with stone doors are
rare rock-cut structures. This type of cave structures have
compactly survived only in this area.

Figure 1. Image of tunnel from inside the cave.

2. Stone doors and tunnels
The maximum size of the stone doors of caves in Aragatsotn
region is 160 cm × 130 cm × 42 cm, weighing more than 3
metric tons; the minimum size is 60 cm × 40 cm × 16 cm.
The stone doors are placed both lengthwise and crosswise,
depending on the composition of and structure of the rocks
in the installation place. Stone doors are placed in frames
and work like regular doors.

Figure 2. Stone door (“secret” door) between the two rooms of
the cave.

The frame is a plate with comparatively large cutting and
made of a partially polished basalt, andesite and in rare
cases hard tuff. In one corner of the plate, usually near the
already installed stone doors, in the left side (where the
entrance is), a funnel-shaped pit was dug up to 50 cm deep
and up to 50 cm diameter of edges. In both sides of the stone
door there are hewed lugs adjusted to the funnels carved in
the stone frame and firmly but still suitably enough to keep
the mobility of the well settled door.
Figure 3. Large stone door: the entrance.
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through the entire width of the plate. There is a 6–8 cm
deep, 5 cm to 7 cm wide and 13 cm long pit carved towards
the hole. After locking the door from inside the cave, a pole
made of a hard material (metal, stone, at least hard wood)
is inserted into the penetrating hole so that it thrusts into the
door pit. The parallel carved furrows play a role of
windows, whence the watcher can see and make sure the
shutter is well placed. This was how the doors were locked
in past times.
On most of the stone doors, special pits were made on one
or both sides to fix the door handle.

Figure 4. The lug of the axis of the stone door enters into the round
pit on the plate over the arch.

The technology of installation of stone doors prompts that
these anthropogenic caves were built based on a plan of
general architectural setting. This is evidenced by the
sequence of construction process.

3. Methods
First, the tunnel was dug, and then the stone doors and
separate polished pieces constituting the frame were taken
in. Inside the cave, while in horizontal state, the plates with
funnel-shaped pits were fitted on the lower and upper
sections of the door and then placed vertically in the tunnel:
Then the side plates of the door frame box were installed,
one from each side. Then the door was reinforced with rock
pieces, in rare cases using also mortar. In the last phase, the
tunnel was laid, and small and large pieces of volcanicfragmented rocks were disorderly filled over the surface
section, thus covering up the structure.
The lower and the upper sections of the frame of the stone
door is polished, smoothed in the size of the segment of the
door’s movement and ends by a low lug crossing the stone
plate in its entire length and limiting that surface, which
restricts the door’s movement and does not allow to open
outwards. The rotation axis is put under slope to the
direction of the stone door lugs, which makes the work of
the door easier. Even a child can easily shut the door
weighing hundreds of kilograms: My son Aren was only 8
when he could open and shut average size stone doors.

Figure 5. Flooded cave.

As we already mentioned, the funnel-shaped pits carved on
the upper and lower plates towards the rotation axis are not
necessarily carved only on the plates. We have come across
several “foundation stones” that look square, similar to
stone for chopping up grains, which are still used in
mountainous villages. Such mortar-like component of the
frame with pits intended for the stone door lugs was used
only for the lower section of the door; the surface of the
upper section plate is smooth. In rare cases one can
encounter doors with lugs smoothed only in the lower part.
Stone doors processed this way have, as a rule, smaller than
average size.

Inside, the stone doors are locked either by entering edge
under the door or by a lock. All doors we have come across
or studied are opened only towards the cave so it is
impossible to lock from outside.
There is a unique example of engineering solution of a lock
in Seven-Door Cave, to the north of Kosh village, in the
vicinity of medieval St. Stapanos Church. Right on the left
section of the frame of the entrance door (looking from
inside the cave), three 12–13 cm deep, 4.5–5 cm wide and
36 cm long parallel furrows are carved on the basalt plate
in 5 cm distance from each other. From the flank of the
frame, in the middle of the plate’s cutting, a vertical
penetrating hole is opened that crosses these furrows

These carefully smoothed square or rectangular 18–20 cm
thick basalt doors are disseminated mainly on the slopes
and at the foot of Mount Aragats, as well as in quaternary
lavas erupted from the volcanic mountains in Lake Sevan
basin or in the area of caves located in the contact of
consecutive layers.
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Figure 6. The stone doors are locked from inside with a lock. The
lock can be made of a stone or wooden beam which passes through
the rigid stone and enters deep into the pit over the door.

Figure 9. Probably wooden handle was fitted into the pit made on
the outside surface of the door.

stone doors are built in a way that the doors can be locked
only from inside; i.e. when there is nobody inside the cave,
it is easy to enter the cave in case when the main stocks of
food for the survival of a large group of people were stored
there. On the other hand, the possibility of locking the stone
doors only from inside directly points out that a person or a
large group of people had the opportunity to get isolate
themselves from the world for some ritual reasons. And
there is not a single structure for defense or any construction
detail that would indicate the necessity of confronting the
enemy; hence the hypothesis that theft, robbery, fraud and
war were alien to the times of stone-door caves. Probably
this thinking was characteristic to the natives of the
Armenian Highland in 1st–2nd millennia B.C. and then it
became a custom and was preserved until mid 20th century.

Figure 7. The lock and the pit over the door into which the catch
of the lock enters.

Here are descriptions of a few caves.

4. Results and discussion
Seven-Door Zagha (the cadastre number 172-9).

Figure 8. The door’s lug fitted in the pit of the cover.

Located to the north of Kosh village, 0.1 km north of St.
Stepanos Church, in the right cliff wall of Vanadzor,
approximately 30 m high from the bottom of the ravine. The
narrow corridor covered with basalt pieces leads to the hall.
You can pass through the tunnel-corridor only if you bent
or creep. The tunnel is laid with whole rectangular basalt
plates with removed sharp lugs on the surface. Along both
sides of the corridor, the vertical 10–12 cm thick basalt
plates laid without mortar are arched by similar plates that
provide the ceiling of the tunnel. The engineering concept
of the tunnel resembles a megalithic structure. Although the
local people call this cave a Seven-Door Zagha, it has only

A large number of caves with stone door, about 60, have
survived in the areas of Kosh-Avan and Sasunik-Ujan; there
are another two, still used, caves with large doors in Talin
region and a few doors and ten door frames on the volcanic
mountain slopes in the south and south-east of Gegharqunik
marz. All these have been processed by the same principle
and mainly for the same purpose – to lock the tunnel and
cave entrances.
We came across the remains of the only ignimbrite tuffmade smoothed door in the vicinity of Karmrashen;
however, I don’t think this can be a pattern. The caves with
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two doors, one directly at the entrance and the other at the
hall entrance. The doors is likely working, however the
dust, soil and sand accumulated during many years covered
the door’s foundation with a 20–25 cm layer thus making
the door nonoperational. The door was still working at least
in 1987 when we were studying and measuring the cave.
The frame of the stone door of the hall has three lengthwise
hollows with another transverse hollow crossing these three.
The transverse hollow is made on the surface that longwise
fits in the door frame. Most likely, transverse hollow has
been made to run the shutter, while the longwise crackhollows played the role of “windows” to see how the shutter
moved. The doors, like in all other caves, open inward.

Figure 11. Plan and section of cave; cadastre # 172-9.

ravine, 20 meters above the ravine’s bed, 1 km to the northwest of Ujan village, 100 meters to the north of cave.
It is possible that the cave has received its name due to the
number of its doors in the past.
The tunnel-passage leading to the cave is hardly passable;
two nearly equal size doors are placed here, both can be
easily opened and shut. Here, like in all caves with stone
doors, the doors are locked from inside. The artificially laid
part of the tunnel is totally collapsed, and most likely the
remaining 5 doors were left under the landfall, as the local
folklore says. The entrance of the tunnel is narrow and
hardly passable. The narrow passage leads to the first door;
opening this door you move on to the second door either
creeping or half-sitting. Opening the second door, you
appear in the cave hall. The distance from the entrance to
the 1st door is 3 meters, and from the 1st door to the 2nd door
– 2.5 meters. The hall is misshapen, the bottom is flat, and
the ceiling is 2.4 meters high. There are cask-like pits in the
corners of the cave, which are intended only for storage of
grain food. There are no fired clay casks. There is an
opinion that the cave was of ritual importance.

Figure 10. Plan and section of cave; cadastre # 172-6.

On the north-east wall of the cave, a clay canal opens
2.5–3 m above the ground. The diameter of the mouth of
the pipe is 23 cm. How the canal conveyed water to the cave
through the thick basalt layer with 15 m cutting – is
something still to be find out. The assumption could be that
the pipe way was a natural hydrodynamic tunnel, and the
ancient builders, after laying the clay pipe through the
tunnel, have skilfully veiled the tunnel with some
constructional trick still unknown to us.
The walls of the cave are laid with large pieces of basalt
reinforced by lime mortar. In the southern and south-western
part of the cave, under the wall, there are casks on two
platforms for keeping fluid (probably vegetable oil or wine)
and for dry food (grains). The first platform is 15–20 cm
above the bottom of the cave; and 4 cask mouths open here,
while in the second platform, 120 cm higher than the first
one, 6 cask mouths open. The small cavity located at 6m
depth from the tunnel entrance was perhaps another storage
place.

Figure 12. Pit for liquid foods.
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The stone-door caves are rare architectural, engineering and
cultural monuments of the past that are now exposed to the
danger of demolition. These caves are part of not only
Armenian culture but also part of the culture of the IndoEuropean peoples in general. With the loss of these caves we
will lose yet another possibility of seeing the past alive.
Saving these caves must be the point of concern for all of us.

The cave is one of the favorite places for the village
children; they are frequent guests here. They often make
fire, however the smoke immediately flows out through the
cracks in the basalt cover.
Bkoyi Gegh Seven-Door Cave (the cadastre number 172-9).
This cave is located in the right cliff wall of the Bkoi Dzor
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LEVANTINE CAVE DWELLERS: GEOGRAPHIC AND ENVIRONMENTAL
ASPECTS OF EARLY HUMANS USE OF CAVES, CASE STUDY FROM
WADI AMUD, NORTHERN ISRAEL
Micka Ullman1, Erella Hovers1, Naama Goren-Inbar1, Amos Frumkin2
Institute of Archaeology, The Hebrew University of Jerusalem, Mt. Scopus, Jerusalem, mikaullman@hotmail.com,
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1

The human use of caves has its origins as far back as million years ago, when early humans began to use them as seasonal
camp sites. At about 500,000 Ka the use of caves by these small groups of hunter-gatherers became a widespread
phenomenon in Africa and Eurasia. In Israel alone (at an area of 8,800 km2) there are about 40 prehistoric caves, dated
between 500,000 and 50,000 Ka. Because the number of caves on the landscape is much higher than the number of caves
used by our ancestors, we assume that the preference of particular caves within a group’s geographic territory involved a
system of decision-making based on selection criteria. We attempted to identify these criteria in the Amud catchment,
where four well-known Paleolithic caves are located. The study included a systematic pedestrian survey of the canyon,
detailed documentation of the physical properties and locational characteristics of the caves, and analysis for pattern
recognition with GIS and statistical methods (at an area of 2.6 km2). One hundred and twenty caves and rock shelters were
located, studied and mapped. By comparing the characteristics of caves that were uninhabited with those of the four known
Paleolithic sites we constructed a model of the “preferable cave”. Paleolithic hominins selected large caves, consisting of
one large central hall, with large entrance that allowed good ventilation and natural day light. Preferable caves were rather
hidden and protected in the lower part of the canyon and could be approached easily from the streambed or lower slopes.
Finally, prehistoric caves in the Amud canyon are located next to the stream outlet (rather than at the center of the hilly
region), where a large number of habitats could be reached on a daily basis.

1. Introduction

Shukbah Cave, 1928), Neuville (excavation at the Judean
desert and Qafzeh Caves, 1928–1932) and others (See
summary in Hovers 2009). Currently, the PL and MP record
of Israel and the southern Levant is relatively rich in
excavated cave sites. Some 30 of them are known from the
Mediterranean climatic zone, especially from Mt. Carmel
and Wadi Amud. Additional 10 are known from the western
fringes of the Judean Desert, mainly in Wadi Haritun and
at Upper Wadi Arugot (Neuville 1951) (Fig. 1). Some caves
have a long sequence of layers (e.g., Tabun Cave in Wadi
Me‘arot and Ha’Yonim Cave in the Western Galilee, with
finds from the LP through the MP [Garrod and Bate 1937;
Jelinek 1982; Stiner 2005]). Other caves have a shorter
occupation sequence (e.g., Amud Cave, dated to late MP
~70,000–50,000 Ka [Hovers et al. 2011; Valladas et al.
1999]). In some cases, occupied caves are clustered
geographically (e.g., Wadi Me‘arot, Wadi Amud, and Wadi
Haritun). Yet, not all the caves in these cave-rich areas were
occupied. Moreover, some catchments with large caves in
them seem to be devoid of prehistoric cave occupations.
The repeated occupation of specific caves over thousands
to tens of thousands of years therefore points to underlying
processes of selection from an existing inventory of
available caves and rock shelters, based on a combination
of decision criteria.

At the dawn of mankind, different types of hominins (early
humans) evolved at the African savanna. A set of
preconditions have led at least one of them to develop
culture and technology. The earliest stone tools are dated
2.6 Ma years ago, at Gona, East Africa (Semaw et al. 2003).
The earliest firm evidence to controlled use of fire is
780,000 ka years old, at Gesher Benot Ya‘aqov site, Israel
(Alperson-Afil and Goren-Inbar 2010). Technological and
cultural innovations accumulated, allowing early humans
to occupy a growing variety of ecological habitats and
resulted in the geographic expansion of Homo erectus
outside Africa. The strategy of using caves as temporal
shelters might be considered as one of these innovations.
The advantages of cave occupation may have played a
significant role in colonizing of cooler climate zones out of
Africa.
The prehistoric site at Wonderwerk Cave (South Africa),
with an arguable date of 1.58 Ma (Chazan et al. 2012), may
be the earliest recorded cave occupation, but it is followed
by a long gap in cave habitation by hominins. Other, more
firmly dated cave site is Sima del Elefante (Spain) ~1.3 Ma
(Martinón-Torres et al. 2011). Then, from about ~600,000 Ka
and through the Late Lower Paleolithic (LP) and the whole
Middle Paleolithic (MP), occupation of caves by humans
became a widespread phenomenon with hundreds of cave
sites at Africa and Eurasia (Neuville 1951; Lubin 1997;
Rink et al. 2003; McNabb and Sinclair 2009; Lombard
2012).

The “pull” and “push” of hominin groups to specific places
depends on physical traits of the landscape as well as social
considerations (e.g., Jochim 1976). The type of study
reported here is informative about the former type of
decision criteria, as it stands to reveals regularities in cave
locations relative to landscape features. But it can also point
to some social considerations. Our purpose in this study was
to create a model of early human’s decision-making system

Prehistoric research in Israel began during the 1920’s with
the work of pioneer archaeologists Turville-Petre
(excavation in Zuttiyeh Cave, 1925), Garrod (excavation at
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regarding the selection of caves for occupation by hominin
groups. Towards this end, we collected geological and
speleological data regarding caves and their nearby
landscapes. Characterizing both “Paleolithic caves” and
“empty caves” at a selected research area, in this case Wadi
Amud enabled us to discerning some features that are
shared by “Paleolithic caves” which likely played a role in
early humans decision-making process.

that formed up to tens of millions years ago in calcareous
lithology (limestone or dolomite) as phreatic hypogenic
voids. Incision of streams, associated with tectonic uplift of
the central mountain range of Israel, as part of a regional
uplift truncated and exposed those karstic caves (Frumkin
and Fischhendler 2005). As a result they became accessible
to hominins inhabiting the landscape.
Wadi Amud drains an area of 124 km2 of the Upper Galilee.
The channel drops some 1,400 m from an elevation of
1,200 m above msl at its origins at Mt. Meron, to 200 m
below msl at its outlet, at the Sea of Galilee, over an aerial
distance of 15 km. The climate at lower Wadi Amud is
Mediterranean semi-arid, with 450 mm annual rainfall
(Hovers 2004). The direction of the flow and the
configuration of the channel are a phenomenon of the last
~2 myr, and were formed as a result of channel capture due
to tectonic activity in the Rift Valley (Kafri and Heimann
1994). The geographical structure of the middle and lower
part of the stream consists of two geological formations
(Timrat and Bar-Kokhba Fms.) of Eocene limestone
(Bogoch and Sneh 2008). The Bar-Kokhba Fm. forms cliffs
and canyon morphology, while the underlying Timrat Fm.
appears as moderate slopes. The meteoric water draining
eastward over the steep gradient incised a deep canyon
through the hard limestone, exposing a large number of
karstic voids (Fig. 2).

The use of a cave as a seasonal occupation site offered
several advantages, such as protection from the elements:
rain, wind, direct sun light, some isolation from cold
temperatures, as well as a confined space easier to protect
from predators. The typical archaeological finds in cave
sites dated to the LP and MP consist of the remains of stone
knapping and stone use and faunal remains. Plant remains
are less common. From the late LP (ca. 400 Ka),
combustion materials and remains of fireplaces become
typical feature of cave occupations. Hearths were used
among other possible purposes for food processing and
probably for heating and lightning, and perhaps also for
protection from predators. Such finds, and their massive
accumulation in many of the prehistoric caves, indicate that
the localities were used repeatedly as habitation sites by
groups of prehistoric hunter-gatherers. Combined with nonanthropogenic sediment accumulation, this has led in some
instances to the accumulation of deep stratigraphic
sequences reaching several meters.

Our project focuses on this section of Wadi Amud (Fig. 1),
where four prehistoric cave sites are located (see below).
From an elevation of 20 m above msl, to the stream base
level at the Sea of Galilee 200 m below m.s.l.

Figure 2. General view of Wadi Amud canyon (looking south).

3. Methods
In order to explore the use patterns of caves by prehistoric
people at Wadi Amud we first had to gain detailed data
about the number, morphology, location and contents of the
caves and rock shelters in the study area. Filed work was
conducted as follows:
a) Defining the survey areas: Wadi Amud drainage system
was selected because it has four known Paleolithic cave
sites located at the same canyon, less than 2 km from one
another (from north to south: Shovakh, Amud, Zuttiyeh
and Emireh caves).

Figure 1. Map of Israel with important LP and MP cave sites. The
research area is marked with black frame.

2. Geography and geology

b) Survey of both walls of the wadi, using topographic maps
(1:50,000) and panoramic photographs: Every cave

The majority of caves in Israel (among them the caves that
contain prehistoric occupations) are karstic chamber caves
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4.1. Prehistoric sites

larger that 2 × 2 m, and every rock shelter that could
provide some protection from the elements, were
mapped. The panoramic photographs facilitated locating
cave entrances, which sometimes were hardly observed
by foot. A systematic field survey of the slopes at
different elevations allowed us to locate hidden cave
openings as well as remains of eroded caves.

Four Paleolithic cave sites had been known in Wadi Amud
prior to the current study (Turville-petre 1927, Binford
1966, Gisis and Bar-Yosef 1974, Valladas 1999, Hovers et
al. 2011) (see Table 1). An additional cave (AmE-15) was
found during the survey. This cave contains anthropogenic
breccia, inclusive of flint artifacts, bones and what appears
to be charcoal. Similar breccias are described at many
Paleolithic cave sites in the Levant (e.g., Zuttiyeh, Tabun,
Qafzeh caves) and we therefore deduced that the artifacts
in the breccia of AmE-15 reflect Paleolithic human activity
in the cave. Some other caves yielded considerable amount
of flint artifacts and bones of large mammals, but with the
absent of any “fossil directeur” we could not determine the
time of the human activity there.

c) Description of the characteristics of each cave or rockshelter, including: 1) Determining its location by 12 digit
GPS coordinates (ITM coordinate system); 2)
Morphological description with planar and vertical standard
cave mapping (Grade 5B), (Dasher 1994); measurements
were done by Leica Disto D3 laser meter-inclinometer and
Silva Ranger 3 prismatic compass; 3) Determination of
prehistoric human presence by archaeological observation;
4) Documentation of a variety of traits/features such as
evidence of roof collapse, speleothems, breccias, etc.

4.2. Cave types

d) Creating a computerized database: Data was processed
in an ACCESS data base, to enable sorting and
comparing the different parameters.

We distinguish between caves and rock shelters: The shape
and dimensions of a cave forms a confined void, in which
the conditions differ from those of the surrounding
environment. The morphology of a rock shelter offers only
some protection from the elements, and is considerably
more exposed than a cave. We sorted both types according
to their dimensions (Tab. 2). The size category refers to the
main hall of the cave/rock shelter. Beside those, other three
types of caves were found at the research area during the
survey: Phreatic passages (narrow and long passages with
phreatic morphology, such as oval cross section); Maze
caves (having a network of chambers and passages along
tectonic fissures); “Tectonic fissures” (have elongated shape
and straight parallel walls along fractures or tectonic faults,
but did not develop to wide passages) (Tab. 2).

e) Spatial and statistical analysis of the data.

4. Results
In total, an area of 2.6 km2 was surveyed along ~6 km of
Wadi Amud canyon. One hundred and twenty caves and
rock shelters were located and mapped (Fig. 3). Most are
phreatic voids that developed along tectonic fissures. Ninety
percent of the caves and rock shelters are within the massive
limestone cliffs of Bar Kokhba Fm, while less than ten
percent are within the well-bedded limestone slopes of
Timrat Fm. The latter caves are also much smaller.

4.3. Cave approach
The approach difficulty level was assessed on the basis of
two parameters: 1. Slope inclination (minor/moderate/
steep/nearly vertical). 2. Time required to approach the cave
from the nearest topographically comfortable area (e.g.,
streambed or the plateau above stream) while carrying
10 kg load. A short time approach is considered as a walk
of up to 5 minutes. Medium time approach takes 5 to 15
minutes and long approach is of more than 15 minutes walk.
An easy approach is when the slope is minor or moderate
and walk takes up to 5 minutes. A medium approach is
when the slope is moderate and walking time is medium. A
difficult approach is when slope is moderate and walking
time is long or when slope is steep and no matter how long
the walk is; dangerous approach is when the slope is almost
vertical or vertical in a manner that requires the aid of belay
equipment or rock-climbing skills. Table 3 shows the
distribution of assessed approach difficulty regarding to
each cave type.

5. Discussion
5.1. Cave dimensions
The first notable characteristic of the prehistoric caves at
Wadi Amud is their relatively large dimensions. Shovakh,

Figure 3. Caves, rock shelters and prehistoric caves at Wadi Amud
(N =120).
171

Archeology and Paleontology in Caves – oral

2013 ICS Proceedings

Table 1. Periods of prehistoric occupations at Wadi Amud caves.
Shovakh Cave
Amud Cave
Zuttiyeh Cave
Emireh Complex
UP
Transition MP-UP
+
+
Late MP
+
+
Middle MP
Early MP
+
Late LP
+
LP = Lower Paleolithic 1.4 Ma–300/250 Ka, MP = Middle Paleolithic 300/250–50/47 Ka, UP = Upper Paleolithic 50/47–23 Ka
(Levant chronology).
Table 2. Distribution of caves and rock shelters according to their dimensions and type.
Cave type
Large chamber caves
Medium chamber caves
Small chamber caves
Large rock shelters
Medium rock shelters
Small rock shelters
Phreatic passages
Tectonic fissures
Maze caves
Total

Length (m.)
X ≥ 15
8 ≤X <15
2 ≤X <8
2≤X
2≤X
2≤X

Width (m.)
X ≥ 15
8 ≤ X < 15
2≤X<8
X ≥ 15
8 ≤ X < 15
2≤X<8

N
7
12
37
9
12
35
3
3
2
120

%
5.8
10
30.8
7.5
10
29.2
2.5
2.5
1.7
100 %

Table 3. Distribution of estimated approach difficulty according to cave types.
Large chamber caves
Medium chamber caves
Small chamber caves
Large rock shelters
Medium rock shelters
Small rock shelters
Phreatic passages
Tectonic fissures
Maze caves

Easy
3
4
11
0
4
9
0
1
1

Medium
3
5
21
5
6
21
3
1
1

Difficult
1
3
2
3
2
4
0
1
0

Dangerous
0
0
3
1
0
1
0
0
0

5.3. Cave approach

Amud and Zuttiyeh are among the largest caves in the
research area (Fig. 4). AmE-15 is a medium sized cave. The
“Emireh complex” consists of a small cave, a small rock
shelter and a medium size rock shelter. However, in this site
the bulk of prehistoric sediments was found at the foot of
the cave and rock shelters and was not restricted to the
confined space, unlike the other prehistoric caves. Therefore
it is possible that when early humans choose to use Emireh
complex their main consideration wasn’t derived by a need
for a very efficient shelter, and the site was chosen for other
reasons (see below). The selection of large caves might
indicate that they were occupied by a band of few tens of
individuals, rather than by nuclear families of ~3 or ~4
individuals (for suggested band sizes see Layton et al. 2012).

All the prehistoric cave sites at Wadi Amud are much easier
to approach from the gorge below, then from the plateau
above. All approaches require some walk up hill but it is a
rather short and moderate climb (Tab. 4). Taking into account
that 50,000 Ka the bed of Amud Canyon was some 6–8 m
higher than it is today (Inbar and Hovers 1999) the approach
to Emireh, Zuttiyeh, Shovakh and AmE-15 caves was even
easier than it is today. Actually, in Wadi Amud, all large caves
that are easy to approach were occupied at Paleolithic times.
Amud Cave is different: it is not located very high (only
35 m up the slope), but requires some scrambling up an
almost vertical rock face. Climb is not dangerous but it is a
bit physically demanding. Inbar and Hovers (1999) have
suggested that during the MP occupation of Amud Cave, the
approach was even harder than it is today, as the soft
sediments of the cave floor extended 10–15 m to the east and
created a slope steeper than today (Inbar and Hovers 1999).
Therefore Amud Cave stands out, as none of the other LP or
MP cave in Israel is difficult or dangerous to access. The
relatively easy approach to the LP/MP caves is consistent
with the assumption that those caves used for habitation, and
were populated by human groups assembled of men, women,
infants and elderly. The other relatively large caves at Wadi
Amud (AmE-8, AmE-10, AmE-11) are located much higher
in the slope and seem to be devoid of Paleolithic presence.

5.2. Cave morphology
The mutual characteristics for caves with Paleolithic
presence in Wadi Amud are that they have a large spacious
main hall and that this hall is well ventilated and illuminated
or semi illuminated by natural day-light, having wide and
tall entrances. Some other caves in the research area are few
tens of meters long, with some medium size halls, but have
narrow entrances, and the halls are dark. These caves show
no presence of Paleolithic finds, although they are very
often rich with proto-historical and historical archaeology.
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Table 4. Cave’s accessibility.
Cave
Emireh
Shovakh
Zuttiyeh
AmE-15
Amud
AmE-8
AmE-10
AmE-11

Vertical distance from streambed (m)
10
15
20
30
35
120
100
100

Estimated approach difficulty
Easy
Easy
Easy
Easy
Difficult
Medium
Medium
Medium

Paleolithic presence
Yes
Yes
Yes
Possibly yes
Yes
Was not observed during survey
Was not observed during survey
Was not observed during survey

of cave habitation during the end of the Lower Paleolithic
and the Middle Paleolithic in the Levant. At this stage we
can suggest the following as significant characteristics of
the Paleolithic caves sites, and what we assume represents
the preferences of early humans regarding to cave-site
selection:

They are not so difficult to access, but the climb is more time
consuming (Tab. 4). It is possible that the long climb required
have ruled them out for a Paleolithic use. Regarding Amud
Cave, we can suggest two possibilities: firs, it is possible that
the steep but short climb to the cave offered an excellent
protection from predators and invasion of other unwanted
animals. It was pointed out that the cave is remarkably poor
with evidence of presence of hyenas (Inbar and Hovers
1999). Second, the cave may have been chosen due to
“cultural” reasons: few meters to the north of its entrance
there is an impressive natural stone pillar, about 20 m Tall.
This pillar stands out dramatically at the view, and gave the
wadi its modern name (The Wadi of the pillar = Wadi Amud,
Hebrew).

1) Large-medium caves (but not rock shelters).
2) A cave with morphology of one main hall, which has a
large entrance. That hall is well ventilated and well
illuminated.
3) A cave that is relatively easy to approach.
4) Approach to the cave is based on movement through the
streambed or lower slopes.
5) The cave is located within a distance of daily walk from
a large valley and large body of water.

5.4. Cave location and landscape control
It has been suggested that site location of hunter-gatherers in
the landscape takes into account a strategic viewpoint, which
gives an advantage regarding the visibility of food resources
(Jochim 1976). The view from Shovakh, Amud, Zuttiyeh and
AmE-15 Caves is quite limited and offers no major control
of the landscape. The view observed is that of the opposite
canyon wall, with hardly any view of the stream bed and no
sight of the plateaus and hills above the canyon. Emireh
complex is located differently, at the margin of the Ginosar
Valley, and has a wide view of the valley, the surrounding
hills and lake. We suggest that the selection of Emireh as a
habitation site potentially has more to do with control and
accessibility to food resources than with providing shelter.

The use of large caves which are relatively easy to access,
along with the typical archaeological finds in those caves,
support the hypothesis that each cave was used by a band
of several tens of hominins. The cave selection was with
preference for proximity to divers habitats, from where a
verity of food resources and raw materials were brought to
the cave and there they were processed and consumed.
Our future research will aim at characterizing all LP and
MP cave sites in the Mediterranean climate zone of Israel,
in order to get a better understanding of Paleolithic human
decision-making patterns regarding cave selection and cave
use.

5.5. Cave location and variety of habitats
All prehistoric cave sites in Wadi Amud are within the
distance of 5 km walk from the fertile Ginosar valley.
Although this research focuses on the middle and lower
sections of Wadi Amud, it is known (at least until now) that
there are no Paleolithic cave sites in the mountainous
Upper Galilee. It is possible that hominins looked for caves
that were located at the openings of Wadis, since this
localities are ecotones, where both hilly/mountainous and
valley habitats can be approached on a daily basis. The
same notion applies to all of the Paleolithic cave sites of the
Carmel Mountain.

6. Conclusions
Figure 4. Width and length dimensions of caves and rorck shelters
at Wadi Amud (N=120).

The Wadi Amud project is just the first step in a
comprehensive research that will relate to the phenomena
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RECONSTRUCTION OF THE CHATYRDAG PLATEAU (CRIMEAN
PENINSULA) ENVIRONMENT DURING THE LAST 40,000 YEARS BASED
ON STABLE ISOTOPIC ANALYSIS OF RED DEER BONE COLLAGEN
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The Crimean Peninsula is an extraordinary region located on the border, between Europe and Asia. Because its location,
the region was important refuge for migratory animals during entire Pleistocene. One of the most important species of
great herbivores in the Crimean region is red deer (Cervus elaphus). Its remains are represented in great number from
several cave sites, including Emine-Bair-Khosar Cave (Ridush et al. 2012). Recent genetic studies on samples from that
cave suggested presence of two group – Western (European) and Eastern (Asian) red deer in different periods of the
Pleistocene (Stankovic et al. 2011). However, the reasons of domination of Western or Eastern red deer is still not know.The
answer might be the changes in climate and environment conditions during the last 40,000 years. For recognize these
changes we studied isotopic composition of carbon and nitrogen of collagen from red deer bones deposited in EmineBair-Khosar trap cave. Some of remains were dated with radiocarbon and Uranium-Thorium dating methods for time
control in the sediment sequence. On the beginning of our record, we found high values of δ15Ncoll, suggesting relatively
high soil activity and indirectly high temperature. The high 15N concentrations were correlated with high δ13Ccoll values.
Hence, we think that this part of sequence was deposited during relatively warm and dry period (OIS 3) and that steppe
was dominant vegetation type at that time. After that, δ15Ncoll value decreased significantly and δ13Ccoll remain on similar
level than before. This strong decrease in soil activity suggests climate deterioration and tundra development during Last
Glacial Maximum. After LGM, δ13Ccoll decline to the minimum value -17.5‰ and δ15Ncoll significantly increased reflecting
mild climate condition and extend of forest nearby the cave.
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A GALLERY OF LATE MEDIEVAL AND MODERN PAINTINGS AND
INSCRIPTIONS IN NA ŠPIČÁKU CAVE, SILESIA, CZECH REPUBLIC

1

Petr Jenč1, Vladimír Peša1, Ľubomír Turčan2, Dominika Machačová3, Martin Barus4
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Na Špičáku Cave, located in the Jeseník Karst, is the only publicly accessible cave in the Czech Republic to contain a
unique gallery of ca. 4,000 historical inscriptions and symbols from the Middle Ages to the middle of the 20th century.
The cave’s first written mention is from the 15th century. This period also coincides at least partially with the oldest horizon
of features in the cave – petroglyphs of a globus cruciger or a jousting shield with a stylized tableau apparently depicting
Adam and Eve beneath the Tree of Knowledge (1519), paintings of the sun and a crescent moon (15th- and 16th-century)
and the Adoration of the Cross with Jesus Christ and the portraits of patrons representing secular and churchly power
(most probably the 1530s–50s). An analysis of red pigments from the 16th- and 17th-century features shows the use of
special pigments. The historical context offers a connection, over the course of the 16th century, between the cave and
intensive mining on the surrounding noble or bishop’s estates. The cave’s surroundings were apparently an important site
of mining, and the mine’s ownership (i.e. an indication of who held mining rights) may have been legitimized using wall
paintings that were comprehensible to anyone. The prospecting horizon ends with the onset of the Thirty Years’ War, as
reflected in a significant decline in the number of dated inscriptions and archaeological finds. The cave was practically
forgotten until the early 19th century. The greatest number of inscriptions comes from the time after the cave opened to the
public in the 1880s.

1. Introduction

or 1436, contains a brief description of the cave’s
passageways leading into the interior of Špičák Hill
(Spitczenstein, 516 m), second-hand information on the site,
and an obligatory report as to the discovery of treasures
typical for this type of locality and for “Italian” literature.
The text also includes two symbols (a “crescent moon” and
“sun”), which the editors of the CDS interpret as silver and
gold – i.e. the alchemist symbols that (according to the text)
can be “found” in the cave. These symbols truly exist on
the cave walls, and according to our research they belong
to the oldest demonstrable horizon of epigraphic relics;
based on the layering of inscriptions, they are older than
1583 (Fig. 2).

Na Špičáku Cave is a karst system situated in Devonian
crystalline limestone (marble) formed by surface water at
an elevation of around 439 m. The passages’ unusual shapes
are the result of an underground lake from the waters of a
continental glacier that extended to the northern borders of
the Czech Republic during the next-to-last ice age (Zajíček
et al., 2005). The cave’s air temperature is 7–10 °C and the
relative humidity ranges from 90 to 98 %. The cave is
located in the Jeseník Karst on the northern slopes of the
Hrubý Jeseník range, within the municipality of Supíkovice,
Jeseník County, Olomouc Region. A report mentioning this
cave from sometime before the mid-15th century is the
oldest description of a cave in the Czech Republic and one
of the first in all of Central Europe. The cave’s interior
contains the largest set of epigraphic relics ever found in
the Czech Republic, numbering around 4,000 inscriptions
and illustrations made using various techniques. The central
painting of Christ on the cross with figures standing in
adoration has no equal in any other Central European cave.

Later brief mentions (1689, 1806, 1836) offer an indirect
link between the cave’s existence and mining activities on
Špičák Hill. Drechsler (1951) also states that the entrance
to the cave was allegedly walled up for safety reasons and
remained closed until work was undertaken to make it
accessible to the public. That the site was all but forgotten
can be seen from historical maps: maps from the 1760s
indicate the now-nameless creek previously known as
“Gold Wasser” and the local place name “Kalch Ofen”, but
maps from the mid-19th century lack any information
whatsoever. The first detailed reports about Na Špičáku
Cave come from when it was made publicly accessible in
1883–1885. During this time, the village of Supíkovice
(Saubsdorf in German) was known as the “Silesian Carrara”
because of the local marble mines. Another description of
the cave by Luňáček and Ryšavý in 1949 formed the
foundation for the cave’s extensive tourist-related works in
1954–1955, which gave the cave its contemporary look.

2. An overview of historical reports
The oldest written record of the cave is in “Wegweiser zu
den Bergwerken in der Oberlausitz und in Schlesien” by
Antonius Wale, a merchant from Florence who was active
in mining in the Silesian town of Wroclaw between 1410
and 1443. Compared to other mining localities, the cave is
mentioned only briefly, and classified more as an interesting
place than an important prospecting or mining locality
(CDS XX, 198). The text, which is usually dated to 1430
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Figure 1. Map of the cave as per V. Ouhrabka, amended and supplemented. White segments with light gray borders quarried away in
1954–55.

3. The original layout of the cave

4. Archaeological finds from the cave

Before it was made accessible to the public, the cave opened
up into a funnel-shaped chasm created by ancient mining
activities. According to A. Makowsky (1886), from the
bottom of this chasm one entered the cave’s first section
consisting of the Main Corridor (sections A and B; Fig. 1)
measuring 54 m in length, 2–3 m in width, and with a
predominant height of 1,5–2 m. Short branches lead off to
both sides. The third left-hand branch (Double-Heart
Chamber [E]) was 33 m long, 1m wide and 1,6–2 m high,
and terminated in a 7 m-deep chasm with sporadic water at
the bottom. All these spaces were covered with various types
of partially damaged deposits and, except for a few places,
were blackened from torches. The rear part of the cave was
called “Labyrinth” after three interconnected chambers
whose connecting corridors are often passable only by
crawling or sliding along the ground. The interiors were
around 2 m high and the sinter deposits were equally
damaged and blackened from smoke. From the central Great
Dome (D), one passed through a 18 m-long corridor
measuring 2 m in width and 1–2 m in height to reach the
final Dome of Hope (C); length 15 m, width 3–7 m, height
3 m. Leading off from this chamber is a crevice passage (C2)
rediscovered in 1885 and 25 m long, up to 1m wide and
1,8 m high, with whitish speleothems and sinter formations.
The overall measured length in 1886 was thus 111 m, or
232 m if we include all branches. It is not entirely clear why
today’s corridor (F) leading off from the entrance into the
crawlspaces with abysses was not mapped at the time.

J. Skutil (1953) described the cave’s sediments as
archaeologically sterile. When the cave was made publicly
accessible in 1954–55, no archaeological finds were observed,
which was more the result of inattentiveness and lack of
interest during construction work, since the volume of
material removed from the cave in 1954–55 was enormous.
The first finds were made in 2007–08 by employees of the Na
Špičáku Cave Administration in various parts of the cave
during the renovation of walkways and while cleaning
chasms. Other surface finds followed during epigraphic
documentation, primarily in corridor F in 2008–09 and 2012.
The fragments of pottery and iron objects found in various
parts of the cave represent a chronologically roughly
uniform set of unglazed pottery as well as glazed ware. Due
to the absence of more significant fragments, the finds can
be dated only roughly as being from the advanced High
Middle Ages (14th–15th century) and the early modern era.
The most significant horizon is from the conclusion of the
High Middle Ages (late 15th to first half of the 16th century).
This period corresponds at least partially with the oldest
horizon of historical engravings and paintings. The most
significant grouping of finds in the front part of corridor F
points towards a secondary deposit from the area around
the funnel-like entryway. In these locations, mining
activities opened up the corridor onto the floor of the entrychasm, as documented by the situation in a filled-in
depression next to today’s stairway from around 1884.
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5. Documentation and restoration of paintings
and inscriptions

analysis of organic materials (varnish and binding agents)
was performed via FTIR spectrometry (diamond ATR
technique) on a Nicolet FTIR spectrometer. The determined
spectrum was compared with the standard spectrums from
various industrial databases. The samples were analyzed in
a solid state from both sides and within the limited
possibilities of the measuring equipment. The determined
spectrums are not from pure substances, but mixtures. In
some cases, the analysis could not determine a specific
substance, but only the chemical group to which it belongs
(e.g., waxes, polysaccharides).

In the late 19th century, reports of the extraordinary wealth
of epigraphic relics on the walls and ceiling throughout the
cave garnered only little attention. Their significance was
first emphasized in the mid-20th century by J. Skutil (1953),
who provided an “overview of at least the most important,
leaving out a large number of scrawlings and scratchings
dating for the most part from the nineties” of the 19th
century. Especially interesting is his description of the
central painting of the adoration of the crucifix (improperly
called Calvary; Fig. 2), which was later erroneously
associated with the cave’s use as a shelter from religious
persecution. In 1989–90 student M. Korejtková engaged in
a preliminary unpublished inventory, and in 1993 P. Zajíček
and K. Gregor (Moravian Karst Cave Administration) made
black-and-white photographs of selected epigraphic
features. These unsystematic attempts at recording the state
of the inscriptions are important for a comparison with
today’s state and show the increasing tendency towards the
features’ degradation caused by the high humidity and the
formation of sinters.

By the end of 2012, a total of 11 samples were taken for
analysis. The stratigraphy of layers is clear, the individual
paintings are monochrome and painted directly on the
limestone wall without a standard base coast. One important
piece of information is the nature of the pigments used:
minium (red lead, Pb3O4), burnt umber, and vermilion – i.e.
painting materials, not randomly used local sources. The
paintings were made with a particular intent and with a
knowledge of painting techniques. The binding agent was
probably soft cave sinter (moonmilk), whose consistency
corresponds to normally used binding agents (oil, resin,
etc.), or it may have been limewater. The paintings were
never restored and are preserved in their original form. The
technique resembles al fresco – paintings made on a wet
foundation (plaster or lime paints) by wiping paint diluted
with (lime)water. It is hypothetically possible that the artists
took the cave’s particular environment into account when
choosing a suitable technique for their inscriptions.

In 2003–10, the Archaeology and Speleo-Anthropology
Office of the Regional Museum and Gallery in Česká Lípa
systematically documented all surviving inscriptions,
paintings, and engravings in the cave (Jenč and Peša 2009).
The cave was divided into sectors and each epigraphic
feature was given a number, surveyed and mapped (Fig. 1).
The researchers took detailed photographs including closeup details, and selected features were also sketched. A total
ca. 4,000 features were recorded (more than 4,900 images)
in 796 main locations (Jenč and Peša 2011; on methodology
see Jenč, Peša, Pátková eds. 2001, Roháček 2007). Since
2011, a supplementary research project has focused on a
historical assessment of the acquired information, and a
restoration project has been working to save the most
important paintings degraded by moisture and sinter
growth. Long-term microclimatic measurements are being
performed at the site of selected features, and the use of
pigments is being analyzed as well (Ing. Martin Dvořák and
Ing. Ivana Kopecká, Prague). These findings will be used
to engage in the stabilization and restoration of the oldest
features.

6. The oldest paintings and inscriptions
The oldest dated feature is located in the rear part of the
Heart Corridor (E) and was not identified until 2003. It is a
chiseled image in the form of a jousting shield. The scene
inside is probably a stylized tableau of Adam and Eve
beneath the Tree of Knowledge, “a(nn)o” with the year
“1519” and the letters “hb” (Fig. 4). Nearby is a solitary
petroglyph of a globus cruciger (a symbol of secular power,
the sovereign ruler; Fig. 3) and an etching resembling the
Rod of Asclepius. Another set of painted features is located
at the intersection of the Main Corridor with the DoubleHeart Corridor (A/B/E) near the cave’s central painting, the
Adoration of the Cross (Fig. 2). It is a painting of a cross
with the crucified Jesus Christ and a figure standing on each
side in adoration. The red initials HSZ covering the older
cross are of chronostratigraphic significance; based on their
placement elsewhere in the cave, these came from 1615.
Like the neighboring paintings of the sun and crescent
moon, the scene of the adoration is done using a dark red
pigment (made using vermilion), which differs from
pigments from the 17th and 18th centuries. It is quite possible
that the sun and crescent moon – which were previously
mentioned in connection with the oldest description of the
cave – date from as early as the 15th century; in any case,
they predate the year 1583. Using iconographic analogies,
the Adoration most probably dates to the 1530s to 1550s.
Especially in Silesia, this subject is quite common in
Renaissance art after the middle of the 16th century, and so
the figures bowing to the Holy Cross in the painting in Na
Špičáku Cave may very well be a patron/nobleman (on
Christ’s right) and a high church official (on his left).

The analyzed paintings are found at the intersection of the
Main Corridor and the Double-Heart Corridor, at the border
between sections A, B and E. The paintings did not use
standard techniques; they were painted onto a chipped
ceiling without a base coat or organic binding agent. The
main feature (the Adoration of the Cross; Fig. 2) is
preserved only in fragments; at the upper part of the picture,
there are only traces of the color layer, best visible when lit
from the side. The nearby paintings of the sun, cross, and
moon are preserved in an easily recognizable form. The
base underneath the painting is non-uniform, and consists
of smaller sinter formations with depressions. The color
layer is slowly being washed off the protruding sections by
the dripping water, and so is preserved only in the
depressions. This layer is also being reduced by the growth
of sinter or the formation of small speleothems. Samples of
the pigments were microscopically analyzed under incident
light using a Leica DML optic microscope. An external
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Figure 2. Central feature of the Adoration of the Cross from the 16th century with the mouth of the Double-Heart Corridor (B/E); at the
lower left is the painting of the son and moon with the black cross. Photo P. Jenč.

The oldest horizon is associated with inscriptions (including
the year) dated to the 16th and early 17th centuries. This
includes the oldest name in the cave, “Sam(uel) Baksor”,
which is dated by the inscription “1571”. An interesting
inscription is the red “HSZ 1615” made using minium,
which can be found in practically all parts of the cave and
has survived in 11 locations. In our view, another feature
associated with the period of increased interest in the cave
from the Late Middle Ages to the Thirty Years’ War are the

inconspicuous cuts made here and there by tools
(chisel/pick), which document the expansion of impassable
corridors at a time long before the cave was made accessible
to the public. In most cases, they are covered by fossil
moonmilk. It is quite likely that this horizon of cave
visitations is associated with at least some of the graphic
symbols made using charcoal or red clay (diamonds, lines,
human faces, crossed “sabers” and more). Based on the
distribution of features, the most frequently visited area
would seem to have been the section from the entrance to
the scene of the Adoration and from there the crevice
passage of Double-Heart Corridor. By comparison, there
are almost no features in the largest area (the Great Dome
[D]); instead, they are accumulated at its rear margins,
where they seem to point the way to the cave’s end in the
Dome of Hope (C).

7. An attempt at a historical interpretation
Based on the available information, the cave was discovered
either while digging a mineshaft or quarrying limestone.
According to historical sources, gold was mined intensively
in nearby Zlaté Hory at least since the first half of the 15th
century, with a peak after 1467, when the bishopric in
Wroclaw added the mining district to its properties. In 1510,
the Fuggers – an influential merchant family allied with
Wroclaw’s Bishop Johannes V. Thurzo, acquired the Jeseník
(Freiwaldau) estate, where they were successful in mining.

Figure 3. Engraving of globus cruciger, Double-Heart Corridor
(E). Photo P. Jenč.
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Both towns received mining freedom in quick succession –
Zlaté Hory in 1524 and Jeseník in 1529. The region’s
greatest mining boom was in 1550–1560 under Bishop
Balthasar of Promnitz. Starting in the mid-16th century,
high-quality limestone was mined in the region as well
(Zuber 1966, 85–86).

but the inscriptions “GA 1642” and “GATLOF 1645” in the
Main Corridor (A) may be connected with the Swedish
invasion to Moravia during those years (Kolektiv 2009).
The prospecting tradition was no longer relevant after the
Thirty Years’ War; based on inscriptions, the cave was
visited only rarely, and general awareness of its existence
slowly faded. A minor revival of interest took place in the
early 19th century, but a more significant increase in visitors
came only after it was first made publicly accessible after
1883, when most of the walls and ceilings were covered in
thousands of signatures and dates, most commonly graphite
or ink and charcoal.

Figure 4. The oldest feature in the cave, dated with the year
“1519”, Double-Heart Corridor (E). Photo P. Jenč.

The alchemist symbols in the cave are of the sort we know
from precious-metal prospecting sites; combined with the
choice of pigments (minium/red lead, burnt umber,
vermilion) and painting techniques, they point towards
higher social classes of religious or secular power. Bishop
Johannes V. Thurzo (1506–1520) had close ties to mining,
thanks to which he acquired extensive wealth. In 1510, he
published his own mining rules. His brother Stanislaus,
1496–1540 Bishop of Olomouc, also promoted mining
within his bishopric (for instance on the Osoblaha estate),
where the Fuggers were active as well (Baletka 2004,
154–155; Janál 1959, 179–187). In fact, we date the central
image of the Adoration of the Cross, with its symbolic
depictions of secular and spiritual power, as having being
created in the 1530s to 1550s. We thus assume that the
cave’s surroundings were a region of significant mining
activities whose ownership may have been legitimized in
the form of wall paintings that were comprehensible to
anyone, with references to the bishop and the Fuggers. The
paintings also acted as a reminder that, without the owner’s
permission, it was forbidden to mine around the peak of
Špičák Hill – including hidden underground. The Christian
symbolism also fulfilled a generally protective function,
especially in the dangerous underground environment.
Another painting besides the Adoration of the Cross that
supports this theory is the globus cruciger, which – as a
symbol of royal power and in its isolated placement in the
cave – may represent a (to us unknown) royal act related to
the cave. Mining activities involving precious metals were
always subject to royal inspection, although the king could
temporarily pass it on to the nobility. The globus cruciger
in Na Špičáku Cave may thus represent the return of mining
rights back under royal control.

Figure 5. Location of Na Špičáku Cave.
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RESULTS OF STUDYING THE PALEOLITHIC KAPOVA CAVE
(SHULGAN-ТASH) IMAGES
Yu. Lyakhnitsky, A. Yushko, O. Minnikov
Russian Geographical Society, Grivtsova Pereulok, 10, Saint-Petersburg, 190000, Russian Federation

Kapova Cave (Shulgan-Тash) is located in the Southern Urals, Russia. In 1959, A. Ryumin discovered Paleolithic paintings
in it. Current research of a team from VSEGEI and RGS resulted in the discovery and classification of more than 140 new
images. There is an assumption of long process of creating the images and informative value of abstract symbols. A
conclusion was made that in the Southern Urals, a center of ancient human culture rather similar to the Western European
one had existed during the Paleolithic.

1. Introduction
Kapova Cave (Shulgan-Tash; Fig. 1) is located in
Bashkortostan, the Southern Urals, in the “Shulgan-Tash”
reserve. In 1959, A. Ryumin discovered Paleolithic
drawings in it (Ryumin 1960). Later, they were studied by
O. Bader (1965) and V. Scelinskij (Scelinskij, Sirokov
1999). Our team from VSEGEI and RGS has been engaged
in studying and fixation of Kapova Cave paintings for more
than 10 years under a contract with the Ministry of Culture
of Bashkortostan. During this time, more than 140 new
images were discovered. Totally, 195 images are known,
which are very diverse. They can be divided into
zoomorphic (anthropomorphic) realistic drawings, abstract
geometrical symbols and obscure spots – relics of the
images. A very important characteristic of the image is the
colour. Previously it was thought that this is almost
monochromatic red ocher with some variations, but now it
is clear that a variety of dyes from scarlet to brown and
black was specially created.
Based on image morphology, style, colour and location in
the cave, it is possible to develop a classification that will
take into consideration all peculiarities of the images and
allow conclusions about ancient “artists” ideas, epochs of
image creation and the intended purpose. The Kapova Cave
drawings form several groups depending on a set of features
and image location in specific parts of the cave; they show
different stylistic features, reflect different traditions and
concepts of world perception and possibly were created in
different epochs. Image classification is required for the
historic and art review of the “painting.”
The problem of image conservation is very serious. As for
their state, only 14 % of the images can be assessed as
satisfactory, 15 % are of intermediate state, and the majority
(71 %) are in poor condition, i.e. the degree of degradation
is so high that it threatens their total loss.

Figure 1. Plan of the Shulgan-Tash Cave.

details, parts of figures (Big Horse and Rhino). Only the
Red Mammoth is a silhouette figure dyed almost
completely, but the intensity of the dye varies. Drawings of
this type are dominated by mammoths (7); there are woolly
rhinoceros (2) and a bull. The colour of these images is red;
the intensity of the dye is medium and low. Almost all of
them are made in the same style, as if following a certain
canon. Besides, two anthropomorphic images occur in
different compositions. There is only one geometric symbol
in the hall – a large trapezium with twelve edges at the
bottom right corner of the first composition. This is a single
formational group that resembles most of all the West

2. Survey groups of drawings
Red realistic outline drawings in the Drawings Hall of the
first floor (Going Mammoth, Big Horse, etc.) are best
known and best preserved. These zoomorphic drawings are
rather realistic, resemble in their style the Magdalenian
paintings of Western Europe. They are contour; some of
them show zones of contour line widening and shading of
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European Madeleine. According to the classification of
Leroi-Gourhan, the images belong to the transitional group
between the third and the fourth. The painting is dated from
the age of the coal from the O. Bader’s prospecting shaft in
the Drawings Hall (Tatiana Shcherbakova material);
according to VSEGEI laboratory data, their age is
16,000–17,000 years. This is undoubtedly the Upper
Paleolithic.

are rather abundant. Several of such symbols are drawn on
the northern wall of the Symbols Hall. There is an
interesting variety of characters – Y-shaped sticks that
remind an asymmetric “shanghai” (branch fragment with a
spike) accompanied by a number of straight line segments,
small triangles. Two of these symbols are in the Chaos Hall.
Central-type structures consisting of segments of circles,
arcs or spirals with a bright isometric spot in the center are
distinctive. Such symbols are drawn on the northern wall
of the Symbols Hall. There are also straight and slightly
curved lines located, as a rule, in groups, vertically, e.g.,
oblique lines in the Chaos Hall. Three complex structures
that resemble trapezium derivatives with elements of radial
structure that remind cast of a huge hand are described.
They are exemplified by the Radial Structure on the
northern wall of the Symbols Hall.

Drawings of the ground floor with distinct styling elements
accompanied at least by two geometric symbols (trapezia)
can be assigned to the second group of realistic red images
(apparently originally polychrome). Horses from the Chaos
Hall and the Bison from the Symbols Hall are assigned to
this group. There are already no mammoths among the
animals. Drawing stylization is expressed in further
elongation of horses’ neb, contour distortion of the upper
horse silhouette, unnatural sharp bend of the tail,
exaggerated mane luxuriance. Near the animals, there are
characteristic “trapezia” found only in the Kapova Cave.
They widen upward, have internal near-vertical edges and
“earlets” hanging from the upper corners; the right one is
short and left one is long. Sometimes the “earlets” are
bifurcated. The trapezia are geometrically correct, have a
different number of edges and peculiar internal features of
the structure. A new figure appears – one-sided bent
staircase above the Upper Horse. The drawings in the
ancient time were covered with thick sinter calcite crust
owing to which they are well preserved. They were multicolour (from red to black and brown). These compositions
are situated on the ground floor of the cave: at the entrance
to the Symbols Hall and the Chaos Hall. This is the
continuation of the ancient tradition with the observance
and development of its rules. They belong to the fourth
group of Leroi-Gourhan’s classification. The age of the
drawings of this group is probably the most recent stage of
the Paleolithic.

In this group, symbols located in isolated flattened cavity
under the eastern wall of the Chaos Hall are of interest.
These are singular, specific, usually complex, composite
symbols consisting of several elements. The most
representative of them is “Tower” symbol consisting of two
red rectangular structures with short horizontal black lines
in between partly accentuated with red ocher. It is elongated
vertically. There are also such symbols as Complex
Trapezium and Tuning Fork, which are distant derivatives
of traditional trapezia. Such symbols have not been
described elsewhere.
Images of the ground floor are usually poorly preserved.
This may be due to the loss of a methodology or
unfavourable conditions, large water inflow, impact of
condensate. Perhaps they were created during interglacial
periods or in postglacial time, when hydrological and
meteorological conditions in the cave deteriorated. In
general, the group mainly consists of abstract symbols; they
were created based on an entirely new concept, although
some rare details came from old symbols of previous
groups. For example, double earlets of some complex
symbols. Apparently, this group of images was created
already in post-Paleolithic time.

The third group of drawings in the Symbols and Dome halls
is characterized by small, scarce zoomorphic stylized and
formalized “simplified” drawings of abundant abstract
symbols. Instead of the traditional trapezia, various new
symbols appear: U-shaped, radial, circular, various
derivatives of trapezia, etc. In this case, there is no distinct
relation between zoomorphic drawings and symbols.
Probably they were drawn at different times on the same
site. They are characterized by poor preservation, the lack
of details, static figures of animals. New Mammoth and Red
Horse are among typical zoomorphic images of this group.
The image of a mountain goat from the Dome Hall probably
also belongs to this group. This group includes numerous
and variable images of the northern wall in the Symbols
Hall and small spot symbols – indicators. In addition to the
trapezia, there are also triangles. The best expressed Double
Triangle is situated on the northern wall of the Symbols
Hall. Another variety of symbols is a trident. These figures
are derivatives of trapezia. They differ in the fact that they
contain only one internal edge, side faces are parallel and
the top face is almost invisible. The typical Trident is
situated in the northeastern corner of the Symbols Hall.
There are symbols, derivatives of a trapezium, with internal,
sometimes complicated structure, usually parallel side faces
and double short earlets. They can be exemplified by the
Complex Trapezium in the Chaos Hall. U-shaped structures

Next, very complicated and heterogeneous type of images
is spots that usually look like unstructured irregular-shaped
images. These are relics of very poorly preserved drawings,
dye stains of destroyed images, and sometimes, perhaps,
natural formations. Interpretation of the spots is a challenge.
Computer image processing techniques allow in some cases
the identification of the primary structure of the drawings
or symbols, but often such an interpretation is ambiguous.
In this case, the suggested interpretation is probabilistic, and
the conclusion of the authenticity of the received version of
the image depends on the skills and qualification of the
operator. The spots are common in the halls of the ground
floor of the cave.
The fourth group is “points”. In fact, they are small spots.
These small images consist of “points – indicators”, small
symbols, fragments of image relics, and natural mineral
formations. Despite their small size, they sometimes show
a distinctive geometric structure, small tails and other
features. Their identification is even more difficult than that
of the spots. A typical indicator is Acoustic Point in the
Crossway Hall or triangular Secret Symbol in the Chaos
Hall.
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Most of the Kapova Cave images are red and painted with
ocher. But the ocher differed in composition. This was
specially prepared red dye of different tints, which consisted
of iron hydroxide, natural red (and other) clay ocher made
of weathering crust and various mineral admixtures. The
ocher composition was specific in different regions
depending on the availability of natural components. There
is a small brown ironstone occurrence not far from the
Kapova Cave. In the immediate vicinity of the drawings in
the Split of the Chaos Hall, there are nests of limonite,
goethite and other varieties of brown ironstone. The choice
of primary mineral components was very wide. Sampling
of brown ironstone microadmixtures and ocher samples
showed their high similarity and rather diverse composition
of both. We managed to find an ancient “palette” – a plate
with the ocher prepared by an ancient artist. We studied its
composition. It turned out that the basis of the dye consisted
of burnt brown ironstone and clay ocher. We carried out an
experiment on the preparation of the dye. In order to get
cherry-red hematite from the brown ironstone, it is
necessary to anneal it intensively in the fire. The resulting
hematite grains were grinded with clay and then mineral
admixtures were added to this mixture to obtain necessary
colour tint. Then, in order to give the adhesion properties
to this mixture, the resultant powder was rubbed up with
“animal glue” – a mixture of fat, blood and lymph. The
resultant mixture could be brought to the consistency of oil
and then rubbed into the rock.

exemplified by Black Mammoth, Black Fox, and Black
Horse. According to Leroi-Gourhan, this is the first or the
second group. It can be assumed with very great care that
the age of these paintings may be close to the Middle
Paleolithic.
It seems that the Kapova Cave drawings considerably differ
from the West European samples, and the very concept of
drawing pictures from the Kapova Cave and many paintings
and symbols are quite specific and have the right to be
considered original within the overall global cultural
Paleolithic field.
The first composition on the eastern wall of the Drawings
Hall is a solemn procession of animals, representing the
totem of some groups of people. All of them are disposed
regularly, compositionally bound together. All but one
animal are on the hall perimeter from the right to the left.
Lone Going Mammoth ahead, other animals in a large V
formation move at some distance behind. One has the
impression of a solemn procession. This is an esoteric
painting drawn on a certain canon.
The second composition on the western wall of the hall is
noted for the absence of solemnity and conventionality. It
is more likely a sketch of an everyday scene, subordinate
to the compositional unity, using the same stylistic devices.
The wall is sufficiently large to accommodate many figures,
however only 4 animals are drawn.

Images (usually symbols) differing in tint from the typical
“scarlet” colour are repeatedly found the cave. Darker,
tinged with violet, dark red colour residing in some images
is distinctive visually. An example is a bright line on the
right side of Hash symbol on the eastern wall of the Dome
Hall. One of the initial components for this paint was purple
clay, which is found in the cave vicinity.

3. Conclusions
If we compare these compositions with the masterpieces
from Western Europe caves, for the first time it seems that
they are much more primitive, but thoughtful profound
reading of the paintings shows that they are just different
in conception. The difference between the Western drawn
up in detail, multi-figured masterpieces of art and
compositions from the Kapova Cave is about the same as
between the splendor of Catholic churches decoration and
imagery of Russian icons. Artist of the Kapova Cave sought
not to reflect the external beauty of animals, but to create
their images, to convey the inner solemnity of meeting
people with the world of their totems, with higher forces in
which they believed. This is sort of Paleolithic altar, not an
art gallery. Hence the observation of certain canons,
conditionality in paintings.

Monochrome drawings and symbols prevail in the cave;
however there are many shades of scarlet with different
saturation. Perhaps, they acquired such appearance under
the influence of negative hypergenesis factors, which have
destroyed the dye for thousands of years. The only
composition that relatively quickly after its creation was
preserved by thick calcite crusts (Horses from the Chaos
Hall) was almost polychrome after opening. It is
characterized by bright red and dark red lines of the main
outline, red with brownish tint zones of acute neb, crest, and
tail of horses, thin, black-brown lines of the external outline,
pink, light red interior zones of paintings. Kapova Cave
paintings were originally polychrome or had a richer palette
than now, and that makes them more similar to the West
European analogs. The question on the authenticity of black
images is fundamental. Archaeologists have not considered
black figures as a subject of study, but for one symbol of
the ground floor. However, the presence of several black
images requires a solution. Using of coal for black images
is most probable, but perhaps this is pyrolusite (MnO2),
which is found in the cave in the form of crusts and films
of cavern filling.

This classification is, in fact, genetic; of course, it is based
on the general regularities and has a hypothetic character.
Nevertheless, the actual material enables such grouping,
beyond the timeframe. Perhaps the difference in the pictures
character is to some extent due to the functional specifics
of various areas of the cave sanctuary; however this is less
likely for the Kapova Cave.
Thus, images from the Kapova Cave are quite diverse
morphologically. This is one of its features, and it confronts
future researchers with complex and difficult questions on
understanding the collected material, which of course does
not fit into the concept of “art” and represents a complex
system of cultic, conventional symbols, abstract and
perhaps information signs. Morphologically homogeneous
trapezia always found next to pictures of totem animals are
some “identifiers” providing additional information about

The fifth group of images is distinguished conditionally, as
paintings authenticity has not yet been proved. These are
black archaic drawings with primitivism features, present
only in the Paintings Hall on the first floor. They can be
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them. As they have a different number of internal edges, it
is logical to assume, as a hypothesis, that these are a kind
of numerical symbols characterizing a group of people
worshipping these animals – totems.
Variety of symbols in the Kapova Cave is much greater than
in the West. This can be explained by the fact that it
apparently remained the largest regional sanctuary for a
long time, and drawings and symbols of different traditions,
at least of two epochs were telescoped in it. Thus, the
described properties and features of the Kapova Cave
images provide strong evidence of the originality of this
interesting monument, which proves the existence in the
Southern Urals during the Paleolithic of an independent
source of the original ancient culture that has evolved for a
long time, probably even after the end of the Paleolithic.

Figure 2–6. Zoomorphic (anthropomorphic) realistic drawings,
abstract geometrical symbols and obscure spots – relics of the
images. (Shulgan-Tash) Kapova Cave.
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THE CAVE ŽEDNA PEĆINA (THIRSTY CAVE), SERBIA
Mladen Milošević1, Robert Mišić1, Maja Slijepčević2
1
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The SEC Rock & Ice has been doing new speleological research of the karst massif of Lazar’s Canyon and the Zlot river
basins for 12 years now. During this period 245 speleological objects have been located and Lazar’s Cave, whose length
of mapped channels was 1,720 m, today is the longest cave of Serbia with 10,870 m of mapped channels. On the day of
May 2nd 2012, a team: Milan Stojadinović, Mladen Milošević, Dejan Mirosavljević located the cave which not only offers
a key to understanding of the huge cave system but also is significant because of the paleontological finding of an ibex
(Capra ibex). It has been estimated that the ibex fossil remains are between 780,000 and 120,000 years old and that they
belong to the middle Pleistocene period. According to the estimate made by the paleontologists of the Natural History
Museum in Belgrade, this discovery is of greatest importance for Serbia as well as for Europe.

1. Introduction

3. Results

Fossil remains of Capra ibex has been found in Zlot cave
complex, near Bor town in eastern Serbia. This discovery
is very important, estimated by paleontologist of Museum
of Natural History in Belgrade. Remains of ungulates in
caves are present but often rare, but they are in very good
conditions because of specials terms in caves. They may be
introduced by carnivores as their pray and after-wards the
bones were scavenged by carnivores. It is assumed that
remains of Capra ibex in Zlot cave complex maybe
introduced by river, since the cave in which they found
remains, are the oldest found abyss of the main river. It has
been estimated that the ibex fossil remains are between
780,000 and 120,000 years old and that they belong to the
middle Pleistocene period. Basis on preliminary results this
is the oldest fossil remains of Capra ibex in the Balkan
penisula and maybe in Europe.

Left parts of the skull were found with preserved impressive
horn size. After excavated of remains we will have some
results like precisely size of the scull, age of remains etc.

4. Conclusion
Also, fossil remains of Capra ibex were found in Austria
and Eastern Alpine caves, and in Slovenia, but it is
considered that fossil remains of Capra ibex from Serbia
are much older, because this species extinct from this area.
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2. Method
Precise identification and age estimate will be made after
excavated of remains using uran-234/thorium-230 method,
which use when the age range of the sample comes out
carbon-14 (more than 40,000 years).
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ARCHAEOLOGY AND THE WINTER SOLSTICE IN THE CAVES
OF THE BOHEMIAN KARST, CZECH REPUBLIC
Vladimír Peša
Vlastivědné muzeum a galerie v České Lípě, nám. Osvobození 297, CZ-470 34 Česká Lípa, Czech Republic,
pesa@muzeumcl.cz
After the Moravian Karst, the Bohemian Karst is the most important region of speleo-archaeological interest in the Czech
Republic. The region’s caves are primarily smaller in size, but around 80 known sites with archaeological finds document
interest in them throughout prehistory. During the agricultural prehistoric era, use of the caves peaked in the Middle to
Later Neolithic and the Late Bronze to Early Iron Age. When contemplating their function, the most clearly visible aspects
tend to be those related to cult activities. During the Bronze Age, vertical caves and dark caves were used as well. In the
Neolithic, abundant finds are often concentrated in caves that for various reasons were not suitable for regular habitation.
The example of Nová Cave shows a possible connection between the cave’s unusual Neolithic find context and lighting
impressions inside the dark cave during sunrise around the winter solstice, which allows us to assume the possibility of
cult rituals associated with this important date in the surrounding caves with an entrance oriented to the southeast.

1. Introduction
The roughly 130 km2 Bohemian Karst is the largest karst
region in Bohemia and the only karst region with a
demonstrated incidence of prehistoric cave localities in
Bohemia. It consists of islands of Silurian and Devonian
limestone, separated from one another by non-karst rock,
fault lines or valleys at an elevation of 200–499 meters
above sea level. The region’s cave systems tend to be
smaller in size (as compared, for instance, to the largest
karst region in the Czech Republic, the Moravian Karst),
which is caused in part by the region’s lack of water – and
this despite the fact that the its axis between Prague and
Beroun is made up of the Berounka River. The climate of
the Bohemian Karst is moderately warm to warm, with mild
winters, an average annual temperature of 8–9 °C, and
average annual rainfall of 530 mm.

2. Summary of the caves’ use
There are around 80 speleo-archaeological cave localities
registered in the Bohemian Karst from practically all
periods of the prehistoric and historic eras. The high level
of interest in caves is related to the region’s location within
the ancient settlement area of the Bohemian Basin, which
has been continuously settled since at least the early
Neolithic. The distribution of caves with evidence of human
presence significantly corresponds to the natural
concentration of karst phenomena resulting from geological
developments, and is concentrated in three more or less
separate regions: a central region delineated by the
municipalities of Karlštejn, Tetín, Srbsko and Svatý Jan pod
Skalou; the southeastern region of Koněprusy; and a
northeastern region on the outskirts of Prague. The main
archaeological interest in the caves of the Bohemian Karst
was in the 1920s to 1940s, when many of today’s known
localities were explored, for the most part comprehensively.
Other individual explorations followed in the 1950s (F.
Prošek) and the 1980s and ’90s (V. Matoušek). The findings
of these explorations have been published (Fridrich and
Sklenář 1976, Sklenář and Matoušek 1994, Svoboda et al
2004).

Figure 1. Location of the Bohemian Karst and sites of caves from
the Bronze Age/Hallstatt Period.

The caves of the Bohemian Karst were already known to
the populations of the Middle Palaeolithic, but more
localities are not recorded until during the Upper
Palaeolithic. Human skeletal remains and artefacts in the
tourist complex of the Koněprusy Caves are dated around
30000 BP. Several smaller caves (e.g., Děravá Cave with a
ibex carved on a shale tablet) were settled during the
Magdalenian period, and a larger open settlement was
located on the promontory near the village Hostim.
Occasional finds document a human presence in caves in
the Late Palaeolithic and Mesolithic as well (Fridrich and
Sklenář 1976, Vencl 1995, Svoboda 2000). By the Early
Mesolithic, the highest peak in the Bohemian Karst, Bacín
(499 m), was probably a shrine, as documented by the
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3. Caves during the Neolithic (5100 – 4300 BC)

lowest horizon of human remains in vertical fissure I
(Matoušek 2001). A significant increase in archaeological
cave finds is associated with the Middle and Late Neolithic
(see section 3). During the Aeneolithic, interest in caves
apparently fluctuated depending on the various
archaeological cultures (e.g., Koda and Tří Volů caves, and
the Bacín II fissure). Sporadic interest in caves continued
in the Early and Middle Bronze Age (Sklenář and Matoušek
1994, Matoušek 2001).

There are Neolithic finds from around 30 caves in the
Bohemian Karst. In terms of inhabitability, only the largest
of these (Koda, Nad Kačákem, Sloupová) offer room for
2–3 nuclear families – i.e. hardly enough for the inhabitants
of a Neolithic long house. The other caves could be used at
most by a few individuals – in the case of crevice passages
with a width of up to 2 m only in the most extreme
circumstances, while others are entirely unsuited for
settlement purposes either because of their small size or
their (for instance, vertical) shape (Peša 2011).

A second significant find horizon from the caves of the
Bohemian Karst corresponds with the period from the Late
Bronze Age (Bz D / Ha A, ca. 1200 BC) to the Early Iron
Age (Ha D, ca. 380 BC) – a total of 37 sites. All types of
caves were used: vertical (pit) caves, horizontal clefts, cave
passages, and halls. Less commonly found non-ceramic
finds (in particular bronze rings, bone awls and human
bones) come from vertical caves, horizontal caves with
shafts, narrow clefts, and caverns whose height does not
exceed 160 cm – i.e. not from spacious and bright caves.
According to a pottery analysis, sets consisting primarily of
decorated vessels and graphite-painted ceramic tableware
are associated with caves that have narrow or
overwhelmingly dark interiors (Barrandova, Turské
Maštale/Poslední Síň, Ve Stráni) and are found alongside
other find categories (human bones, zoomorphic vessel,
strainers/incense burners, or items made of bronze, stone
and bone). The relationship between the spectrum of finds
and the choice of caves leads the author to consider the
possibility that these caves held a special status, for instance
associated with ritual activities. This is because a profane
use of these localities can be imagined only under the most
extreme conditions. During this period, the caves were
located in a relatively densely settled area, so they were no
farther than 2 km from the settlements of the time
(Matoušek and Peša 1998, Peša 2006).

Caves were used during the Middle Neolithic (Late Linear
Pottery) and during the Late Neolithic with an overlap into
the Early Aeneolithic (Stroke-ornamented ware culture,
Lengyel horizon), but only in the central area and the NE
Prague area. The finds and find context offer evidence of
cultural strata with numerous preserved and scattered
fireplaces and occasional preserved structures (Na Průchodě
Cave). The dominant finds are fragments of vessels, but
there are also larger pieces or even some vessels preserved
in their entirety (Malá and Hlohová caves). It is highly
probable that these last two caves involved the final
placement of vessels in connection with cult activities.
Generally associated with sacral purposes are the finds of
dislocated human bones in the Late Neolithic cultural layers
in Galerie and Nová Caves and, in Prague, possibly in
Prokopská Cave as well. The significance of the
extraordinary archaeological context in the rear portion of
Nová Cave is further enhanced by an astronomical
observation of the unusual conditions at sunrise around the
winter solstice, which offers the possibility that this cave
(and possibly, though with a less spectacular effect, the
neighbouring Patrová and Úzká caves as well, and perhaps
even Galerie Cave) was associated with cult rituals marking
the start of the astronomical year (Peša 2011).

In terms of archaeology, during the Late Iron Age (the
Celtic era), the time of the Roman empire, the Migration
Period, and the Early Middle Ages caves appear only as
isolated localities or finds (Sklenář and Matoušek 1994).
The onset of the Middle Ages (and the general spread of
Christianity) probably led to a transformation of the
importance of caves. Exceptional places with a prehistoric
tradition and a spirit of a place (genius loci) were
Christianised (Svatý Jan pod Skalou, Tetín, Prokopská
Cave), while the most common use for other caves was as
shelters or refuges – later mostly during wars. An important
locality in this regard are the tourist-accessible Koněprusy
Caves, whose public tour route includes a money-forging
workshop from the 1460s to 1470s. During the 16th and
early 17th century, the Bohemian Karst (like other regions)
was probably sought out by prospectors, as possibly
indicated by passages dug into the clayey sediments and
roughly dated using archaeological finds (Koněprusy
Caves, Krápníková), as well as by the proximity to Prague,
which under Emperor Rudolf II had become a European
centre of alchemy. This era also saw an increased interest
in speleothems, which the monks mined in the no longer
extant caves near Svatý Jan pod Skalou, then processed, and
sold as medication (Peša 2013).

4. Astronomical phenomenon and archaeology
Nová Cave (municipality Srbsko, Beroun county) and
another 12 archaeologically significant caves are located in
a distinctive rock formation above the Berounka River. The
cave’s entrance, which opens towards the southeast, is
located 45 m above the surface of the river in the upper part
of a side ravine. The entryway narrows into a low
passageway that opens up into a vestibule that today
measures ca. 190 cm in height. From here, two impassable
crawlspaces lead off into the rock massif. In both summer
and winter, the lighting conditions inside the cave can be
called twilit or semi-dark, which reflects the enclosed shape
of the cavern.
On 21 December 1996 (i.e. on the winter solstice), the
author and A. Majer recorded unexpected lighting
conditions in the cave. At 9.30 in the morning, the sun rose
above the opposite slope of the ravine, and the sun’s rays
illuminated the rock above the cave’s entrance. As the sun
rose in the sky, the rays entered the cave and projected a
brilliant orange disk onto the cave’s rear-most part 12 m
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hand crawlspace, and the vestibule yielding among other
things splintered human bones (Sklenář and Matoušek 1994).
Both fireplaces in a space just ca. 1 m high call into doubt
the practical use of fire, not to mention that, at least today,
the cave’s microclimate is static and the crawlspaces do not
act as natural chimneys. The lighting conditions inside the
cave were thus very similar during the Neolithic, and we may
assume that the rising sun shone into the cave in a similar
manner as it does today. The exceptionally impressive
spectacle – in which the reflection of the rising sun is briefly
transformed into a shape resembling a woman’s womb –
makes Nová Cave a holy site that was home to rituals
associated with the winter solstice and perhaps also Mother
Earth. The site’s special status is also confirmed by the
unusual find context, which differs from profane activities.
To date, the author has been unable to find any analogous
phenomenon for a speleo-archaeological locality in the
literature.

5. Conclusion
As much as the caves of the Bohemian Karst with their
overwhelmingly bright interiors enabled occasional profane
usage, more specific evidence relates primarily to cult
activities. However, this claim may be made only for the
Neolithic and Late Bronze to Hallstatt Period, when the
caves were visited more frequently and for which we have
corresponding archaeological findings. For the Neolithic,
the group of caves around Nová Cave in the central
Bohemian Karst offers a possible connection with cult
activities and the winter solstice – i.e. the start of the
agricultural year. It is certainly no coincidence that these
caves with their presumed function as sites of cult activities
are among the localities with the thickest cultural layers,
unusual find contexts, and the largest number of
archaeological finds. Similar contexts are found in other
karst regions in central and southeast Europe during periods
of intense interest in karst caves (Peša 2006, 2011).

Figure 2. Nová Cave – illumination map (isolines in lux) showing
the penetration of sunrays from 9.30 to 10 a.m. (dashed lines) with
diamond-shaped climax (full line).

from the entrance, in front of the low right-hand
passageway; the disk quickly grew in size, climaxing at
9.45 a.m. as a diamond measuring about 40 cm in height.
This final shape was the result of the row of rocky
protuberances in the cave’s entryway, which allowed only
some of the sun’s light to enter. The sunrays reflecting back
from the illuminated location coloured the cave’s twilight
in a dim orange glow. The entire event lasted half an hour,
with the constantly shrinking sun’s disk disappearing
completely at 10 a.m. and the vestibule again falling into a
half-darkness (Peša and Majer 2003). The author observed
the entire event again during later years, and documented it
photographically on December 24, 2000 and January 4,
2001. During the second measurement 13 days later, the
astronomical phenomenon was the same, except that the
changing angle of the sun’s rays gradually deformed the
diamond shape. Although it was not possible to precisely
define the phenomenon’s period of existence, it is probably
observable at most for a period of 2–3 weeks before and
after the solstice, but the shape is purely vertical only for a
period of several days around December 21, 2000.
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Figure 3. Srbsko – Rock face with caves, seen from the south. All
photos V. Peša.

Figure 4. Srbsko – Rock face with Úzká and Patrová Caves; Nová
Cave is outside of the picture on the right.

Figure 5. Srbsko – Nová Cave, entrance.

Figure 6. Nová Cave. Sunrays entering the cave.

Figure 7. Nová Cave. Sunrays being projected onto the cave wall
around the winter solstice (4 January 2001).

Figure 8. Nová Cave. Sunrays being projected onto the cave wall
near the right-hand crawlspace (24 December 2000).
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The environment of Neanderthals was distinctly changed during the Late Pleistocene in the whole area of their occurrence
because of severe climatic changes. Differences found in the composition of fossil assemblages reflect that in the terrestrial
envitronment. Based on the definition of the taxonomical diversity of extinct organisms, the palaeoenvironmental
reconstruction, and the exact age determination of the fossil record, a definition of individual events is possible from the
evolutionary-phylogenetic and the climatic-environmental viewpoints. The fossil record also represents an evidence of
multiple immigrations, including also migration of Neanderthal hunting groups. The most important Neanderthal sites in
Slovakia with the large quantity of fossil remains are as follows: Bojnice, Čertová pec, Gánovce, and Bešeňová.

1. Introduction

mainly on the definition of the taxonomical diversity and
the palaeoenvironmental conditions in the territory of
Slovakia during the Neanderthal period.

The Neanderthal Man (Homo neanderthalensis) is an object
of the intensive worldwide research since the time of his
discovery in 1856 in the Neanderthal Valley near
Düsseldorf. This extinct human kind, occupying Europe and
Near East almost over 200,000 years, left proofs enough of
his presence, such as skeleton remains, stone tools, or game
remains in caves or in open-air settlements. At present, the
research of Neanderthals is focused not only on the study
of their population history, living requirements, technology
and social organization, but mainly on their phylogenetic
position from the palaeogenetic viewpoint as well as on
their environment, including also the study of their adaptive
ability on climatic changes at the time of their existence
(Koenigswald et al. 2006). From this viewpoint, the
palaeontological remains of organisms from the
Neanderthal sites have the greatest information value
because many of them responded very sensitively to
environmental changes and form an important source of
proxy-data about palaeoenvironmental conditions
(Wiśniewski et al. 2009).

Figure 1. Location of Slovak Neanderthal sites under study.

2. Studied sites
The Neanderthal settlement from the Bojnice area
(48o46’ N 18o34’ E) near Prievidza is well documented
mainly in two locations – the Prepoštská Cave (Bojnice I)
and the Hradná priekopa (Bojnice III). The Prepoštská
Cave, representing an abri with 8 metres long cave space
within the travertine heap, is known since 1926 (Medvecký
1927). The researches of Prošek (1952) and Bárta (1966)
here demonstrated one of the most important Neanderthal
settlements in Slovakia with Early Mousterian culture. The
last dating by 14C method places this settlement to the period
before 40000 BP, corresponding with Moravian Micoquian
sites of Kůlna (layer 7a) and Šípka (Kaminská and Neruda
2010). The location Hradná priekopa has been identified in
1964 close to entrance gate of the Bojnice castle. The
subsequent research in 1966 to 1969 shows the presence of
11 cultural layers with Taubachian stone tools, disrupted
fireplaces, animal bones and gastropods from the end of the
Eemian to the beginning of the Weichselian (Bárta 1972).
In spite of the discovery of large quantity of fossil remains
of malacofauna (Prošek and Ložek 1951) as well as of

The presence of Neanderthal Man in the territory of
Slovakia is documented minimally at 31 sites from the
Middle Palaeolithic Period (Kaminská 2005). Except for 2
sites with finds of Neanderthal anatomical remains
(Gánovce and Šaľa), the rest of sites is mainly known by a
record of stone industry connected with the Neanderthal
population (Taubachian, Mousterian, and Micoquian). Only
exceptionally, some sites represent a more continual
settlement with the large palaeontological, or
archaeozoological record respectively. The best-known sites
are as follows: Bojnice, Čertova pec, Bešeňová, HôrkaOndrej, and Gánovce (Fig. 1). Apart from Hôrka-Ondrej
(Kaminská (ed.) 2000), the fossil remains from the sites are
only partly interpreted (Čertova pec, Gánovce) or they were
so far not totally evaluated (Bojnice, Bešeňová). Fill “this
niche”, a new scientific project started in 2012, focused
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(Vaškovský and Ložek 1972), the substantial part of faunal
record from the site (except of fossil remains of lions; Sabol
2011) is not evaluated yet.

vertebrates (Hokr 1951, Prošek 1952, Fejfar ex Bárta 1972),
indicating an organized hunting of relatively small
Neanderthal group (Bárta 1972), the whole fossil record has
so far been not studied in details from the taxonomical,
taphonomical, palaeoecological, and biostratigraphical
viewpoints.

3. Preliminary results

The Čertova pec site is situated in the Považský Inovec
Mts. near Radošina village (48°33’ N 17°54’ E). It is 27
metres long cave with two opens. The first excavation at
the site has been realized by L. Zotz in 1937, later by F.
Prošek in 1950 (Hokr 1951, Musil 1996). During the last
research of the cave in 1958–1961, headed by J. Bárta, three
Palaeolithic layers with stone industry of Gravettian,
Szeletian, and Mousterian have been found. A find of
fireplace within the layer 4 with Szeletian stone tools
yielded a datum 38320 ±2480 BP (Bárta, unpubl.
manuscript), whereas 14C dating of found cave hyena
remains yielded the age older than 50000 BP (Nagel, pers.
comm.). Although Musil (1996) partly evaluated a fossil
record from the cave, a part of found fossils from the time
of Bárta’s research, recently housed at the Department of
Geology and Palaeontology, Faculty of Natural Sciences,
Comenius University in Bratislava, was so far not studied
yet.

3.1. Bojnice I – Prepoštská Cave
So far (October 2012), the detailed morphometric analysis
of vertebrate fossils (more than 350 remains) from the site
(Bárta’s pit III) shows relatively large animal diversity. The
whole up to the moment studied assemblage consists of
frogs (Anura indet.), birds (cf. Anas querquedula, cf. Falco
sp., Aves indet.), hares (Lepus sp.), rodents (Arvicola
terrestris, Microtus cf. agrestis-arvalis, Rodentia indet.),
canids (Canis lupus, Vulpes sp., V. cf. lagopus), ursids
(Ursus sp., U. ex gr. spelaeus), mustelids (cf. Martes sp.),
cave hyena (Crocuta crocuta spelaea), cave lion (Panthera
spelaea), woolly rhino (Coelodonta antiquitatis), horse
(Equus cf. germanicus), cervids (Rangifer tarandus,
Cervidae indet.), bovids (Bos primigenius – Bison priscus,
Bovidae indet.), and woolly mammoth (Mammuthus
primigenius) (Figs. 2 and 3).

The best known and the the most important of mentioned
Neanderthal sites in Slovakia is the travertine mound of
Gánovce-Hrádok (49°01’ N 20°19’ E) with the sedimentary
record from the Saalian termination up to the Holocene.
A scientific research at the site was realized since 1880s, but
the complex systematic research was realized only during
1955–1960, conditioned by the famous record of
Neanderthal braincase in 1926. The research results have
been published in the final report (Vlček et al. 1958) and
within a monograph (Vlček 1969). The basic analysis of
palaeontological findings of mammals was realized by
Fejfar (in Vlček et al. 1958), who divided them into 6–7
groups, providing together with fossil molluscs (V. Ložek)
and plants (V. Kneblová) a basic picture on both the climate
and the palaeoenvironment in the vicinity of Gánovce during
the formation of the travertine mound. Apart from remains
of mammals, birds (Petrbok 1937, 1939), and reptiles
(Štěpánek 1934), the most important record at the site is
represented by fossils of Neanderthal Man. The age of the
place, where Neanderthal fossils have been found, was
determined as 105000 BP (Jäger 1989). Recently, the datum
is, however, called into question (Rabeder, pers. comm.).
Also, the whole palaeontological record from the site, unlike
the palaeoanthropological (Vlček 1969) and archaeological
one (Bánesz 1990), was so far also not evaluated in details,
including so far not studied fossils housed in the
Podtatranské Museum in Poprad (Bekessová 2007,
Bekessová and Mlynárčiková 2009).

Figure 2. Fossils of mammals from the Prepoštská Cave. 1–4:
Equus ferus cf. germanicus (1 – P3 sin., 2 – P4 sin., 3 – M1 sin.,4
– M2 sin.), 5–7: Coelodonta antiquitatis (5 – P2 sin., 6 – M1
dext.,7 – M3 dext.), 8: Bovidae indet., m2 sin., 9–10: Rangifer
tarandus (9 – P2 sin., 10 – calcaneus dext.), 11: Mammuthus
primigenius (molar fragment).

Travertine heaps near Bešeňová (49°06’ N 19°26’ E) are
next promising site, where no archaeological and also no
systematic palaeontological research was realized up to
now, although J. Kovanda found a flint artefact in the
location of “Skalie” in 1960 (Kaminská 2005). Also,
remains of the Pleistocene fauna from the location of
“Báňa” are known since the period of travertine exploitation
before the Second World War. In spite of reference to
gastropod fauna and isolated finds of small mammals

Based the taxonomical determination and the sedimentary
record, found taxa represents an assemblages that lived
probably in open Late Pleistocene environment with the
presence of a water area or source (a travertine lake – hot
travertine spring[-s]) in the near vicinity.
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are also known from the sedimenetary fillings of the
travertine fissures. The rest of the found mammalian
remains belongs to caballoid horses (Equus sp.), cervids
(Cervus elaphus, Megaloceros giganteus, Cervidae indet.),
and bovids (Bos primigenius and/or Bison priscus, Bovidae
indet.).
So far, the exact age of Bešeňova fossil assemblage(-s) is
unknown. Although the mid-Pleistocene (Holsteinian?) age
of the Bešeňova-Báňa travertine is assumed (Gradziński et
al. 2008), vertebrate fossil record found in the “rusty karst
loam” from travertine fissures is younger. Its preliminary
analysis indicates a possible existence of minimally two
temporal different faunal assemblages – the former one
probably from the Last Interglacial period and the latter one
from the Last Glacial period (maybe from an Interstadial?).
The thanatocoenosis of the lower red loam corresponds to
a warm humid climate, which was a little colder than at
present. Fossils of Clethrionomys and Apodemus (Fejfar in
Vaškovský and Ložek 1972) indicate a development of
mixed forest. From this viewpoint as well as on the basis
of found flint artefact, the Bešeňová is assumed to be
a potential (Middle) Palaeolithic site with the presence of
ancient (Neanderthal) man. It could be supported also by a
record of partly polished cervid antler with possible cutting
marks(?) (Fig. 4).

Figure 3. Fossils of mammals from the Prepoštská Cave.
1: Panthera spelaea, m1 sin., 2–3: Crocuta c. spelaea (2 – p4 sin.,
3 – C sin.), 4: Canis lupus, ulna sin., 5–6: Vulpes sp. (5 – C dext.,
6 – Mt III sin.), 7: Lepus sp., humerus dext., 8: Arvicola terrestris,
mandible dext., 9: Aves sp. I, tarsometatarsus dext., 10: Aves sp.
II, tarsometatarsus dext. Scale A (1–6), scale B (7–10).

From the viewpoint of the quantification of studied
mammalian fossils, remains of carnivores (42 %) and
perissodactyls (26 %) dominate, althought the largest
quantity of fossils (228 bone remains) is undeterminabled
(Mammalia indet.) because of their fragmentation. Many of
these fragments, however, display marks of biotic agents,
such as hyena (bitting, gnawing, and chewing marks) or
ancient man (cutting marks and fragmentation due to
marrow). Some bone fragments were also attacked by fire
with the temperature moving in the range from 300 °C to
550 °C (based on the colour of bone fragments).

Figure 4. Detailed view on the cervid antler part with possible
cutting marks produced by an ancient man(?).

3.3. Čertova pec and Gánovce
As abovementioned, the fossil record from the both sites
have been previously evaluated either only in the form of
basic palaeontological analysis (Fejfar in Vlček et al. 1958)
or only as a part of the whole collection (Musil 1996).

The preliminary results allow to characterize the site mainly
as a hyena den that was occasionally used by small groups
of Neanderthals during their migrations, probably in a
warmer period (interstadial) of the Last Glacial.

From this viewpoint, a repeated complex evaluation of the
fossil record from both these sites is required, using modern
taxonomic, taphonomic, isotopic, and dating methods. It
will be opened in 2013. On the other hand, a new field
research of the Čertova pec Cave could yield more exact
data on the faunal composition, environment, and climate
in the time of existence of the last Neanderthal communities
in the Central Europe.

3.2. Bešeňova travertine quarry
Fossil record from fissures of the Bešeňova travertine
quarry consists mainly of remains of large mammals that
have been found during the exploitation in 1920s and
1930s. The largest portion of fossils comes from rhinos
(Rhinocerotidae indet., probably Coelodonta antiquitatis)
(36 %), showing also gnawing marks at some bones.
Originator of these taphonomic characters could be hyenas
(absent in the fossil record) or a lion-like felid (Panthera
sp. – Panthera cf. leo), although fossils of ursid (Ursus sp.)

4. Conclusions
The state of the art of Neanderthal palaeoenvironment
during the Late Pleistocene in the territory of Slovakia is
more or less limited only on basic data from archaeological
researches, realized mainly in 1950s to 1970s. Based on
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new scientific approaches and achieved knowledge in
connection with data from other scientific fields as well as
research methods (taphonomy, forensic (palaeoanthropology, isotopic analyses, and radiometric dating),
the solution of some unanswered questions will be
important (e. g. What did species live in Slovak territory at
the time of the presence of Neanderthals? Which of them
did form a forage and material basement of Neanderthals?
What was a relationship between Neanderthals and large
predators (such as lions, bears, or hyenas; see also
Rosendhal and Darga 2004)? How did single phases of the
Late Pleistocene in the Slovak Carpathians differ from the
viewpoint of climate, palaeotemperature, or composition of
faunal assemblages? What were migration paths of fauna
and ancient people? etc.). From this viewpoint, the main
objectives of the new project are focused on (1) the
specification of the Late Pleistocene biodiversity at selected
sites, (2) the determination of biotic and abiotic taphonomic
agents at selected sites, (3) the reconstruction of climaticenvironmental conditions at the Slovak territory during the
Late Pleistocene, (4) the specification of the stratigraphical
position of Neanderthal sites selected in the Slovak
Carpathians, and (5) the definition of geophysical
characteristics of the sedimentary environment and its
changes caused by human activity. It can also stimulate a
new interdisciplinary field research of prospective
localities, such as Čertova pec or Bešeňová.
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The distribution of human occupation in Brazil is not a new subject. Neither is the fact that in the country, remains of past
occupation are very common in carbonate karst areas. For this reason, during the field studies for the geomorphological
mapping of a future natural reserve, remains of prehistoric occupation where found. The region of the Córrego do Cavalo
farm, which is mainly drained by the Barreado creek, is located at the west portion of the Speleological Karst Region of
Arcos-Pains-Doresópolis and is famous for its archaeological potential. The municipality, known for increasing mining
activites, urges for the identification of such sites in order to preserve them as much as possible. In this work, the authors
identified a total of 51 caves in the research area and 7 of them contain significant archaeological remains. Considering
the archaeological remains identified in the study area, and their spatial distribution, one can infer that the region was
occupied by prehistoric communities due to the fact that these traces are distributed along the 2,913 km2 of the study area.
These traces should be treated as important documents that should lead to the understanding of the ecological and cultural
relations of these prehistoric group and/or goups.

1. Introduction

the natural sciences. This is due to the fact that this type of
analysis must always start with the reconstruction of past
landscapes, seeing how they were and how they worked
before being modified by human groups. Thus, the
environmental historian must relate the development of
various civilizations with some concepts of the natural
sciences such as ecology, geology, geomorphology,
pedology and climatology, for example. The authors of this
paper also think that Kasrtology and Speleolgy can play an
important role in this analysis.

The idea of an Environmental History began to emerge in
the 1970s, succeeding the first global conference on
environment, and also the growing environmental
movements in various countries. Its main goal was to
deepen the understanding of how humans were, over time,
affected by their natural environment and, conversely, how
they can affect the environment. In very simple terms the
Environmental History deals with the role and place of
nature in human life (Worster 1991).

Understanding the dynamics of ecosystems also requires an
understanding of how social and ecological factors interact,
and how these interactions are continuously modified (Fraga
and Oliveira 2011). As Prof. Yuan Daoxian, a renowed
kasrtologist from China would say, comprehending karst
dynamics is also very important to better understand the
complexities of human use of karst.

Therefore, according to Oliveira (2007) in order to
understand the processes that promote landscape
transformation, Environmental History rest on two pillars
which constitute the landscape: culture and territory.
Canedo (2009) afirms that one can understand culture
through three fundamental concepts. First, on a wider sense,
where all individuals are producers of culture being nothing
more than a set of meanings and values of human groups.
Second, as the intellectual and artistic activities with a focus
on production, distribution and consumption of goods and
services that makes up the system of the cultural industry.
And the third concept states that culture can be perceived
as a tool for political and social development.

Worster (2011) says that scientists tell us that a natural
ecosystem has a role, so everything influences the
functioning of the whole. Inversely, all things are affected
by being in an ecosystem. In this line of thought appears
the term “techno-environment” (or the application of
technology to the environment) as the core of any culture.
This is the most important influence on how people live
with each other and think their world.

The term territory has important associations with the term
power, since territories are formed primarily from relations
of power. Territoriality remains associated with the relations
of power and presents itself as an attempt to establish a
territory (not always concrete) through well-defined borders
(Lisboa 2007).

According to Oliveira (2007), the changes that occur in this
process concern the landscape transformation. Within this
interdisciplinary vision, the integrated study of
Environmental History can bring valuable benefits to
understanding of landscapes transformation, particularly on
very current issues such as global climate change,
biodiversity losses and landscape fragmentation.

For Worster (1991), besides the above described,
Environmental History must also consider the concepts of
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The Cavalo creek, which delimits the cities of Piumhí and
Pimenta, flows to the Patos Creek in the study area. The
most representative watercourse in the study area is the
Barreado creek which has much of its flow in the
underground. For this reason are frequent many sequences
of sinks and resurgences, “carved” in calcarenite lenses. The
gradual lowering of the local base level provides today,
access to these conduits that are actually a series of caves
arranged in the path of this watercourse. Localy they are
known as the Barreado System. Therefore, resurgences and
sinks are the most significant features of exokarst, occurring
abundantly in the region (Campelo and Pizarro 2004).

Therefore, over time, the succession of these uses leave
marks, spatializes itself and overlaps as paleoterritories – a
concept proposed here as a part of the process of succession
and defined as the spatial distribution of the ecosystems
used by past populations in search of their conditions of
existence. Hence, the paleoterritory is an anthropogenic
variable of abiotic and biotic processes that influence the
development of forests regeneration, for exemple. In this
case, traditional cultures play a decisive role (Oliveira
2007).
Similar to the concept of paleoterritory one can suggest the
term palimpsest (concept used to describe a papyrus in
which the original text was scraped to make way for a new
one) to characterize the constant search of geomorphology,
karstologyu and speleology for “scars”, “tracks” or
“secrets” hidden in the landscape.

A system of karst lakes or ponds is also connected to the
Barreado Creek. These are located in solution dolines.
Collapse dolines can also be seen in the study area, and its
upper edges are between altimetric elevations that rage from
700 to 720 m.

The historic features of the landscape constitute a
significant factor in its evolution, which reflect how human
relationships influence their occupation (Fraga and Oliveira
2011), the same way that the control of the landscape is
made by interactions of terrestrial geosystems (Press et al.
2006).

The region of the Barreado creek basin is located in the
western portion of the Speleological Karst Region of ArcosPains-Doresópolis (SKRAPD), placed in the Block of Patos
creek (Bloco do ribeirão dos Patos) as the main
geomorphological compartiment of this province.
The most important karst features of the Barreado creek are
the large massive limestone outcrops (heavily oriented in
NW–SE direction), plus a set of caves with conduits
structured along axial planes in hinge zones of asymmetric
folds with preferential direction to NE.

For all these reasons, this paper is intended to demonstrate
that a not well known prehistoric group and/or goups used
a specific karst region in the south portion of Minas Gerais
State, Brazil.

In this system, 51 caves were found and explored, with
slopes greater than 10 m and horizontal developments up
to 1,000 m. These numbers are important considering the
average size of caves in the SKRAPD.

2. Study area
The study area, (aprox. 2,913 km2) is located at the Córrego
do Cavalo Farm, between the municipalities of Doresópolis,
Pains, Pimenta and Piumhí (Fig. 1), cities at the west
portion of Minas Gerais State (IBGE 2010).

The high hydraulic gradient in place has a significant
importance to local speleogenesis, with the predominance
of ancient caves interconnected due to the drop of
groundwater level. Caves like the Loca dos Pescadores,
Loca da Mureta and the Gruta dos Óculos are examples of
caves related to the current water level.

With a tropical climate subjected to dry winters, the average
annual temperature registered is 20.7 ºC. July is considered
to be the coldest month with an average temperature of
16.3 ºC, and January the warmest one with an average of
23.3 ºC. The local annual average rainfall is arround
1,344 mm (Meganesse et al. 2011).

It is also noteworthy in the region, the vast potential of
archaeological findings. According to Timo et al. (2012),
7 caves out of the 51 found had prehistoric archaeological
remains characterized by lithic hatchet remains, pottery and
pottery shards.

The vegetation cover in the study area is transitional, with
fragments of Atlantic Rain Forest and Cerrado, knonw as
the Brazilian Savannah. The main typology observed
associated with limestone is the Seasonal Decidous Forest
(Barbosa 1961).

3. Prehistoric occupation at the Córrego of
Cavalo Farm

The vegetation displayed on the study are is also called “Dry
Forest”, mainly associated with the karst relief, composed
by typical features such as dolines, ponors, outcrops, and
karren (Fig. 2), for example (Timo et al. 2012).

According to Toledo and Molina (2007), cited by Fraga and
Oliveira (2011) the environment in which human societies
produce (or reproduce) the material conditions for their
existence are to be considered as a kind of social
metabolism. These authors proposed the study of social
metabolism based on five processes: 1) appropriation,
2) transformation, 3) distribution, 4) consummation and,
5) excretion.

Regarding the study area hydrography, the Córrego do
Cavalo Farm is located in the portion of the Upper São
Francisco river portion. The surface drainage area is
controlled by the Patos Creek, a tributary of the São
Francisco river.
The Patos creek has its flow from south to north, with its
source near the city of Pimenta. It flows reaching the São
Francisco river near the city of Iguatama. The main
tributaries of the left bank of Patos Creek are the Cavalo
Creek and the Barreado Creek.

From the perspective of the landscape, one can consider that
archeology is dedicated to the study of human societies, by
the remaining set of materials. In other words, the material
culture, its arrangement, and especially, its location in the
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landscape in which established historical and environmental
relations (Orejas, 1998).

human activity such as its artifacts and remains of its
manufacturing, housing structures, urban centers,
manifestations of art, food waste, and the modified
environment, among others.

Accordding Orejas (2008), the material culture is
understood as the group of physical evidence resulting from

Figure 1. Topographic map of the research area: Córrego of Cavalo Farm, karst region of Arcos, Pains and Doresópolis, Minas Gerais,
Brazil.
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These traces should be treated as documents, vectors of
information that leads to the understanding of the ecological
and cultural relations of prehistoric peoples. In this
perspective, all structures or material remais, as well as its
articulation with the natural and modified environment, or
the landscape itself, are potentially significant for the
reconstitution of cultural processes from the past.
Regarding the suty area, one can say that the richness of the
archaeological remains identified in it is enormous. Its
natural caves function as true “time capsules” (Prous,
1992), which preserves these remains allowing the
establishment of occupation sequences of prehistoric groups
who inhabited the region

Figure 3. Archaelogical remains at the Loca dos Pescadores. The
GPS serves as a scale with 15 cm near pottery fragments (Photo:
Mariana Timo).

The number of identified archaeological remains in the
region suggests that it was occupied by a prehistoric group
(or groups). According to the proposal of social metabolism,
this community has used the region and its available
resources in order to survive in the karst.
The availability of water resources in the area is an
important factor for the establishment of this particular
group (or groups). The entire area is drained by perennial
and seasonal streams which probably was the same setting
in the past.
In the site one can also found raw material for the
production of pottery bowls that were used in ceremonial
burials, as well as for storing food and water.
Furthermore, most of the caves have large euphotic zones
where light are present during the all day. This characteristic
would be very important for human occupation in cave
entrances since in Brazil it is not commom to find remais
of deep cave usage by prehistoric peoples. Nevertheless it
is noteworthy the existence o cave art in dark zone in the
caverna das mãos, in the state of Pará, Brazilian Amazon.
This occurrence was registered by Travassos, Rodrigues
and Motta (2012).

Figure 4. Surgency at the Barreado creek, near to the Loca dos
Pescadores (Photo: Mariana Timo).

Finally, for the group or groups of the Córrego do Cavalo
Farm, caves provided also a privileged view of the region.
This strategic position in the territory could facilitate some
kind of control in this area.
Currently, the vegetation of the area is very modified,
mainly by human activities such as deforestation for the
expansion of grazing areas for cattle. “Dry Forests” only
can be observerd on carbonate outcrops, possibly spared (a
priori) by its position in the rocky escarpments and over its
tops, inappropriate and incompatible with livestock activity.

Figure 5. Archaelogical remains at the Gruta da Lamparina. The
scale has 7 cm and is near a broken bowl (Photo: Mariana Timo).

Figure 6. Archaelogical remains at the Gruta da Lamparina. The
scale has 7 cm (Photo: Mariana Timo).

Figure 2. General aspect of the karst area. Flooded doline with
limestone outcrop in the back (Photo: Marco Tulio Magalhães).
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The remains were found during the studies for the
development of a geomorphological map of the area and,
therefore, one can say that it is necessary further and in
depth studies performed by professional and academic
archaeologists in order to better understand these
evidences.
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ANATOLIAN CAVES IN STRABO’S GEOGRAPHICA
Ali Yamaç
OBRUK Cave Research Group; Acikhava Apt. 16/7, Nisantasi, Istanbul, Turkey info@obruk.org

Only a small part of the written works of Ancient Greece, Rome and Byzantium which could reach today is about geography.
The works of Pliny, Pausanias and Strabo are the most important ones among them. In the works of these authors, some
caves that they happened to see or hear are mentioned. Yet, these sources need to be approached carefully because many
superstitious, myth and hearsays are available in such ancient geography books as in various other books written in ancient
history. Among all these books, the most comprehensive work about the Anatolian geography is the “Geographica” written
during 7–18 AD by Strabo who was born in Turkey, ancient Amaseia. This is a general book of geography consisted of 17
books; and its 12nd, 13th and 14th volumes are completely about Anatolia. Strabo, in these three books, mentions 7 caves that
he sees or hears. Today, some of the 7 caves which is mentioned in Strabo’s book is still unknown but, some others are
among the most important ones of Turkey. Those 7 caves mentioned in “Geographica”, written by Strabo, will be analysed
in this poster presentation and the transformation of them within 2,000 years will be shared.

1. Introduction

hundreds years ago in terms of speleology will open new
horizons to us for the future.

Some of the written works beginning from Ancient Greece
and Rome to Byzantium and Middle Ages which could
reach today is about geography, and these books give us
invaluable information about the nature of that region. In a
way, we can regard them as the priceless sources of nature
history written hundreds of years ago provided that we
search them carefully. We say “on condition that we search
carefully” because many superstitious, myth and hearsays
are available in such geography books as in various other
books written in ancient history.

2. Anatolian Caves in Strabo’s ”Geographica”
Strabo mentioned 7 different caves in his three books about
Anatolia. Interestingly, though he had travelled most
regions of Anatolia, he had mentioned only 7 caves and 6
of them are on the south of Maeander River, the area with
nearly no limestone and the 7. Cave is on the Mediterranean
shore.

There are a few different books telling Anatolian geography.
On the other hand, Geographica by Strabo is one of the
primary resources and the one which lays the largest place
to Anatolian geography. This is a general book of earth
geography consisted of 17 books; and its 12nd, 13th and 14th
volumes are completely about Anatolia. Although there are
some pieces of papyrus available dated to 100–300 AD,
most of the the manuscripts, which are about 30 today, are
all the copies from Middle Ages.

The caves of Anatolia from Strabo’s “Geographica” are:
Book 12. Chapter 8. Section 16. “Above the city lies Mt.
Cadmus, whence the Lycus flows, as does also another river
of the same name as the mountain. But the Lycus flows
under ground for the most part, and then, after emerging to
the surface, unites with the other rivers, thus indicating that
the country is full of holes and subject to earthquakes”.
The abovementioned Mt. Cadmus is Mount Honaz, in the
South east of Denizli. Lycus River, namely Çürüksu today,
on the other hand, flows from the west and unites with
Menderes River near Sarayköy in the west. Yet, this river
flows in the narrow canyons in the most parts; even in a
small canyon in front of the Colossae ruins near Honaz
town, which gives its name to the mountain. However, as
far as we know, it has no underground course. We say “as
far as we know” because there is no underground course in
the Honaz part of the river but the parts before arriving
Honaz Town of the river have not been researched in detail.

Strabo was born to an affluent family from Amaseia in
Pontus (modern Amasya of Turkey) at 64 BC. His life was
characterized by extensive travels. He journeyed to Egypt
and as far south as Ethiopia in addition to his travels in Asia
Minor and time spent in Rome. Travels throughout the
Mediterranean and Near East, especially for scholarly
purposes, was popular during this era and was facilitated
by the relative peace enjoyed throughout the reign of
Augustus (27 BC – AD 14). Strabo moved to Rome in
44 BC, and stayed there, studying and writing, until at least
31 BC. It’s been known that around 25 BC, he sailed up the
Nile, reaching Philae.

Book 13. Chapter 4. Section 14. “…while the Plutonium,
below a small brow of the mountainous country that lies
above it, is an opening of only moderate size, large enough
to admit a man, but it reaches a considerable depth, and it
is enclosed by a quadrilateral handrail, about half a
plethrum in circumference, and this space is full of a vapour
so misty and dense that one can scarcely see the ground.
Now to those who approach the handrail anywhere round
the enclosure the air is harmless, since the outside is free
from that vapor in calm weather, for the vapor then stays
inside the enclosure, but any animal that passes inside
meets instant death”.

It is not known precisely when Strabo’s Geographica was
written, though comments within the work itself place the
finished version within the reign of Emperor Tiberius. Some
authorities place its first drafts around 7 AD, others around
18 AD.
In addition to Strabo, in the works of Pliny, Pausanias and
some other classical authors, there are various information
about Anatolian caves. Analysing all those ancient resources
and travel books of the people wandering around that land
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Hades with his boat in the underground river Styx,
mentioned in Greek Mythology.
Book 14. Chapter 1. Section 44. “On the road between the
Tralleis and Nysa is a village of the Nysaeans, not far from
the city Acharaca, where is the Plutonium, with a costly
sacred precinct and a shrine of Pluto and Core, and also
the Charonium, a cave that lies above the sacred precinct,
by nature wonderful; for they say that those who are
diseased and give heed to the cures prescribed by these
gods resort thither and live in the village near the cave
among experienced priests, who on their behalf sleep in the
cave and through dreams prescribe the cures.”
The place of Acharaca is not precisely known. In the
excavations carried years ago in Salavatlı Village near
Aydın, Sultanhisar, the sacred precinct, Pluto and Core
shrines were also discovered. Yet, other Charonium which
he mentioned to be just on the upper part of the mentioned
temple is unavailable. George Bean, in his work “Turkey
Beyond Maeander”, talks about a sulfureous river called
Sarısu in a deep and steep valley in the west, and states that
the dejective foldings on the rocky slopes of the valley may
be the places used instead of a natural cave. Numerous
dedications to this cave in the ancient resources show the
place as a significant religious point.

Figure 1. Location map of 6 caves of Strabo’s Geographica: 1)
Mount Honaz, 2) Pamukkale, 3) Bafa Lake, 4) Avsar Village, 5)
Salavatlı Village, 6) Karahayıt Village.

The cave that Strabo is mentioning is namely Hierapolis
Plutonium today which is in Denizli/Pamukkale, and in the
South of Hierapolis Theatre. Later on, Apollon Temple was
built on the structure. According to the report of Italian
School of Archaeology, Apollon was joining Kybele who
is the most important goddess of the region before Helen.
The cave, closed with the collapse of the temple, was
excavated and found again in 1964. Today, after the
restoration, it can be seen almost as Strabo mentioned. On
the entrance of the cave, there is a marble niche dated to
Roman period. In spite of the fact that the poisionous vapor
that Strabo mentioned now has become fairly less compared
to the past, the entrance was still closed with a handrail.

Book 14. Chapter 1. Section 45. “Thirty stadia from Nysa,
after one crosses over Mt. Tmolus and the mountain called
Mesogis, towards the region to the south of the Mesogis,
there is a place called Leimon, whither the Nysaeans and
all the people about go to celebrate their festivals. And not
far from Leimon is an entrance into the earth sacred to the
same gods, which is said to extend down as far as
Acharaca.”
What is surprising is that no cave could be found in this area
despite the detailed description whereas the place of
Leimon is – even if roughly – known. The city is estimated
to be in the South of Aydın, Sultanhisar, near Karahayıt
Village today. What is more, the land is smooth aluvial soil
which is not available for the formation of any caves.

Book 14. Chapter 1. Section 8. “This mountain lies above
Heracleia, and at a high elevation. At a slight distance away
from it, after one has crossed a little river near Latmus,
there is to be seen the sepulchre of Endymion, in a cave.”
Today, we definitely know the cave which we suppose that
Strabo mentioned. There is a mansion which is remoured
to be Endymion’s on a point near lake, under the ruins of
Temple of Athena in Kapıkırı Village on the shore of Bafa
Lake. On the other side, it is quite surprising that Strabo did
not mention several important caves which were discovered
by Anneliese Peschlow in the area and only mentioned one
cave that he thought to be the sepulchre of Endymion
within.
Book 14. Chapter 1. Section 11. “Thence, within four
stadia, one comes to a village, the Carian Thymbria, near
which is Aornum, a sacred cave, which is called
Charonium, since it emits deadly vapours.”

Figure 2. Hell and Heaven caves (after Aygen T 1984).

Book 14. Chapter 5. Section 5. “…and to Crambusa, an
island, and to Corycus, a promontory, above which, at a
distance of twenty stadia, is the Corycian cave, in which the
best crocus grows. It is a great circular hollow, with a rocky
brow situated all round it that is everywhere quite high.
Going down into it, one comes to a floor that is uneven and
mostly rocky, but full of trees of the shrub kind, both the

Unfortunately, we do not know the exact location of this
antique town. However, in the light of the data from the
other narrations of Strabo, we can say that this settlement
is between Avsar Village and Söke, near Büyük Menderes
River. In Anatolia, there are many different caves called
“Charonium” dedicated to Charon who carries the deads to
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doline, Hell Cave, which has nearly the same depth as the
Heaven Cave and only 50 metres far from this doline, but
however he had mentioned “Picrum Hydor”, namely Dilek
Cave today, which is nearly two kilometers far from these
two dolins.

evergreen and those that are cultivated. And among these
trees are dispersed also the plots of ground which produce
the crocus. There is also a cave here, with a great spring,
which sends forth a river of pure and transparent water; the
river forthwith empties beneath the earth, and then, alter
running invisible underground, issues forth into the sea. It
is called Picrum Hydor.”
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EXPLORATION, PROTECTION AND MANAGEMENT OF KARST CAVES:
GOOD AND BAD PRACTICES
Jean-Pierre Bartholeyns
UIS Karst and Cave Protection Department – Patrijzenstraat 16, 3078 Everberg, Belgium
UIS Adjunct Secretary
Commission Wallonne d’Etude et de Protection des Sites Souterrain, Belgium, jp.bartholeyns@gmail.com

Power Point presentation (75 diapositives with 85 photographs) illustrating good and bad practices in protection of cave
exploration and discovery management.

1. Introduction

bivouacs, leaving behind of waste and pollution which they
generate, and looting and sale of concretions.

All natural areas deserve protection; the karst ecosystem
and the caves in particular, because of their sensitivity and
fragility, need more.

The problem of the closings and the doors caves should not
be looked at as such because they are there for a reason and
are not there to annoy cavers.

The caves with their sparkling and thousand-year-old
landscapes and the karstic underground environment in
general, can for various reasons be rapidly and irreparably
devastated.

Advices, tricks, easy ways and alternatives are often
suggested to avoid, heal or overcome the problems
encountered during the explorations.
Take care, because to foresee is better than to repair; this
takes much time and a lot of patience.

The thoughtless exploration of recently discovered cavities
or the wild but not managed visits of superbly sintered
networks in a considered way can be one of the causes. It
will form the gist of this lecture.

This is not a reason to feel guilty, depressed.
Despite all these negative aspects, caving remains a
wonderful experience and the ultimate integration of nature,
adventure, sport and science.

This is astonishing because “discoverers” and “plunderers”
are nevertheless all cavers!

3. Conclusion
Without cavers, there would be no caves! Their discoverers
are their best protectors.
Cavers, they who discover the jewels of the underground
world, must remain the attentive protectors of this fragile
and irreplaceable collective inheritance. As such, they must
always be regarded as essential and impossible to
circumvent partners in the management and the protection
of the karstic environment.

Figure 1. Drawing realized by Franquin for the Commission de
Protecction des Sites Spéléologiques (Belgium).

Generations of young cavers are now educated continuously
for caves and karst are respected. Together now trying to
remove the stigma left over the years by their predecessors
unconscious.

2. Pictorial demonstration

Copyright and acknowledgements

No wishful thinking, but specific and realistic proposals.
No nonsense, all reports and all suggestions are illustrated
by photographs that are sometimes astonishing or
comical.

Paul De Bie of the Spéléo Club Avalon – Belgium, initiator
of this reflexion.
To the cavers all over the world who replied to my search
for pictures.

No long speeches, the pictures even speak for themselves;
the sad truth of the “before and after” photographs.

To the Commission Wallonne d’Étude et de Protection des
Sites Souterrains. To Karen Sobol for her immeasurable
linguistic support.

The topics and subjects taken on in the 85 pictures deal with
graffiti, staining and breaking of concretions following the
cavers passing through, wanton destruction, carbide,
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Figure 2. Sensitization poster at Figure 3. High-Tech cleaning.
the Postojna cave entrance Grotte du Père Noël (BE)
(SLO).
Photo: Paul De Bie.
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In recent decades humanity has experienced various changes in its relations with the environment. Since the 70s, several
environmental movements have emerged around the world, highlighting the importance of preserving natural resources.
In this context, more recently, the terms “geodiversity,” “geoconservation” and “geotourism” have been adopted to help
conserve the geological heritage of our planet. Thus, the creation of Conservation Units, such as parks and natural
monuments such as the Monumento Natural Estadual Gruta Rei do Mato (Natural State Monument Rei do Mato Cave)
have emerged as an attempt to preserve an important karst area. Its regional context appears as a landscape with caves and
limestone outcrops that host traces of South American prehistoric man. This paper aims to propose the creation of geological
and educational trails in this monument, in order to help increase karstological knowledge. Field missions have been
carried out, and four geosites identified and proposed, each with its specific points of geomorphological interest. Such
points of interest have been linked in each geosite to form trails of different difficulty degrees for access and natural
heritage interpretation. Finally, the idea is the proposal of a type of “field school” to help teachers and students better
understand karst and cave dynamics.

1. Introduction

Located in the northern portion of the metropolitan region
of Belo Horizonte, capital city of the State of Minas Gerais,
the MNGRM remains susceptible to uncontrolled human
activities that can be detrimental for the natural environment.
The present mining activities in the vicinity of the highway
BR-040 and the urban occupation of Sete Lagoas city can
endanger the preservation of the Natural Monument.

Throughout the second half of the 20th century and the first
decade of this century, concern about environmental issues
has been raised, with natural resources being more valued.
Several movements promoted by civil society, members of
universities and political authorities throughout the world
have, thus, encouraged and fought for environmental
preservation, sometimes at the expense of economic
development and sometimes combined with the idea of
sustainable development.

It is believed that the work would help planners better use
the area by promoting environmental awareness among the
people visiting the site. Such awareness should not only
make visitors care about the Monument, but also about
other similar karst areas. In addition, visitors will be able
to spread ideas and strengthen the case for conservation by
causing authorities to increase supervision and enforce
environmental legislation.

In the fields of geography and geology, studies about
environmental issues have recently proposed the terms
geodiversity, geotourism and geoconservation (see Brilha
2005; Gray 2004; Hose 1995, 1996, 1997, 2000; Sharples
1993, 1995, 2002). These terms have been “created” to
demonstrate the importance of various physical aspects of
the environment, the need to preserve them, and also, the
desire to spread information about their importance.

2. Study Area
The Natural State Monument Rei do Mato Cave is located
in Sete Lagoas, Minas Gerais (Fig. 1). Bordered by two
main roads, the conservation unit is about 60 km from the
state capital, Belo Horizonte.

In this context, this study aims to propose geological and
educational trails with the use of interpretive resources for
different target audiences at one Brazilian Conservation Unit
(UC) called Monumento Natural Estadual Gruta Rei do Mato
(MNGRM) or, in English, the Natural State Monument of Rei
do Mato Cave. Such trails would provide what are referred to
in this work as a “field school” that will help teachers and
students better understand karst and cave dynamics.

The region’s climate is tropical semi-humid with rainy
summers and dry winters. Average high temperatures of
29.2 °C can be registered with the minimum annual average
being 22.1 °C. The annual rainfall ranges from 1,200 to
1,500 mm (CPRM 2010).

Consequently, it has been necessary to undertake research,
to identify geosites and places of geomorphological interest,
in order to identify areas likely to become trails which could
link different sites and also enhance the knowledge of
tourists or students on geological, geomorphological,
archaeological and cultural aspects of each identified place.

The hydrographic network of the region is part of the São
Francisco river and Paraopeba river sub-basins. Being
located over limestone rocks, the site presents sinks and
underground systems which support groundwater storage
and movement.
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The city of Sete Lagoas, as well as the Natural State
Monument, is located in the geological macrostructure
called São Francisco craton, a geotectonic province
corresponding to the western part of the Congo/São
Francisco craton, which occupies the center of Western
Gondwana and was originally split into two by the opening
of the South Atlantic (Almeida 1977). One can find
carbonate rocks of the Bambuí Group, Sete Lagoas
Formation, there. Also lateritic and alluvial deposits can be
seen (CPRM 2010).

The predominant vegetation in the area is “dry forest,”
otherwise known as Deciduous Seasonal Forests, associated
with large areas covered by carbonate rocks. The Cerrado
vegetation or “Brazilian Savannah” can also be found in the
northern part of the Monument in the areas covered by the
Serra de Santa Helena Formation.
The touristic structure of the State Monument is composed
of an auditorium with capacity for 120 persons, exhibition
areas, a small cafeteria, office and administrative area,
restrooms, locker rooms and an exclusive parking area for
approximately 200 vehicles. The Rei do Mato cave, the
main attraction, is a show cave currently lighted by LED
technology.

The Monument is near the convergence of two geological
units of the Bambui Group: the Serra de Santa Helena
Formation (northern portion) and the Sete Lagoas
Formation (the southern portion). The first is marked by the
presence of mudstones and siltstones. The second has
limestone rocks, medium gray to dark gray in color and rich
in organic matter (CPRM 2010). The terrain is characterized
by typical karst features with ponors, sinks, dolines, blind
valleys, karren and caves.

The area of the monument is noted as an important
archaeological and paleontological site on the register of
rock paintings and ceramic artifacts. Prehistoric burial can
also be located in the vicinity (MINAS 1984 apud Soares
2007).

Figure 1. Location map of Minas Gerais, Sete Lagoas, and the Natural State Monument of Gruta Rei do Mato.

3. Methods

also reviewed papers regarding different techniques to be
used in making pedagogical and/or geological trails and
how to promote the physiographic characteristics of the
study area.

The methodological procedures adopted to achieve the
proposed objectives can be best understood by splitting them
into three stages: the first refers to the period prior to the
completion of field missions; the second refers to field
missions; and the third corresponds to the post-field missions.

Satellite images were used and provided by Google Earth
(free version). A mosaic of 1:5,000 images was made, in
order to better orientate the field missions.

3.1. Pre-field Missions

3.2. Field Missions

During this step the authors conducted a bibliographical
review to better explore the concepts and principles of
geodiversity, geotourism and geoconservation. The authors

The authors considered the field missions as the most
important and crucial stage of the research. Four field
missions took place, and the researchers used GPS (Garmin
210

Protection and Management of Karst, Education – oral

2013 ICS Proceedings

eTrex Vista HCx), the mosaic of GoogleEarth images of the
study area (scale of 1:5,000), digital cameras, helmets,
lights and field notebooks.

Table 1. Geosites, Trails and Points of Geomorphological Interest.
Source: Research data.
GEOSITE

The first mission was exploratory and intended to identify
main places of geomorphological interest, and also points
of archaeological, cultural and historical significance. These
points were registered, photographed and marked in the
GPS. The routes tracked by the GPS were also saved. The
other field missions aimed to identify other possible routes
for the trails and were also saved for future analysis. The
expected time for each probable trail was also recorded.

Rei do Mato
Cave/Gruta do
Rei do Mato

Limestone
Towers/Clover
cave/Torres
Calcárias e
Gruta do Trevo

3.3. Post-field Missions
In this step, the first action was to organize a database with
the information collected in the field including the name,
geographic location, elevation, description, time spent and
photographic records of each trail and point identified.

Stonebreaker
Massif/Maciço
do Britador

The identified paths and the points stored in GPS were
introduced in the software in TrackMaker 7.13, which
allowed the conversion from *.gtm extension to *.shp to be
used in ArcGIS 10 licensed for academic use at PUC Minas
University.

Climbing
Massif/Maciço
das Escaladas

After calculating the length of each trail, maps were
produced. According to the time spent, length, and difficulty
of each trail, the authors decided to differentiate the level
of access and complexity of the interpretative resources to
be developed.

POINTS OF
GEOMORPHOLOGICAL
INTEREST
Grutinha – small cave
Gruta Rei do
Gruta Rei do Mato – Rei do
Mato Trail
Mato cave
Torre Cárstica I – Karst
tower I
Torre Cárstica II – Karst
Gruta do Trevo tower II
Trail
Torre Cárstica III – Karst
tower III
Gruta do Trevo – Clover
Cave
Maciço explorado por
mineração – massif
exploited by mining activity
TRAIL
NAME

Stonebreaker
Trail/Climbing
Trail

Dolinas de Abatimento –
Collapse dolines
Processo de dissolução do
calcário – Solution process
of limestone
Sumidouro, área de recarga
do Carste – Ponors
Expressões Culturais: Bob
Marley e Nossa Senhora –
Cultural expressions: Bob
Marley and Our Lady
Abrigo da Macumba –
Macumba shelter

To elaborate the interpretative resources of the identified
sites, various proposals were made to be printed as signs
(2 m × 1.2 m). In these prototypes various types of
information regarding coordinates, location map with
satellite image, altitude, geological and geomorphological
information are recorded. Due to their size and numbers,
these have not been included here, although one example
is shown in Fig. 2.

Figure 2. Example of one of the panels explaining the process of
doline formation. Source: Research data.

4. Results and Discussions
Based on the conducted field missions, the authors have
proposed different trails with different places of
geomorphological interest (Table 1). Geosites have been

Figure 3. Proposed trails and points of geomorphological interest.
Source: Research data.
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the authors to propose a panel containing information about
the attractions of this trail: The Grutinha (small cave),
which is an important archaeological site, and the Gruta Rei
do Mato, a karst cave with rare types of speleothems
(Fig. 4 and Fig. 5). This trail crosses the geosite named
Gruta Rei do Mato.

proposed for all four trails (Fig. 3). Three trails of different
difficulty levels of access and educational interpretation
have been identified (Rei do Mato Cave, Limestone
Towers/Clover cave, Stonebreaker Massif and, Climbing
Massif). Twelve places of geomorphological interest have
been selected and seven interpretation panels were
developed as prototypes.

The trail is paved with stones and, according to data
obtained by GPS, has an approximate length of 291 meters.
The cave can be reached leaving the tourist installations of
the Natural Monument, passing by the Grutinha (small
cave) after 248 m, at which point the panel relevant to this
trail should be installed. The altitude along the path varies
from 858 to 885 meters and the average time spent by the
tourists is 50 minutes, including a visit to the Rei do Mato
cave. The return is made by taking the same path.

4.1. Gruta Rei do Mato Trail
The Rei do Mato cave trail is the only one that already
exists and is in regular operation. However, the route of this
trail is lacking any interpretative resource, which has caused

Due to its short length, structure and the fact that it has the
largest and most famous geomorphological landmark, the
trail is most often visited by people with no knowledge of
Earth Sciences. For this reason, the authors have decided to
develop an interpretative resource that does not require
specific knowledge of karst geomorphology or geology.
This trail can be used by any kind of audience, including
elementary school students. Moreover, the access
conditions favor its classification as “easy level.”
4.2. Gruta do Trevo Trail
This trail is the second proposed by the authors. It leaves
the tourist center and has its end in the Clover Cave (Gruta
do Trevo), near the highway BR-040. Besides the existing
clearings along its route, there is no formal touristic
structure. On the trail, normally used in educational or
promotional events of the Natural Monument, are four
places of geomorphological interest: Torre Cárstica I –
Karst tower I, Gruta do Trevo – Clover Cave (with some
rock paintings – Fig. 6), and two other limestone towers in
the back of the Clover Cave called Torre Cárstica II – Karst
tower II and Torre Cárstica III – Karst tower III.

Figure 4. Entrance of Gruta Rei do Mato – the small poles at the
entrance measure approximately 1m and can be used as scale
reference. (Photo: Felipe Borges.)

Figure 6. Rock Art: representation of a deer in Gruta do Trevo.
(Photo: Felipe Borges.)

The proposed trail is 777 meters in length from the parking
area to the Clover Cave and the second and third karst
towers. The first karst tower is located about 520 meters
away from the parking area and the altitude of the trail
varies from 848 to 865 meters. The average time spent is

Figure 5. “Twin columns” at the end of the tourist path of Gruta
Rei do Mato. (Photo: Luiz Eduardo Panisset Travassos.)
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one hour and a half. As with the first trail, the return takes
the same route back.

meters from the “Collapse dolines” to its end. The altitude
varies from 800 to 835 meters and the average time to
complete its path is approximately two and a half hours.
The distance between each place of geomorphological
interest relative to the starting point of this trail is outlined
in Table 2. Much of the trail occurs in areas very close to
the massif and is covered with dense vegetation.

Due to the longer length of the trail, the absence of touristic
structures and a certain degree of knowledge and
abstraction for the interpretation of how karst towers are
formed, this trail has been classified as intermediate-level.
Those exploring this trail should possess some prior
knowledge of Earth Sciences (high school students and
others interested in the subject). Two features panels have
been developed, one to be located near the first karst tower
and the second near the Gruta do Trevo (Clover Cave).

Table 2. Distance between each place of geomorphological
interest relative to the starting point of this trail. Source: Research
data.
POINTS OF
GEOMORPHOLOGICAL
INTEREST

4.3. Stonebreaker Trail / Climbing Trail
The third trail is considered the longest and most complex.
The hike can be started from the tourist center, but it is
recommended it start in another location, outside the limits
of the Natural Monument.
The trail can be divided into two sections. One starts in an
old disabled limestone quarry (locally known as
“stonebreaker” or “britador”) near the State Highway MG238. The second section, which can also be considered
another trail, is linked to the first one as a single route, due
to complex geological, geomorphological and structural
features.
When starting the Stonebreaker Trail/Climbing Trail, it is
recommended to follow two directions. The first, towards
the west, takes the group to two places of geomorphological
interest: the Maciço explorado por mineração (massif
exploited by mining activity) and the Dolinas de
Abatimento (Collapse dolines) (Fig. 7), located in the
geosite Stonebreaker Massif/Maciço do Britador.

DISTANCE FROM
THE TRAIL
STARTING POINT
(METERS)

Maciço explorado por
mineração – massif exploited
by mining activity

173

Dolinas de Abatimento –
Collapse dolines

390

Processo de dissolução do
calcário – limestone solution
process

1,012

Sumidouro, área de recarga
do Carste – Ponors of karst

1,037

Expressões Culturais: Bob
Marley e Nossa Senhora –
cultural expressions: Bob
Marley and Our Lady

1,019

Abrigo da Macumba –
Macumba shelter

1,422

To better inform visitors about the complex phenomena of
the area, four interpretative panels have been created. The
first one refers to the “Maciço explorado por mineração –
massif exploited by mining activity” and should be installed
in front of this outcrop. It contains information about the
formation of karst massifs, mining activity and its impacts
on karst.
The second panel refers to the point called “Dolinas de
Abatimento – Collapse dolines”, and should be installed in
front of the dolines. For the places of geomorphological
interest called “Processo de dissolução do calcário –
Limestone solution process” and “Sumidouro, área de
recarga do Carste – Ponors of karst” one panel has been
made taking into account the physical constraints found in
the area. A similar factor occurs with the places of
geomorphological interest called “Expressões Culturais:
Bob Marley e Nossa Senhora – Cultural expressions: Bob
Marley and Our Lady” and “Abrigo da Macumba –
Macumba shelter”. Due to space limitations and the
possibility of damaging some places, it was decided to
make a single panel for the two to be installed in the area
in front of “Abrigo da Macumba – Macumba shelter”.
Another factor that encouraged the authors to merge these
two places into a single panel was their cultural aspect:
sacredness.

Figure 7. Collapse boulders inside the collapse doline. It is
believed that the collapses occurred due to quarrying activities.
(Photo: Lucas Zenha.)

After studying this geosite, the group should return to the
beginning and move towards the east, starting the trails at
the Climbing Massif/Maciço das Escaladas geosite. This
path contains four places of geomorphological interest: 1)
Processo de dissolução do calcário – solution process of
limestone, 2) Sumidouro, área de recarga do Carste –
Ponors of karst, 3) Expressões Culturais: Bob Marley e
Nossa Senhora – cultural expressions: Bob Marley and Our
Lady; and 4) Abrigo da Macumba – Macumba shelter.

Although the interpretative resources help the tourist and/or
students understand the importance of each place, given the
level of knowledge required on this trail, it would be
necessary to have an expert on karst to guide the group.

The Stonebreaker Trail/Climbing Trail extends 1,969
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Considering the length, difficult access, high level of
knowledge needed to understand the karst phenomena
developed in such places of geomorphological interest, this
trail has been classified as “high difficulty”. Earth Science
knowledge is needed to better understand the site. It is
recommended for undergraduate and graduate students of
disciplines related to Environmental Sciences and Earth
Sciences, such as geography, geology, biology.
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THE DEVELOPMENT OF SHOW CAVES:
NEW MATERIALS AND METHODS
Arrigo A. Cigna
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The fundemental criteria presently adopted are the protection of the cave environment, the safety of the visitors and a
correct profit from the cave management. Recent years have seen a veritable plethora of innovations and concepts relating
to the best cave management, which are here pointed out. New criteria for the application of new materials and an up-todate methodology for the best development of show caves are reported.

1. Introduction

Excavations, demolition of some formations, construction
of pathways became widespread and the advantage for the
visitors prevailed to the protection of the environment. Only
in the last tens of years the protection of the environment
was taken into due account to make a choice among
different solutions.

The development of a wild cave in order to obtain an easier
way started many ten thousands of years ago when our
ancestors decided to use the caves for their ceremonies.
Obviously at that time the main scope was to obtain a
reliable result with the simplest intervention. Probably some
steps carved into a steep soil are one of the earliest examples
(Fig. 1). If the consequence to the environment was
negligible the step life was acceptable only if their use was
limited to a small number of people.

This paper has the scope to describe the up-to-date solutions
provided by the most advanced technology.

2. The development of a show cave
The fundemental criteria presently adopted are the
protection of the cave environment, the safety of the visitors
and a correct profit from the cave management. All such
criteria must be taken into account otherwise the
development would have very negative effects.
As David Summers (2012) stated, the worst fate that can
befall a cave is for it to be developed as a show cave, then
for it to fail as a business entity, and be closed. The cave
becomes very vulnerable to misuse. Therefore the show
cave nust not be profitable for the short term, but
perpetually.
The view that a show cave is a golden goose laying golden
eggs implies that the goose must be properly fed and
protected. This means that is necessary to having all of the
knowledge and awareness regarding the physical needs of
the cave to ensure that its environment is preserved and
conserved.
Recent years have seen a veritable plethora of innovations
and concepts relating to the best cave management, which
are here pointed out.

3. Materials
3.1. Conventional materials
3.1.1. Surface infrastructures
Buildings, with the ticket office, direction, guides,
souvenirs, etc., were built as close as possible to the cave
entrance. The same criteria were followed for the car and
bus parking, which were asphalted. Often these areas were
close to the cave and, in particular, above the cave itself,
with the consequence of avoiding the rainwater
percolation.

Figure 1. The prehistoric (6000–4000 years b.C.) staircase in the
Grotta dei Cervi di Porto Badisco, Italy (Photo Cigna).

Similar interventions continued for a long time, but only
more recently the interventions on wild caves became more
relevant when the aim was the development of a cave into
a show cave to be visited by a large number of persons.
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3.1.2. Pathways
The first developments of show caves had a minor impact
on the environment because in general the pathways were
obtained by carving some steps into the rock in order to
decrease to a minimum the displacement of material into or
out the cave. Also formations, mainly flowstone, were
excavated to allow an easy transit of visitors.
A further improvement was obtained with concrete
(reinforced when necessary) for steps and floor. This
material has no adverse effects on the cave environment
because from a chemical point of view has the same
composition of limestone. The iron or steel used to reinforce
the cement could sometimes cause breaks when got rusty.
The handrails in stainless steel were also a convenient
solution, particularly when they were also used as pipes to
provide water in different parts of the cave to wash out the
pathways. The higher cost of stainless steel was justified by
a lack of any maintenance also after many years of
operation Cigna et al. 2000).
Sometimes zinc plated iron structures solved the problem
of providing pathways in difficult situations as overcoming
cave passages at a level higher than the lower floor or
negotiating upwards or downwards a pothole or a big hall
(Fig. 2). It must be stressed that zinc is toxic for cave fauna
and therefore it is acceptable only in caves with an
important water flow that assures a good dilution of any
zinc release.

Figure 3. Wooden staircase in Grotta di Trebiciano, Trieste, Italy,
These staircases have been initially installed in 1894 during the
investigation for providing water for Trieste. The platforms (top
in the photo) were installed one century ago in pitchpine treated
with copper sulfate and carbonileo (Photo Maizan/SAS).

3.2. Modern materials
3.2.1. Surface infrastructures
The siting of the above ground facilities must be well
planned by avoiding that these features be built over the
cave itself, or relevant parts of it. In particular any
intervention such as the watertight surface of a parking area
must be avoided. Any change in the rainwater seepage into
a cave as well any change to the land above the cave may
have a negative influence on the cave and the growth of its
formations.
3.2.2. Pathways

Figure 2. Zinc plated iron parhways in the Su Mannau Cave,
Sardinia, Italy (Photo Cigna).

In the last tens years new material were developed with
incredible advantages with respect to the past. In particular
the pathways can be built entirely with plastics. The
material used for the pathways, including the railing and
kickplate, are manufactured by a pultrusion process. It is is
a continuous molding process whereby reinforcing fibres
are saturated with a liquid polymer resin and then carefully
formed and pulled through a heated die to form a part.

Occasionally only, wood was used for bridges and staircases
because of its decay in a wet environment (Fig. 3). Its use
in ice caves was frequently adopted because it is less
slippery and the organic decay is absent in this special
environment. In temperate temperature caves wood
becomes an important food source altering the cave biota.
3.1.3. Lighting

Pultrusion results in straight constant cross section parts of
virtually any shippable length.where continuous fibreglass
roving and mat is covered by resin. The resin used for
handrails is, e.g., isophtalic polyester and the resin used for
other components is vinil ester. Both have a low flame
spread rating of 25 or less. These materials are delivered in
various colours, avoiding, e.g., the brightness of the
stainless steel that is not aesthetically agreeable.

The lighting candles, torches and oil lamp were successfully
substituted by electric lamps in the XXth Century.
Unfortunately the overall luminous efficiency of
incandescent lamps is no higher than 5 % the rest of the
energy being released as heat. This fact implies an
unwanted release of energy to the environment and a higher
cost of the power supply.
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These components have abot one-third the weight of steel
allowing easy installation using standard circular or sabre
saws. Stainless steel bolts connect the different parts. Such
pathways may be easily repaired or modified to adapt to
new layout if necessary.
Since the mechanical properties of this materials are very
close to steel’s properties it is evident the advantage because
also long sections can be easily transported inside a cave,
while the different parts can be easily woked out with
simple instruments.
3.2.3. Lighting
Nowadays very efficient light sources have been developed.
The most useful in caves are the LEDs and the cold cathode
lamps (CCL). Both are characterized by a very long life of
50,000 hours and longer. The LEDs cost from 20 % to
100 % more than CCLs for the same results.

Figure 4. The emergency lights placed along the edge of the
pathway in the Grutas de Bustamante, Mexico (Photo Cigna).

A less expensive solution, which is also more robust, is
obtained with a sumber of stations whose data are
download, e.g., once a month, and the elaboration is carried
out in a computer outside the cave without any harware
connection.

Table 1. Indicative comparison of the overall luminous efficiency
per input power for different lamps (lm/W).
Lamp
Incandescent (IL)
Light emitting diodes (LED)
Light emitting diodes (LED)

lm/W
15
45
67

In addition to the usual parameters (temperature, relative
humidity, etc.) radon became a relevant issue due to the
regulation in some countries requiring a monitoring of its
concentration in air on a yearly basis. The scope is the
evaluation of the yearly average dose to cave guides to be
kept below a given value, otherways this personnel woub
be classified as professionally exposed and implying a
number of constraints for the cave managers (Cigna 2005).

In Table 1 a comparison among the overall luminous
efficiency (as lumen/watt) per input power for incandescent
lamps (ILs), LEDs and CCLs.
The advantage of the new light sources is evident both for
the cost of lighting and the long life of the lamps. But these
new sources have specific qualities of their own. LEDs are
point sources while CCLs are linear. LEDs may be choosen
with different temperature colour, i.e. warm (with a red
component) or cold (more white). CCLs may be produced
with a negligible contribution of their emission spectrum in
the regions (around 430–490 nm and 640–900 nm), which
mostly contribute to the chlorophyllian process. In this way
the proliferation of lampeflora is reduced.

The most suitable detector is the etched track detector
because it is unaffected by humidity, may be kept to record
the average concentration up to one year and their cost is
very low. Other detectors do not comply with such
characteristics and, in general, should be avoided.

4. Methods

The emergency lighting can be obtained at a very low cost
with the “rope light” i.e. a flexible plastic polymer rope with
lights in inside that can be cut at a convenient length and
placed along the pathways (Fig. 4). In particular such
emergency lights can be divided into two sections
distributed alternatively and connected to two different
power lines in order that, in case of a failure of one section,
there will always be another one in operation.

4.1. Conventional methods
4.1.1. Pathways
In the past the layout of the passages was simply obtained
on the spot according a procedure quite similar to that
adopted for the staircase of Fig. 1. Later, the use of concrete
and the escavation into the rock of formations required a
more detailed preparation.

Such a kind of lighting can also supply enough light to the
pathways in normal conditions, and special features only
must have additional light sources.

4.1.2. Lighting
The layout of the lighting network was often left to local
electricians, resulting in a bundle of cables close to the
passages, with the lamp sometimes attached to cave walls
or formations.

3.2.4. Environmental monitoring
In the past a complete network to supply environmental data
to a central computer was considered a best solution data
to a central computer was considered a best solution to be
achieved. But it was experienced that such a network might
be convenient for larger caves only. The main problems
being a relatively high cost (installation and maintenance)
and the danger of damages due to lightning, which may
discharge high tension peaks on the line connecting the
sensors with the main computer.

4.2. Modern methods
4.2.1. Pathways
The design of fibreglass pathways needs a detailed survey
of the strip where the pathway its self will be installed,
because each element can be prepared in advance according
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solutions when something new and more reliable becomes
available.

the design. During the assembly of the pathway the legs
require only small adjustment that can be easily obtained
with sliding feet.

Since technology is evolving so fast, it is often impossible
to suggest or recommend the best solutions because in the
meantime an important improvement has already occurred.

4.2.2. Lighting
The power supply must comply with both the country rules,
which at present are in general rather severe and the
aesthetic requirements. The plastic pathways may host
below the platform and along the legs, pipes with the cables
of the power supply. The cable network may be somewhat
more complex than in the past because in general only the
parts of the cave occupied by visitors should be switched
on. The power supply of the emergency light should be
splitted into at least two independent sections as reported
above.

In addition to the new materials and methods reported
above, any data collection might be of little or no use at all
in the absence of persons who have the capacity to take
advantage of the data themselves. Probably a good
Scientific Committee abreast of the management is the most
important tool to assure a good development of a show
cave. In any case the members of such a committee must
obviously have a deep competence in their specific fields
of interest but also a good knowledge of the cave
environment is instrumental.

4.2.3. Other networks
In case of a complete network to supply environmental data
to a central computer, as well as the telephone, cables run
into other pipes. To improve visitors’ safety, a special
network enabling a guide to talk with the outside office
from any point of the cave would be strongly advisable.

Acknowledgments
The author is grateful to dr. Daniela Pani for the revision of
the English text and to M.Restaino and S. Dambrosi for
providing the vintage picture of the Trebiciano cave.

4.2.4. Visitors carrying capacity
As it is well known, caves may be classified caves into
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Show caves management should meet two basic criteria: the protection of the environment and the profit. The protection
of the cave environment has been the prerogative of many initiatives, which have been reported in many examples. A first
editing of the show cave management guidelines already started at once with the foundation of the International Show
Caves Association (ISCA) in November 1989, and the most updated version is presently headed by the Union International
de Spéléologie (UIS). The purpose of this paper is to propose a methodology for a quantitative assessment of a show cave
management level. The Management Evaluation Index (MEI) calculation procedure based on the definition of indicator
scores is here described. Some application examples referring to show caves from all over the world are reported.

1. Introduction

Caves was organised in Borgio Verezzi, Italy. The UIS
Commission for Show Caves guidelines for the correct
development of show caves was included in the proceedings
(AA., 1982; page 352–353).

Show caves management should comply with at least two
basic principles: the protection of the environment and the
profit. These two principles shall apply simultaneously with
no conflict. In the view of ensuring and improving standards
of financial income, both the best environmental
preservation and the high-quality management represent at
once the main goals of show cave managers. In other words,
a show cave represents the chicken with golden eggs that
needs regular “feeding”.

As a matter of fact, it was the contribution by show caves
all over the world to be instrumental to many scientific
researches, against the widespread belief that a show cave
is a lost cave for science. Such contributions give a great
support to science, although the relatively small amount of
funds available as compared as the whole budget of the cave
management.

Sometimes, however, the immediate profit prevails mainly
due to the shortsighted attitude of undervaluating further
possible dangers for the cave. Around middle of the last
Century, several attempts were made in supplying
management recommendations for preventing cave spoiling
risks, however common. During the 3rd International
Congress of Speleology in Vienna (Austria) in 1961,
Gordon T. Warwick presented a paper on cave protection.
At that time, the main threats to caves were represented by
large engineering workings, as roads, railways, tunnels and
quarries. The regulations of the “Cave Preservation
Society” of Great Britain, founded on September 1953,
were attached to the paper. These rules, still fully applicable,
include two subjects about the outside cave environment,
and 18 focused on the inside.

2. The guidelines evolution
When the International Show Caves Association (ISCA)
was founded in November 1989, the opportunity of
supplying show cave managers with a document listing
what should be done and what should be avoided,
particularly for the protection of the cave environment was
again taken into account.
Meanwhile, a similar initiative was jointly developed by the
International Union for Conservation of Nature and Natural
Resources (IUCN) and the Union Internationale de
Spéléologie (UIS) and presented at the 11th Int. Congress of
Speleology in Beijing, China, in 1993 (Watson and James
1993).

Later, during the 4th International Congress of Speleology
in Postojna in Slovenia, a Symposium on show caves was
organised. Two paper contributions (Gurnee 1971 and
Petrochilos, 1971) included some information on good
management rules for both correct visitor behaviour and
criteria of development of a show cave.

Under the coordination of ISCA, a draft of the Management
Guidelines for Show Caves was submitted to the attention
of stakeholders and presented at the 14th International
Congress of Speleology of Kalamos, Greece in 2005. After
relevant contributions by the members of the Scientific and
Technical Committee of ISCA, the document was then
shared with the Union Internationale de Spéléologie (UIS)
and the International Union for Conservation of Nature and
natural Resources (IUCN-WCPA). This release was
presented at the 15th International Congress of Speleology
of Kerrville, Texas, USA in 2009 (Cigna 2009).

During the same Congress, the opportunity to establish a
Commission for Show Caves was discussed within the
newborn Union Internationale de Spéléologie. During the
following 5th International Congress of Speleology, held in
Stuttgart in 1969, the Commission was indeed established
and became operative during the successive International
Congresses.

Due to several objections and economical reasons, during
the 6th ISCA International Congress of Liptovský Mikuláš,
Slovakia, in October 2010, the General Assembly of ISCA

In the meantime, an International Congress on the
Scientific, Technical and Economical Aspects of Show
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3. Quatitative evaluation

did not formally approve the final release of the document.
Since the prevalence of economic interests on widely
acclaimed scientific principles, adding risks for the cave
environment, is not an acceptable policy, the UIS Karst and
Cave Protection Department took on further Guidelines
updates, by the contribution of its Scientific Committee and
allowing their dissemination within the show caves domain.

As reported above, in terms of cave management, the
environmental sustainability emphasises the interrelated
nature of economic, social and environmental factors, and
the need for an integrated approach that recognises their
interconnection and interdependency. Central to
environmental sustainability is the notion of ecological
thresholds, where human-induced changes can push a
natural system beyond the point of recovery.

These Guidelines must be assumed as recommendations to
the show caves managers. Consequently it should be
admitted that some show caves, presently operated, require
some time for the implementation. Therefore the full
adoption of the Guidelines should be considered as a goal
to be achieved together by both the protection of the
environment and the socio-economical constraints.

Van Beynen and Townsend (2005) proposed a procedure for
reducing the outdoor cave system to elements easy to be
studied by the evaluator, so that the human-induced effects on
caves can be measured. They proposed a Karst Disturbance

Table 1. Indicators matrix for show cave management index.
Category
Attribute
Previous study Suitability
Synergy
Conflict
Funding
Acces and
Entrance
pathways
Cave structures
and deposits
Materials
Lighting

Visitors

Indicator
Access to the cave
Close-by attractions
Local facilities
Partners
Access
Formations

0
Difficult
None
Very important
No interest
Artificial, no air
locks
Wide destruction

Pathways and other Wood
facilities
Incandescent lamps
Light sources
Close to walls and
Lamp position
direct light
Light spectrum

No limitations

Lampenflora
Power supply

Widespread
No emergency

Lighting
network

Sections

Single network

Flow

Capacity

No limitations

Adventure tourism Free
Surface

Ecosystem

Disturbance

Totally modified

Cave
environment

Cleaning

Frequency

Never

Monitoring

Climate parameters No monitoring

Fauna

Protection

None

Management

Cave managers

Not competent

Guides

No school

Index (KDI) based on a framework encompassing physical,
biological, and social aspects, and the evaluation of a number
of indicators for each category. Each category should
encompass detailed attributes: geomorphology, atmosphere
that deals with air quality; hydrology that includes surface
practices influencing water, mineralogy/ore and ore deposits
Subsequently a sustainability index for Karst environments
was also described (Van Beynen et al. 2012).

1
Poor
Little
Relevant
Indifference
Artificial, poor air
locks
Some damage

2
Fair
Some
Little
Some interest
Artificial, fair air
locks
Little damage

Some wood

Concrete

3
Perfect
High value
None
High interest
Artificial, good air
locks
No damage

Sainless steel or
plastics
Halogen lamps
High efficiency
LEDs
Close to walls and No close to walls No close to walls
no direct light
and some direct
and no direct light
light
Some limitation Fair limitation
No emission for
chlorophilian process
Some cleaning
Frequent cleaning Absent
One emergency
More emergency More emergency
power supply and
power supply
power supply
many sections
Some portions not Many portions and Many portions and
automatic switching
automatic
not automatic
switching
swithing
Compilance with
To and from trail Round trail
capacity
With one guide
With two or more With guides and
strict trails
guides
Many
Few interventions Pristine
interventions
Frequent and water
Some time
Some time and
disposal
water disposal
Many stations and
Few stations
Many stations
scientific committee
Any species
Food in cave
Only for bats
protected
allowed
Some
Fairly
Fully competent
competent
competent
Some
Some education Good educations and
foreign languages
education
and foreign
languages

A similar approach was recently adopted to evaluate the
indoor cave environment with particular emphasis to mine
caves (Pani and Cigna 2012). Since the implementation of
the Management Guidelines for Show Caves requires
different time intervals depending on the local situations, a
system to obtain a quantitative evaluation is here described.
A Management Evaluation Index (MEI) for show caves can
be determined by applying the indicator scores composing
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the matrix, as reported in Table 1. This indicator matrix was
built according to the UIS Management Guidelines for
Show Caves (Cigna 2009).

A mean score, as e.g., 2.5, typically applies as intermediate
value, for instance when concrete and stainless steel are
used at the same time for pathways and other facilities.

The index is obtained by tallying all of the indicator scores
(Σ In) and dividing this sum by the highest possible score
(=3), multiplied for the number (N) of applicable indicators
considered. The resulting value ranges between 0 and 100:

A higher value of MEI indicates a good management
assessment. Values below 40, therefore, suggest a rather
poor compliance with an acceptable management level,
values up to 60 correspond to a management that can be
conveniently improved, while values starting from 60 to
100 confirm a good management.

Σ In*100
MEI = ————————
N*3

(1)

Table 2. Management Evaluation Index for: Frasassi C. (IT); Kartchner C.(USA); Cango C. (SA), Aven Armand C. (FR).
Category

Attribute

Indicator

Previous study

Suitability
Synergy
Conflict
Funding
Entrance
Cave structures
and deposits
Materials

Access to the cave
Close-by attractions
Local facilities
Partners
Access
Formations

Access and pathways

Lighting

Visitors
Surface
Cave environment

Lighting network
Flow
Ecosystem
Cleaning
Monitoring
Fauna
Management

Pathways and
other facilities
Light sources
Lamp position
Light spectrum
Lampenflora
Power supply
Sections
Capacity
Adventure tourism
Disturbance
Frequency
Climate parameters
Protection
Cave managers
Guides

MEI =
* Cango Caves has a natural access without any tunnel

Frasassi Cave
(IT)
2
1
2
1
1
2

Kartchner
Cave (USA
3
2
3
3
3
3

Cango Cave
(SA)
2
1
3
1
-*
0

Aven Armand
(FR)
3
3
3
3
3
3

2.5

2,5

2.5

2.5

0
1
0
1
1
1
0
1
3
1
0
0
0
1
34

2.5
2
2
2
3
3
3
3
3
3
3
3
3
3
94

1,5
0,5
1
0.5
2
0
3
3
3
1
2
3
3

2
2
1
1
1
2
2
3
3
1
0
3
3
3
71

60

The rather low value obtained by the Frasassi Cave, which
is the most important show cave in Italy, confirm the decay
of its management in the last tens of years. This downside
aspect unfortunately was already clear to anyone familiar
with the cave.

4. Examples
The method here described aims to provide an objective
evaluation of a show cave management quality after its
development. It is well known that, during its life, the
management of a cave may change both in positive and in
negative way, and monitoring this evolution might be
useful.

Kartchner Caverns has been developed following very strict
plans during both the engineering works inside the cave,
and successively the opening to visitors. This cave has kept
its top position in the show caves management list.

Following, the application of the assessment matrix to four
show caves located in different parts of the world and with
different levels of management is reported as an example.
These are: the Frasassi Cave (Italy), the Kartchner Caverns
(Arizona, USA), the Cango Cave (South Africa), and the
Aven Armand (France). The results are reported in Table 2.

Cango Cave started to be visited in the XIX Century and,
therefore, it suffered some lack of knowledge about the
environmental protection criteria. In particular, the
lampenflora spread out in some part of the cave to the point
that it is not possible to further clean out the walls. The
socio-economical situation of the Country, unfortunately,
led to some decrease of routine management.

While starting the development of the Kartchner Caverns
in the Arizona National Park, the Frasassi Cave was
designated as the best example of a show cave management,
therefore visited and analysed in detail. Cango Cave is one
of the oldest show cave in the world, where also protection
criteria were applied.

The Aven Armand is one of the most important French show
cave. Its development started in 1927 and was successively
improved according to the best protection criteria.
The Management Evaluation Index as applied to the four
mentioned caves (Table 2) is, respectively:
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Frasassi Cave (Italy)

34
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management of show caves.

Score 34 for Frasassi Cave merely means that significant
changes of management are required for a positive
assessment; a MEI equal 60 for Cango Cave means the need
of few actions for rising to a proper level that the most
important show cave of the country should hold. Scores 71
and 94 for Aven Armand and Kartchner Caverns
respectively highlights a quite good cave management, the
latter being just at the top of the classification.
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“CAVE LIGHTING” PROJECT: THEORY AND PRACTICE OF THE
DEVELOPMENT AND MAINTENANCE OF MODERN SUBTERRANEAN
TOURIST ATTRACTIONS – A SPELEOLOGIST’S POINT OF VIEW
Alexander Chrapko, Larisa Utrobina
GermTec GmbH & Co. KG (“Cave Lighting” Project), Hohe Strasse 700 Geb. 5B, 35745 Herborn, Germany,
ac@germtec.de, lu@germtec.de
This presentation tells about eight year experience of GermTec GmbH & Co in equipping (development and maintenance)
modern subterranean tourist attractions. Here are just a few tourist attractions we equipped: Herbstlabyrinth Cave
(Germany), Fundata Cave (Romania), Postojnska Jama (Slovenia), Grotte de Clamouse (France), Prometeus Cave, Georgia,
Höllgrotten Cave (CH), Wendelstein Cave (Germany). We are going to talk about problems arising when operating a cave
for a long time on a daily basis, as well as strategies and tactics in their solution. We are presenting tried-and-true modern
technologies and equipment, which allow minimizing the harm caused by anthropic interference when operating a cave.
The objective of this presentation is to attract attention of speleological society towards the problems in running
speleological tourist attractions. We would also like to present technical and technological innovations which can help to
preserve show caves.

1. Introduction

lighting is a major focus when equipping a man-made
attraction. As for natural attractions, the artistic perspective
is more important, because it presents the beauty of the
inside surroundings to the public. Equipping and running a
natural tourist attraction is a more sensitive business, which
requires caution and high professionalism. Visitors must be
provided with the highest comfort possible, with minimum
interference of the cave ecosystem.

Today, there are more than three thousand operating
subterranean tourist attractions, located all around the
world. On average, three to five new ones open to the public
every year.
Due to the high demand of quality service, in modern
society, show caves are very popular tourist attractions.
There are plenty of people who would like to discover the
wonders of an underground world. Running a show cave
can be cost effective, if it is well organized, has proper
infrastructure and marketing.

Today, there are more than 300 show caves in Europe alone.
But, for some reason, only few of them make the public
want to return again.
Let’s see what affects the contradictory perception of tourist
attractions?
• low quality lighting (a cave is seen as a poorly lit
basement),
• general condition of a cave (lamp flora, mold on the walls,
litter),
• technical condition of show routes and lighting equipment
(rusty, slippery paths, broken steps, outdated lighting
fixtures, cables along walk ways, etc.),
• low quality of shows (boring and uninteresting tours),

Subterranean tourist attractions have not been accurately
classified yet. Our classification is not accurate either; this
is just a relative systematization. This classification is based
on the point of view of speleologists developing show
caves. In our humble opinion, the human component an
criterion which must be taken into consideration and which
is essential for the proper planning/concept of a show cave
business attraction.
The major criterion is the specific attraction
• Natural subterranean cavities, such as caves, ravines,
canyons, funnels and craters, etc.
• Man-made attractions such as tunnels, mines, excavations,
religious objects, drainage systems, etc.
As a rule, natural vs. man-made attractions attract a
different type of tourist.
As far as man-made attractions are concerned, information
is of major importance. The point is to show and tell the
history of the object and the role of human activity within it.
Natural subterranean attractions are aimed at presenting the
underground world with its mysteries and wonders, beauty
and fragility. A strong emotional impact of a show is of
more importance than information provided.
The approach to equipping natural and man-made
attractions differs as well. Properly functioning technical

Figure 1. “Cave Lighting” Project logotypes.
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• poor maintenance and care of caves. Owners are out to
make maximum profit. They overcrowd caves and do not
care about natural ecology. This is especially sad and
unpleasant to cave lovers, including speleologists.

• We selected and tested modern ecofriendly materials and
technologies;
• We gained precious experience in the planning and
running of subterranean tourist attractions.

Idea of “Cave Lighting” was born when visiting one of
those caves mentioned above…

3. Results
• Project “Cave Lighting” today is:
• philosophy of light,
• conceptual and individual approach to every task,
• exclusive equipment
- purposely designed for caves,
- manufactured by us;
• modern materials for subterranean show;
• international team of speleologists;
• registered trade name;
• successful business project.

Figure 2. “Cave Lighting” Team, 2006.

Eight years ago (in 2005) two speleologists visited some
show caves in Germany. The unbelievably poor
maintenance/condition of one of those caves unbelievably
disappointed and upset the cave professionals. They both
decided that, since show caves are extremely popular
among crowds of tourists (not just speleologists), the aim
should be to preserve the caves as much as possible. Visitors
must have a chance to enjoy and experience the mysteries
of the underground world, while experiencing maximum
positive emotions and unforgettable memories without
harming cave ecosystem.

Figure 4. “Cave Lighting” LED Lamp.

2. Methods of “Cave Lighting” Project
“Cave Lighting” Development is eight years old now.
Project “Cave Lighting” has been constantly developing:
• We formed a team of speleologist associates and
specialists in different adjacent fields (design engineers,
constructing engineers, planners, lighting designers,
assemblers, IT specialists, etc.);
• We developed special equipment purposely designed for
caves. (LED lighting systems, music systems, control
systems, etc.);

Figure 5. “Cave Lighting” FPR.

Project “Cave Lighting” is:
• a consulting business:
- we have hundreds of presentations of our equipment and
offer consulting for owners/managers of subterranean
tourist attractions worldwide.
• about 40 equipped tourist attractions, including:
- brand new unique show caves, which didn’t suffer from
human activity/damage. Namely we performed allinclusive work in the Herbstlabyrinth Cave in Germany
– from developing a business concept and a show cave
concept, to overall equipment installation (controlled
LED lighting system, FRP route paths, monitoring
system).

Figure 3. “Cave Lighting” Manufacture.
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- Restored attractions. Namely we restored the Fundata
Cave in Romania. Tours to this cave hadn’t been
properly organized before; therefore it was in a poor
condition. In 2011 Romanian speleologists, together
with “Cave Lighting” cleaned and restored the Fundata
cave and turned it into a successful subterranean tourist
attraction. It was all-inclusive work from planning to
ready to operate cave.

Besides modern lighting and music systems, our project
specialists developed unique software which integrates all
of these systems into one network and allows remote
controlling and if necessary, correct operation of all
(something similar to a “smart home” system). Höllgrotten
Cave (CH), Wendelstein Cave (DE).
“Cave Lighting” project is constantly developing. We
observe modern scientific achievements and cooperate with
leading speleological organizations and associations (ISCA,
Karst Institute (Postojna), speleological clubs in different
countries, etc.).

We partially or completely upgraded/replaced outdated
electrical equipment and redesigned lighting systems in the
part of oldest show caves in Europe, Postojnska Jama
(Slovenia) and Grotte de Clamouse (France).

We continue to perfect our equipment and promote our
specialists’ self-development.

In some caves we designed and installed electrical power
supply systems, lighting systems, music and light systems
(DMX-show) and monitoring systems. These systems were
developed according to customers’ requirements
(Prometeus Cave, Georgia).

In the near future, we plan on reconstructing that cave in
Germany which made such an unforgettable negative
impression on the “Cave Lighting” development creators
eight years ago.

4. Conclusions
The objective of this presentation was to attract attention of
speleological society towards the problems in running
speleological tourist attractions. Speleologists and show
cave owners must work hand in hand, use all discoveries in
modern science and up-to-date technologies if they want to
find solutions.
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Figure 6. Project by “Cave Lighting”. Dechenhöhle, Germany,
2012.

Figure 7. Project by “Cave Lighting”. Herbstlabiynth, Germany, 2012.
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ENVIRONMENTAL MONITORING AND RADIATION PROTECTION
IN SKOCJAN CAVES, SLOVENIA
Vanja Debevec1, Peter Jovanovič2
Park Škocjanske jame, Slovenija, Škocjan 2, SI – 6215 Divača, Slovenija, vanja.debevec@psj.gov.si
2
Institute for Occupational Safety, Chengdujska 25, SI – 1000 Ljubljana, Slovenija, peter.jovanovic@zvd.si
1

Škocjan Caves were listed as UNESCO World Heritage Sites in 1986, due to their exceptional significance for cultural
and natural heritage. Park Škocjan Caves is located in South Eastern part of Slovenia. It was established with aim of
conserving and protecting exceptional geomorphological, geological and hydrological outstanding features, rare and
endangered plant and animal species, paleontological and archaeological sites, ethnological and architectural characteristics
and cultural landscape and for the purpose of ensuring opportunities for suitable development, by the National Assembly
of the Republic of Slovenia in 1996. Park Škocjan Caves established monitoring that includes caves microclimate
parameters: humidity, CO2, wind flow and radon concentration and daughter products. The approach in managing the
working place with natural background radiation is complex. Monitoring of Radon has been functioning for more than
ten years now. Presentation will show the dynamic observed in the different parts of the caves, related to radon daughter
products and other microclimatic data. Relation of background radiation to carrying capacity will be explained.
Implementing the Slovene legislation in the field of radiation protection, we are obligated to perform special measurements
in the caves and also having our guides and workers in the caves regularly examined according to established procedure.
The medical exams are performed at Institution of Occupational Safety, Ljubljana in order to monitor the influence of
Radon to the workers in the cave. The equivalent dose for each employed person is also established on regular basis and
it is part of medical survey of workers in the caves. A system of education of the staff working in the caves in the field of
radiation protection will be presented as well.

1. Introduction

are exposed to radiation in majority of their working time
(The Rules on Radiation Activities Performer’s
Commitments 2004, The Rules on conditions and
methodology for dose estimation in radiation protection of
workers and inhabitants 1994, The Ionizing Radiation
Protection and Nuclear Safety Act 2003). Environmental
monitoring in the caves was designed in a way to assess the
anthropogenic impact on delicate caves environments and
consequently the carrying capacity of the site. The latest is
defined by the highest number admissible that does not
cause irreversible damage to the site and still enables the
visitor to enjoy in quality visit of the site. Several aspects
should be included in order to propose a range of lower and
upper limits. Among most important are of course physical
features of the site, social and economical aspects of the
site. In the caves the number of guided visits is also limited
by the advised time spent in the cave that does not cause
rise in effective dose of Rn. Observation of anthropogenic
impact is done by survey of dynamics of temperature,
humidity, CO2, which are supposed to rise after the visit
(Decree by Slovenian Radiation Protection Administration
1999, The Ionizing Radiation Protection and Nuclear Safety
Act 2003). Monitoring of caves microclimate reveals
interesting dynamics of parameters that are on general
believed to be constant. The influence of outer air is
observed in certain part of caves.

Škocjan Caves were listed in UNESCO World Heritage List
in 1986. The Caves system of 6,5 km consists of
extraordinary underground halls, chambers and canyon of
the Reka River. Its underground course was recognised as
wetland of international importance according to Ramsar
convention. The Park Škocjan Caves is also a Man and
Biosphere Reserve Site, known as The Karst Biosphere
Reserve. Monitoring of caves microclimate consists of
radon and microclimatic parameters survey. We have been
performing the monitoring of the radon for almost two
decades now. The continuous monitoring of temperature,
CO2, relative humidity and wind flow on defined spots
started four years ago. Radon 222Rn enters the underground
spaces of the caves by diffusion from the rock surface of
the walls, floor, depths, where it is produced as decay
product of 226Ra. Rn is radioactive gas with decay half-time
3,83 days and results in short-lived decay products
polonium 218Po, lead 214Pb, bismuth 214Bi and polonium
210
Po. All these are heavy metals that are retained in the air
as free floating particles or as attached to the molecules of
water and aerosols in the air. During respiration they are
laid on surface of respiratory ways from the nose and
pulmonary alveoli, where they decay with emitting particles
alfa, beta or gamma. The most dangerous are both isotopes
of polonium, which emit alfa particles that can cause
damages in the cells of epithelium of bronchial walls of
lung.

3. Methods
In Škocjan Caves we have designated six measuring places
in the caves for Rn concentration among them three for
constant monitoring of temperature, CO2, humidity and wind
flow.The monitoring programme is performed by Institute
of Occupational Safety, Ljubljana and Park Škocjan Caves,
Slovenia.We continuously measure Rn concentration and

2. Monitoring
According to Slovene legislation in the field of radiation
protection we are obligated to have regular monitoring of
radon, education and medical exams for tourist guides that
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quarterly also Rn daughter products using these instruments:
RGA-40 (Scintrex, Canada) EQF-3020, RTM-2010 (Sarad,
Germany), for Rn daughter: WLM-30 (Scinterx, Canada),
EQF-3020 (Sarad, Geramany) and Rn – integrated method:
track each. The effective dose for employees is calculated
by the model ICRP32. Some other parameters of caves
microclimate are measured by instruments Ahlborn
ALMEMO, Germany, temperature is measured by
thermocuples, humidity by stationary Psychrometer FP
A836-3, CO2 by Almemo sensor FYA600CO2. Last year we
adopted measurements of temperature and humidity also by
Hanwell instruments HT330.
During summer and winter period of 2011 a monitoring of
concentration of particles was performed by low volume
sampler Sven Leckel SEQ47/50 with gravimetric method.
In December 2011, PM10 and gases NO, NO2, NOx, CO,
where analysed with Airpointer, optic method.

values, we can determinate also other parameters that are
found to be altered by the presence of tourist or the visit
itself is altered due to accessibility, weather conditions or
other phenomena. We have measured the values of
microclimatic parameters in order to observe the
irreversible change in value due to the number of visitors.
For now no such changes were found. Though we can say
that one of the limiting factor for visits is also radon
concentration from the point of view of occupational safety,
since tourist guides can not have extended time of tours due
to the low annual effective dose. For easier implementation
of adoptive management it could be useful to introduce an
indicator that could describe the balance between man and
caves environment. Cave Use Index should accomplish the
data of CC and present the possible limits of anthropogenic
impact on biotic and abiotic component of the ecosystem.

4. Results and discussion
The first part of the cave Silent Cave is quite closed and
therefore the circulation of the air is modest. On the contrary
the second part of the cave Murmuring Cave is more opened
towards outside and the influence of the outer air are observed.
The highest Rn concentration was measured in summer period
in Silent Cave system: Kalvary, Tent, Great Hall entrance and
Great Hall. The lowest value of Rn concentration was
measured in Murmuring Cave and Limestone pools. This is
true for entire period of monitoring with fluctuations that
depends on outside temperature and exchange of air.

Figure 1. Average concentration of Rn at different locations in
Škocjan Caves.

The average values of Rn daughter products were measured
in first part of the caves, from April to October when there
is a highest difference between temperature in the cave and
outside. Factor of balance is high through the year due to
modest ventilation of the first part of the cave.
Several measurement sites in the caves, revealed constant
temperature in first part of the caves 11.9 °C and rising up
to 13 °C in Murmuring Cave. There is slight increase in
temperature and CO2 levels after the visits of tourist in more
closed spaces, though no permanent rise in value is observed
(Figure 3). The same is true for CO2, with night and day
dynamics. Since the air flow is modest in first part of the
cave, there is constant influence of outer air in Murmuring
Cave. The air in the cave is very clean as resulted from data
of PM10 and gases (Figure 5) (Cigna 1993, Cigna 2000,
Comparative dosimetry of radon in homes and mines. 1991,
Debevec 2002).

Figure 2. Average annual effective doses in ten years period of
monitoring.

With comparison of average monthly data from
meteorological station in the surface, we can observe rise
in temperature at the measuring point Bridge during the
summer (Figure 4). There is air flow towards the inside of
the caves, due to difference of air temperature which is not
so high during the winter. This can explain also the high
values of Rn concentration in the first part of the cave, due
to poor air exchange (Figure 1). The environmental
monitoring is planned and performed in order to establish
the upper limit of carrying capacity (CC) for caves area.
Physical carrying capacity is mainly related to the
geomorphological features, but in real carrying capacity

Figure 3. Increase of temperature and CO2 values after the visits
of the caves.
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6. Summary
Monitoring of caves microclimate in Škocjan Caves was
established in order to define and monitor carrying capacity
of the World Heritage Site. Due to the dinamyc of air
exchange variations in parameters are observed. High levels
of radon concentration are present in first part of the
Škocjan Caves due to poor ventilation. Continuous
monitoring is a useful tool for adaptive management and
study of microclimate in the caves.
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Where we can define: CUI = Ecc/Hhf

The Ionizing Radiation Protection and Nuclear Safety Act, Official
Gazette of RS 50/03.

Ecc – Environment factors related to carrying capacity,
Hhf– Human health factor

The Rules on Radiation Activities Performer’s Commitments,
Official Gazette of RS 13/04.

One of the most important aspects of radiation protection
is also education and medical exams. The rise in awareness
resulted in lower annual effective doses in ten years period
of monitoring (Figure 2).

The Rules on conditions and methodology for dose estimation in
radiation protection of workers and inhabitants, Official
Gazette of RS 115/94.
The Ionizing Radiation Protection and Nuclear Safety Act, Official
Gazette of RS 50/03.

5. Conclusions

The Rules on Radiation Activities Performer’s Commitments,
Official Gazette of RS 13/04.

The concentration of Rn and daughter products is higher
during summer and lower during winter period. During
summer the night – day dynamics is observed; during the
night the concentration of Rn rises, and descend during the
night, since then the difference between temperature
between outer and inner air is lower and results in modest
air exchange.

The Rules on conditions and methodology for dose estimation in
radiation protection of workers and inhabitants, Official
Gazette of RS 115/94.

There is a need for and continuous measuring of ions, dust
particles, aerosols besides other parameters of caves
microclimate in order to find the limit of carrying capacity
of the cave. The estimation of the latest should have also
take in to account the effective dose due to radiation. It
should be well established in order to provide the workers
in such special environment with proper occupational safety.
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Abstract. The aim of this paper is to analyze of technical and scientific and also symbolic aspects in-circuit cinema films,
produced between 1927 and 2012. We start from study of the geographicity of symbolic landscapes. We used 150 films
related to the theme cave, cavern and karst, which were identified between 2007 and 2012. The material was registered in
their own spreadsheets and analyzed by its symbolic and technical-scientific contents. The data were obtained on video
stores, sites specializing in film and others (IMDb, Allmovies, Adoro Cinema, Wikipédia and others) and in film analysis
texts and their relation to studies about natural and symbolic landscapes. The oldest examined film was Metrópolis, a
classic science fiction movie directed by Fritz Lang in 1927, which shows a conflict of classes, being a group of rulling
elite and another of oppressed and enslaved working class who lives in an underworld. It was observed that there is a
negative imaginary world around the idea of the cave, this fact has been reinforced and seeing erroneously appropriate by
film production. It was also observed that most of the movies that have the cave as a background landscape are the horror
or suspense categories. In the selected movies for film analysis about caves it is observed that they are always accompanied
by excitement of the unknown and the discovery, interlaced by the adventure, the hideout, while feelings of fear are most
evident in Batman Begins film, because of the protagonist’s relationship with the bat, even as a determinant of the genesis
of the hero. In the Dead Poets Society film the cave appears as pleasant place and a sense of freedom, fraternization, but
the aura of being something hidden. It is hoped that studies such like promote actions through the films more suitable for
environmental education and speleological training more appropriate to spread the environmental and cultural role of the
caves, allowing the development of activities that promote the protection of the speleological world heritage.
Resumen. Cuevas y karst en el cine: espeleología cultural y la geograficidad de los paisajes simbólicos
El objetivo del presente trabajo fue analizar los aspectos técnicos, científicos y simbólicos presentes en las películas de
circuito de cine producidos entre los años de 1927 y 2012. El punto de partida fue la perspectiva de estudios relacionados
con la geograficidad de los paisajes simbolicos. Fueran identificados 150 películas acerca del tema cuevas, cavernas y
karst, identificados entre 2007 y 2012. El material recogido fue catastrado en formulario própio y analizado por su
contenido simbólico y técnico-científico. Los datos fueran obtenidos en tiendas de vídeos, sites especializados en el cine
o afines (IMDb, Allmovies, Adoro Cinema, Wikipédia, entre otros) y en artículos y textos sobre analisis fílmica y su
relación con estudios del paisaje natural y simbolico. La película más antigua analizada fue Metrópolis, un clásico de la
ciencia-ficción dirigido por Fritz Lang en 1927, en el cual se relata acerca de los conflictos entre clases sociales, siendo
una elite gobernante y otro compuesto por la clase trabajadora que viven oprimidos y esclavizados en un mundo
subterráneo. Se observó que existe un universo imaginário negativo alrededor de la idea de cuevas, y este hecho ha sido
apropiado y reforzado por la producción de las películas. Se observó también que la mayoría de las películas que tienen
la cueva como paisaje de fondo son las de la categoría de terror o suspense. En las obras seleccionadas para analisis fílmica
la cueva viene siempre acompañada por la excitación del desconocido y del descubrimiento entrelazado por la aventura,
el escondrijo, al mismo tiempo se producen sensaciones de miedo que parecen más evidentes en la película de Batman
Begins, derivado de la relación del protagonista con el murciélago, incluso como factor determinante de la génesis del
héroe. Por otro lado en la película Dead Poet Society la cueva aparece como lugar agradable y la sensación de libertad, de
fraternidad, sino también por el aura de hacer algo oculto. Se espera que estos estudios puedan promover acciones a través
del cine para la educación ambiental y la formación espeleológica de manera más adecuada para el papel de protección
ambiental y cultural de las cuevas, permitiendo realizar actividades que pueden ayudar a proteger el patrimonio
espeleológico mundial.

229

Protection and Management of Karst, Education – oral

2013 ICS Proceedings

1. Introduction

involved with this theme. Were also used texts about film
analysis (Vanoye and Goliot-Lété 1994; Pereira 2000;
Vadico 2001; Melani 2006; Ito and Nogueira 2007) and the
relation between cinema and landscape studies (Steward
2004; Peckham 2004).

The caves have values connected with dreams, stimulation
to the imagination oppressed, loves hidden, place of
mysteries, discoveries, secret chamber, or even housing.
Bachelard (1990, 2000) helped us to identify this task
resulting from reveries of underground images. In film
production that symbolism is potentiated and it is offered
to the viewer in a more definitive form or not, according to
the vision of the author/screenwriter, director, suffering
sometimes also influences of producers, sponsors and
spectators.

2. Methods
Data were obtained on video rentals or video stores, movie
in Theaters, DVD, or specialized sites like (IMDb,
Allmovies, Adorocinema, YouTube, Wikipedia, and others).
The search was conducted by the terms cave, grotto, natural
cavity, karst, karst landscape, speleology among others
keywords associated.

From the analytical point of view the essay conducted by
Travassos (2007), yielded evidence for a deepening in the
psyche and cave symbolism present in film productions. In
this study, the author reflects on the role of the karst in
works of fiction, checking the imaginary in literature, film
and media, where many times the word cave is associated
with negative feelings, as well as claustrophobic shadowy
world where demons live (Travassos 2007, p. 62).

We identified 150 films title, between the years 2007–2012,
which possessed content related to the topic cave and karst
landscape. The material was registered in own worksheets
and analyzed by its own symbolic and technical-scientific
contents according to the used references. Two movies were
selected for more detail analyses (Batman Begins and Dead
Poets Society).

This research reinforced that representations of caves
appear both in film and in literature, because it often movies
are readings of literary works, such as Chronicles of Narnia,
Harry Potter and The Lord of the Rings. The author also
identifies diverse landscapes of fear as analyzed by Tuan
(2006); these movies are fantastic adventures, science
fiction or action. But this negative imaginary of the caves
is a favorite of horror movies, such as recent: The Descent
and The Cave. The locations and natural sceneries favorite
when it comes to karst landscapes are Romania, Slovenia,
Mexico, New Zealand, Scotland and England; in rare cases
also depict regions of Brazil, as the Chapada Diamantina in
the movie Tourists, by having a typical karst (Travassos
2007, p. 66–67).

3. Results and discussion
3.1. General analyses of the filmography
Among the older films analyzed, we emphasize four films,
whose predominant category was fiction and horror, but one
also addresses aspects of drama, romance and the War. The
oldest of all is the film Metropolis (1927), a classic science
fiction film directed by Fritz Lang, who portrays a
population divided into a class of the ruling elite and
another class of workers who live in an underground world,
totally enslaved.

In their final discussion, the author emphasizes that the
works analyzed were identified as the most classic and
could be divided into two different “worlds”, a fictional and
one real landscape. He believes that these issues are
fundamental to understand the values of karst landscape and
ways to seek their preservation (Travassos 2007, p. 69).
The purpose of this study, connected to Anthropospeleology
Committee of the Section of History of Speleology and
Section of Environmental Education (SBE), was to conduct
an analysis of the technical, scientific and symbolic aspects
in films of the cinematographic circuit, produced between
1927 and 2012. Preliminary versions of this study were
presented in Figueiredo (2001, 2010a, b), Figueiredo,
Travassos and Silva (2009) and Figueiredo and Travassos
(2010). Following this path, we intended to make a critical
reading of the imaginary cave in these movies, checking
which are symbolic images embedded in movie
productions, in addition to descriptions and depictions of
underground landscapes.

Figure 1. Poster of Fritz Lang’s Metropolís (1927).

The Mole People (1956, re-released in 1964) cover an
archaeological survey of ancient Sumerian people who
possibly would live in caves. The other film was Beast from
Haunted Cave (1959), indicating an emphasis on horror
and thriller, with the presence of frightful monster in the
cave. Another old movie registered as Sette contro la Morte
(1964), an Italian-Germany production, distributed in the
U.S. in 1965 with the title The Cavern, by virtue of
portraying the lives of a group that takes refuge in a cave
and gets stuck during the Second World War, has a strong
sensual appeal to the standards of that time.

The theoretical basis of the research focused on cultural
geography (Rosendahl and Corrêa 2001a, b; Claval 2007)
and humanistic geography (Tuan 1980, 2006; Gratão 2006).
The search for geographicity of symbolic landscapes, based
on film production reinserts the question of the lived world
and the perceived world and allows approximations of
possible educational and phenomenological dimensions
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interpersonal relationships involving friendship, discovery,
skills and heroism.

Of all the cinematographic works analyzed, over 60 % of
them were distributed in Brazil since 2000. Predominant
adventure genre films, action, fantasy or science fiction, and
followed by horror and suspense, noting that some of the
previous category may also be present doses of suspense or
horror related. Only 13 of analyzed films treat animation,
though Beowulf is also an animated film.
The films that deal with cave as the main focus of the plot
are the horror and suspense genre, which indicates
excessive use of negative or pejorative imaginary for the
cave in film production, prevailing views about
monstrosities, deformation or brutalization. On the other
hand, in the other films the cave presents aspects of
adventure, discovery and learning.
3.2. Symbolic aspects of the caves
Regarding the symbolic aspects were chosen 64 keywords
used as indices of the films, which were subjected to these
words and ranked, based on the preliminary study of
Figueiredo (2001) and doctoral thesis (Figueiredo 2010b).
Figure 2 shows the distribution of simple indices and the
interrelationship between the words most often cited.

Figure 2. Diagram of indices representing the symbolic aspects of
the cave in the analyzed movies.

3.3. Technical and scientific aspects of the caves
From the point of view of the technical and scientific
aspects, the images depict the karst landscape worked as a
physical medium, even artificial (scenarios). It is observed
in Figure 3 is a predominance of words that represent
aspects of the typology of caves, prevailing images of
endokarst, internal features, especially the inner halls and
the formats of the ducts and galleries, especially in large
environments frameworks shooting, but also the strictures
and labyrinthine networks. Walk-entry is also portrayed in
the film as well as the presence of walls and cliffs.

The results highlighted that the image of the cave in the film
sample contains aspects of conflict and confrontation,
creating difficulties, exposing limits. In many movies were
portrayed situations of struggle or battle and the issues of
power and domination. Reinforcing also the danger, traps
and obstacles almost insurmountable, generating injury or
death. The study identified that appear caves as shelters,
residence, hiding place, refuge, with emphasis on hostile
environment. However, appear moments of challenges
overcome, search and demand, where there are aspects of

Figure 3. Model for conceptual map-cave and the technical and scientific aspects.
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The caves are often associated with the presence of water,
such as rivers, underground lakes, waterfalls, and are
sometimes related to the sea or coastal regions. This is due
to the vision of water as forming agent and shaper of
cavities and caves that usually appears real world.

would like to make a book about it, so the film crew went
to great pains to do something that was very close to reality
and could handle the filmography needs.
In the case of Batman Begins, the focus, of course, was the
adventure, superhero, and again reveal the chthonic heroes,
neomyths. The protagonist is a young millionaire and living
with their fears and regrets. The cave is represented by these
fears, being used as a symbol of the bat to the genesis of the
hero. The story could be divided into four major parts in
which the fear provides the plot for the film. First, would
be nightmare: fear terrifying, the the second step would be,
Penance and training: fear that attacks and its control, the
third time would be the pregnancy of superhero: fear that
approaching, and the last moment was action, fear shared
with enemies.

The last highlight comes on account of exokarst, external
images and the karst landscape, ruiniform features with
bridges, Karren, pinnacles and karstic cones (cockpits).
One issue to be emphasized is the lack of cave fauna in the
cinematographic caves, even bats, which are regular
inhabitants. When bats appear that are associated with
negative content and horrifying, like vampires who attack
mercilessly, and then why filmographic emphasis, however,
they often end up being replaced by something more
terrifying as giant spiders and insects, monsters, dragons
and orcs.
3.4. Description of selected movies
The selected films allow a dip in the cave symbolism, with
several specific tones, while also presenting some
similarities. The selection was: Dead Poets Society and
Batman Begins, so we managed to cover two major filmic
categories: drama and action (HQ), but it was possible to
make a general presentation of images on posters and
promotional material from several movies.
The movie Dead Poets Society is based on the novel and
adaptations made by Tom Schulman, who won the Oscar
for best original screenplay, with director Peter Weir and
actor Robin Williams as a protagonist, like the controversial
and provocative literature teacher, John Keating. The plot
is built around the discovery by some young school
freshmen, a strict boarding school, about the existence of a
secret society where students took refuge in a cave near a
river that crossed the forest to freely read the classics of
literature, especially those prohibited by the school, like a
Henry David Thoreau.
The scene of the way to the cave at night is remarkable;
flashlight beams of lights running and dancing in the woods,
and everything goes as if the boys were in a back in time,
back in history, back to secret societies, there is an
excitement in the air, what will be awaiting them.

Figure 5. Movie Poster of Batman Begins.

This cave, filmed in Batman Begins, oddly enough, such
perfection, was also produced in the studio. It is of huge
proportions, with several galleries, a wide river with a
tributary, and a waterfall as well as a large main portico
entrance. Spent up millions of reinforced concrete and a
shed for this gigantic undertaking, which were made even
more action scenes during the recording.
Figure 4. Poster and scenographic cave of DPS.

3.5. Movie posters, scenes and visual narratives

The cave used in the movie was mounted in a studio setting,
because the locations in the field were not enough for
filming and there was the problem of light. To solve this
was prepared a hole in the artificial cave, which made the
function of skylight, was created a perfect environment with
speleothems, drip and everything. The director says that the
history of cinema is littered with caves badly made, he even

Several other films portray caves as a place of mystery,
conflict and fear, the monsters, or even the adventure of
treasure, discovery and friendship, other recent films are
more realistic. The images of Figures 6 to 13 show some
promotional materials, movie posters, scenographic caves
and scenes of their films, emphasizing the cave in cinema.
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Figure 6. Movie Poster of The Cavern homonyms.

Figure 10. Two adventure movies about caves.

Figure 11. Movie poster and suspense scene of The Cave.

Figure 7. Two old movies about horror and caves.

Figure 12. Movie poster and adventure scene of Sanctum.

Figure 8. Movie poster and choking scene of Turists.

Figure 9. Movie poster and horrible scenes of The Descent.

Figure 13. Movie poster of Cave of Forgotten Dreams.
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4. Conclusions

Figueiredo LAV, 2010a. Cavernas como paisagens simbólicas:
imaginário e representações. Final Proc. 2nd. Seminário IberoAmericano de Geografia Física and 6th Seminário LatinoAmericano de Geografia Física, CEGOT/Universidade de
Coimbra. Coimbra, Portugal.

It is observed at the end of this film analysis that there is a
negative imaginary universe prowling the idea of cave and
has been appropriated by film production, exploring and
strengthening archetypes. In the selected works the cave
always came accompanied by the excitement of the
unknown and discovery, punctuated by adventure, the
hideout, while feelings of fear appear more evident in
Batman Begins, arising from the relationship of the
protagonist with the bat, even as a determinant of the
genesis of the hero, while in the cave appears as DPS nice
place and the feeling of freedom, brotherhood, but also by
the aura of doing something hidden.

Figueiredo LAV, 2010b. Cavernas como paisagens racionais e
simbólicas: imaginário coletivo, narrativas visuais e
representações da paisagem e das práticas espeleológicas.
Ph.D. Tesis, Faculdade de Filosofia, Letras e Ciências
Humanas, Universidade de São Paulo, São Paulo, Brazil.
Figueiredo LAV, Travassos LEP, Silva AS, 2009. A caverna no
cinema: análise preliminar de paisagens naturais e simbólicas.
Final Proc. 30th Congresso Brasileiro de Espeleologia,
SBE/GRUCAV/Unimontes, Montes Claros.
Figueiredo LAV, Travassos LEP, 2010. La cueva y el cine:
entendiendo la geograficidad del paisajes simbólicos. Final
Proc. 6th Congresso Latino-Americano e Caribenho de
Espeleologia, FEALC/SEC, Matanzas, Cuba.

Recent movies such as Sanctum and Cave of Forgotten
Dreams have a more focused approach in speleological
activities and in the cave as it really is. (Figs. 12 and 13).
Despite not appearing monsters or excessive mysteries, still
present a sense of adventure or a more poetic language, as
highlighted by Herzog film.

Gratão LHB, 2006. Da projeção onírica bachelardiana, os
vislumbres da geopoética. In: Oliveira, L et al. Geografia,
percepção e cognição do meio ambiente. Edições
Humanidades, Londrina.

The investigation is still in progress, due to its scope and
research possibilities, with various developments, now
reaching more than one hundred films registered. Moreover,
it is expected that such studies favoring environmental
education and training speleological most appropriate
dissemination of environmental and cultural role of the
caves, allowing activities protected speleological world.

Ito LM, Nogueira AA, 2007. A análise fílmica como instrumento
de apoio para formação de professores do ensino de ciências:
Estudo de caso do filme “A Era do Gelo”. Trabalho de
Conclusão de Curso (Bacharel em Ciências Biológicas) –
Colegiado de Ciências Biológicas, Faculdade de Filosofia,
Ciências e Letras, Centro Universitário Fundação Santo André,
Santo André, SP.
Melani R, 2006. Matrix e a caverna de imagens. Cultura Cri-ti-ca.
APROPUC, 4, São Paulo.
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Abstract. The Alexander Humboldt Natural Monument, better known as Guácharo Cave, is located in northern Monagas
State, in eastern Venezuela. This is the most famous cavern in the country and also its third longest (10.2 km) (SVE 1968).
It counts with approximately sixty thousand (60,000) visitors a year. The members of the Ramón Salazar Cooperative 928
rl, who have a contract with the National Institute of Parks, provide the guiding services to these visitors. The present
work is the group’s first initiative to capture, from the guides’ own perspective, the impact that the cave has had on their
lives.
Resumen. El Monumento Natural Alejandro de Humboldt, mejor conocido como La Cueva del Guácharo, se encuentra
ubicado al norte del estado Monagas, en el oriente de Venezuela. La misma es la caverna más famosa del país y la tercera
más larga (con 10.2 kilómetros) (SVE 1968). Recibe un aproximado de sesenta mil (60.000) visitantes al año, contando
para la atención de dichos visitantes con un sistema de visitas guiadas las cuales son realizadas por autorización y tutela
del Instituto Nacional de Parques por el grupo de guías agrupados bajo la figura jurídica de la Cooperativa Ramón Salazar
928 rl. El presente trabajo representa la primera iniciativa propia de miembros de dicha Cooperativa en relatar el impacto
que la cueva ha tenido en sus vidas.

1. Introduction

photosensitivity of the nocturnal oilbird (for this reason
there is no electric lighting in the cavern, the importance of
the ecosystem, and specially on addressing the popular but
erroneous myth that the cave reaches Brazil.

Based on archaeological artifacts found and dated at the
Alexander Humboldt Natural Monument, there is evidence
that American indigenous peoples have visited Guácharo
Cave since at least 3,500 years ago (Perera 1976). It was
not until the XVII century that we have definite evidence
that Spanish missionaries also visited the cavern, and
eventually developed it as a site of guácharo or oilbird
(steatornis caripensis) oil production (Urbani 1999). With
this Guácharo Cave begins to gain its international fame,
thus attracting both regional and foreign visitors. Among
the most famous was Alexander Humboldt, who together
with Aimée Bonpland, local missionaries and indigenous
guides, entered 422 meters into the cave on the 18th of
September 1799 (Urbani 1975). This, in very broad strokes,
begins the tradition of guiding visitors to Guácharo Cave.
While there have been some efforts to analyze and
document the history of guides at the cave (Pérez and
Galindo 2009), this is the first time that they do so in their
own voice, and at their own initiative.

Figure 1. Tourists at the entrance of Guácharo Cave (Pérez 2008).

The service that the guides currently provide has many
faults. However, it is virtually impossible to meet a visitor
that does not enjoy the experience. It is very rare to get
negative feedback from tourists. More likely is that visitors’
expectations are dramatically exceeded, especially if those
expectations were that the guides would only point out
stone figures throughout the 1,200 meters of cave tour. Still,
tour experiences do vary, depending on the group and the
guide. They vary between an hour and a half to three hours
in length, all of it marked with characteristic Venezuelan
humor (particularly the eastern Venezuelan kind). It is worth
noting that the round trip can easily be done in less than an
hour because of the stone path.

2. Guiding at the Cave
Historically, or at least since the XXth century, a trek within
Guácharo Cave was an adventure. As visitors of yesteryear
note, there was no stone path as there is today. “Uno salía
bañao de charco” (One would come out bathed in mud), is
one of the more common commentaries referring to the
experience. More recently, the focus on the Guácharo Cave
experience is more educational, while at the same time
maintaining some of the traditions of interpreting the
symbolism of the formations and their shadows, such as the
Palm, Moses, the Nazarene, the Cow’s Tongue, and the
imposing Tower. There is special emphasis made on the
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The guides make up a diverse group with their personalities
and aptitudes. Some have university degrees such as
educators with Masters degrees. Others only count with a
basic elementary school education. However, all of them
have been marked by the experience of being guides of
Guácharo Cave. To take on this responsibility, which
involves dealing with such diverse public, one has to be
dedicated with love to the job. Its biggest reward is to be
part of a symbolic place of national and international
importance.

Figure 3. First author Galindo holding a fresh water crab in one
hand and the guide’s preferred mode of lighting (a Coleman lamp)
in the other, during a trip into the non-touristic sector of the cave,
November 2012 (Pérez 2012).
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Recognition of the historical and cultural importance of
Guácharo Cave would not be complete without accounting
for the role of guides that have defined the experience of
thousands of visitors. For the first time, and by their own
initiative, these guides share what the experience means to
them, in their own words. It is hoped that this effort will
help produce a more complete and human history of this
natural monument.
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GROUNDWATER PROTECTION AND MANAGEMENT
IN A COVERED KARST WATER SYSTEM
Fang Guo, Guanghui Jiang
Key Laboratory of Karst Dynamics, Institute of Karst Geology, MLR, Guilin, China, gfkarst@126.com
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Southwestern China covers a karst area of 540,000 km2, and supports a population of approximately 100 million people.
This groundwater can easily regress or become highly polluted without effective management. Sound management of
karst areas requires the conscientious participation of citizens including homeowners, planners, government officials,
farmers and other land-use decision makers. A covered karst water system in Southwestern China was expatiated as a pilot
study. Hydrogeology condition and geo-environmental problems were investigated in detail. An auto monitoring station
for hydrology and water chemistry was built to detect the change of water resources. A series of educational materials
were developed and delivered to the local government, residents, and students. An artificial tracer test and a groundwater
polluted accident were tracked to increase understanding of the vulnerability of the area’s karst aquifer. More than 200
people attended the communication and training course on groundwater protection and environmental justice law. By
which, several efforts have appeared as a result, such as a proposal for Lingshui water resources protection that was put
forward.

1. Introduction

explain how important public education on karst is and how
to apply the scientific study results to protect groundwater
resources. More karst area should be tried to protect water
resources through science and education in order to provide
basic measures for future groundwater management.

China is currently undergoing rapid growth with economic
development, especially in the west of China, which has
changed greatly since the policy of Western Development
in 1999. Rapid economic growth in southwestern China is
also bringing fundamental changes to traditional land use
and human activities. Some of the activities that have the
greatest impact on the environment include intensified
agriculture, mining, and infrastructure development (Yuan
2003). Coupled with a growing industrial base and urban
expansion, these activities have caused varying degrees of
contamination to the karst aquifers throughout the region
(Guo et al. 2010).

2. Geography and hydrogeology
2.1. Study area
Lingshui Spring is located in Wuming County, Guangxi
Zhuang Autonomous Region. Lingshui Spring, the former
training base for the Chinese National Swimming Team, is
a highly scenic spot that produces excellent drinking water
for more than 100,000 people. With the establishment of
the Nanning Association of Southeast Asian Nations
economical garden, more than 200,000 consumers will rely
on the spring by 2025. However, water quality was
gradually deteriorated and water level declined following
by the agricultural and industrial activities in the spring
catchment increasing. For example, NO3- which is related
to agriculture activities has increased over the past 30 years,
while water consumption has also gradually increased,
resulting in discharge that has decreased by nearly 50 %
compared to that in the dry seasons of 1977 and 1978. From
summer in 2008, submerged plant-tape grass was found to
be gradually degraded or die, which destroy the original
sight and ecosystem. It is still the perennial problem of how
it happens and how to control. The local government and
residents are appropriately worried about these problems.

Typical tools for managing groundwater in karst are
(Kacaroglu 1999; Escolero et al. 2002): land use zonation;
pollution risk assessment and management; groundwater
monitoring; increased public awareness of the value and
vulnerability of the aquifer. Due to the wide distribution of
karst areas in Southwestern China and the limit of scientific
and technologically-trained professionals, managing the
area’s resources without the support of local people is
difficult. For example, karst groundwater pollution readily
occurs because of a lack of implemented and enforced karst
regulations and a lack of knowledge regarding the unique
character of karst areas. Education is an important part of
any natural resource protection plan because it can often be
difficult for people to protect something they do not
understand (Zokaites 2006). This is especially true for karst
protection, because karst is an unfamiliar topic to most
people. Students, citizens, farmers and agency personnel in
karst areas need education to gain the necessary knowledge
to help protect this valuable and unique resource.

2.2. Climatic and Hydrogeologic setting

This paper reviews actual and potential measures of karst
groundwater protection and management in selected karst
springs in Southwestern China. The paper does not present
a comprehensive study of science in karst areas, but more a
pilot study of how to manage karst groundwater resources
in potential contamination. The purpose of this paper is to

Wuming basin belongs to south subtropical monsoon
climate region. Annual average precipitation is 1,247 mm.
Precipitation rates show large long-term seasonality, with
maximum values in May to August of 63 % of the total
rainfall in a year. November to March is dry seasons, with
only 16.5 % of total rainfall in a year. The average
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geological problems were detected in detail. Surface
investigation found out the status of karst development,
water point outcrop and their basic information.
Environmental geological problems, such as drought, water
pollution and so on were also surveyed. Geophysical
prospecting found out five relative large scaled low
apparent resistivity anomaly zones, which indicate the
location of water concentrated runoff zone. Hydrogeology
drilling exposed the underground karst development. Tracer
test determined the relationship of water interaction and
water flow rate. In a word, hydrogeological background and
relative socioeconomic and geo-environmental problems
were clear by the survey. These were the premise of water
protection and management in the basin.

evaporation is 1,300 mm. The relative humidity is 78 % in
a year. The annual average temperature is about 21.9 °C.
The temperature ranges from 13 to 35 °C. July and August
is the hottest month with temperatures frequently exceeding
35 °C. Minimum temperature records in January with
average of 13 °C.
The basin belongs to covered karst type. Varied kinds of
stratum from Tertiary to Cambrian are outcrop, in which
carbonate in carboniferous and Devonian extends large.
Rainfall is the only supplement for groundwater. Karst
depression, sinkhole and foot cave are absent in the basin,
so dispersed recharge is the main pattern. Alluvial fan from
mountains could probably be the zone of surface water
recharging to ground water, but rarely concentrated
recharge of river to groundwater happens in the basin.
Wuming River is the drainage datum base of surface water
and ground water. Karst groundwater discharges to rivers
usually with short length and small drainage area. There are
19 springs or underground rivers in the basin, among which
Lingshui Spring is the biggest one. Deposited of siliceous
rock with a thickness of 20 m between Paleozoic and
Mesozoic and mudstone in low Triassic can not be good
aquitard due to small thickness. The boundary of spring is
difficult to determine. But some geological structures are
an advantage for karst water collecting and formation of
karst conduit. Water depth in the middle of catchment is less
than 10 m, while in the east and west-north can be ranged
from 10 to 30 m.

In order to study the relationship between groundwater,
rainwater and surface water in the basin, δ18O and δH was
analyzed in different seasons. The relationship between
them is showed in Figure 1. Variation of δ18O and δD value
in the basin has a characteristic of seasonal change and
elevation effect. The isotope analyses showed groundwater
is all recharged by precipitation in the basin.

3. Methods and Methodology
Hydrogeological and environmental geological survey at a
scale of 1:50,000 was done from 2010 to 2012. The
hydrogeology conditions and relative environmental
geological problems were detected in detail by multi
methods, including surface investigation, geophysical
prospecting, hydrogeology drilling, and tracer test and so
on. Water discharge in important springs and other types of
water were measured in rainy and dried seasons in order to
calculate water resources quantity and evaluate the change
of water flow. Water was sampled in large range and in
more frequency. Previous data of 1976, 1977, and 1978
were collected in order to compare the change of water
resources. An auto-monitoring station of hydrology and
hydrochemistry was built in the outlet of Lingshui Spring.
pH, Spec, water temperature and water level was recorded
by data-logger.

Figure 1. Relation of δ18O and δH value in the basin.

1. rainfall; 2. river; 3. reservoir; 4. karst spring; 5. epikarst
spring; 6. underground river, karst window, sinkhole;
7. well; 8. borehole; 9. spring in non-karst area
Change of water resources including water quantity and
quality. Beside the biggest spring – Lingshui Spring in the
basin as mentioned in the background, water discharge of
28 springs and underground rivers in the catchment were
measured in order to compare the change of water flow with
1976. The results shows only two springs showing
increased flow, 25 springs obviously decreased. The
reduced percentage ranges from 3 % to 97 %. Only one
spring has no change. Water resources assessment showed
the total discharge has greatly decreased in the basin. The
reasons for water discharge decrease were contributed to
change of land use and land cover, different annual
precipitation and much stronger groundwater exploitation.

A training and communication course was held in Wuming
County in order to show the latest research results to the
local government and people, and give them some
suggestions on how to protect and manage the karst water
resources.

Water samples were collected from 71 points including
rivers, reservoirs, springs and wells in different seasons for
water chemistry analysis. Variation of water chemistry in
Lingshui Spring show NO3- content has gradually risen at
2001, with a value of 3.90 mg/l, and NO2- can be detected.
From 2008, the average value of NO3- was 6 mg/l,
indicating the water quality had a trend of deterioration.

4. Results and discussion
4.1 Interpreting source of Lingshui spring by
hydrogeological, chemical and isotopic methods
Hydrogeological and environmental geological survey at a
scale of 1: 50,000 was done from 2010 to 2012. The
hydrogeology condition and relative environmental
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4.3. Public education

36 water samples were evaluated according to method of
ground water quality assessment. 28 water samples in 36
were in very good quality, accounting for 78 % of the total.
5 water samples were in good status, 1 in relative bad and
2 in very bad level. So in general, groundwater was in good
quality in the basin. Individual water was contaminated by
industry, such as starch factory, agriculture activity and
domestic waste water or solid stuff.

In order to deliver information about the importance of karst
groundwater, how groundwater flows, and how to protect
karst groundwater supplies through regulations, brochures
that serve as calendars were developed and distributed to
Wuming government officials, members of Wuming county
political consultative conference, local citizens, students,
and others. A training and communication course was held
in Wuming County with the title of “Training and
Communication on Understanding Groundwater, Protecting
Groundwater in Wuming County”. In order to learn about
U.S. experiences, two American scientists with research
interests focusing on national and international informal
environmental education efforts related to anthropogenic
karst disturbance, and water resources were invited to attend
and present. Two presentations were given during the
workshop. More than 200 people attended this training and
communication workshop, including the vice head of
county, director from Wuming county government, all
members from the Wuming county political consultative
conference, the Bureau of Water Resource, the Bureau of
Environmental Protection, the Bureau of Forestry, the
Bureau of Land and Resources, Bureau of Housing and
Urban-Rural Development, Bureau of Tourism, Wuming
Water Company, representatives from local citizens, and
graduate students from University.

According to multiple methods including GIS-based
hydrochemistry and environmental isotope, tracer test,
surface investigation and geophysical exploration, the total
area of Lingshui catchment is draw out as about 697 km2.
Based on this, the protection area of Lingshui Spring was
determined.

4.2. Tracer test to show vulnerability of karst aquifer
Groundwater tracers can include both artificially introduced
and naturally occurring substances (Todd 2003).
Groundwater tracing with artificial tracers involves adding
a label to the groundwater that can be identified, if that same
water is sampled at a different location. Natural tracing
involves the use of naturally occurring components of a
water sample to determine information about the source and
age of the sample. The most commonly used natural tracers
are isotopes and chemical compounds that originate in the
atmosphere and become incorporated in the rainfall that
recharges an aquifer (Field et al. 1995; Field and Nash
1997; Käss 1998).

5. Conclusion

2 kg of fluorescein sodium was injected to a sinkhole in
north of Lingshui Spring with about 3km long distance. A
flow-through field fluorometer was installed in the outlet
of Lingshui Spring to receipt the tracer. The result showed
that the average flow velocity was 17–23 m/d in dried
season. And it also showed between the injection and
reception, the possibility of karst main conduit existence
was small. Water usually flowed in network dissolution
fissures.
As it is mentioned below, during the training course, a
fieldtrip was lead to a spring in Tang village to illustrate the
vulnerability of the local karst aquifer, how the pollutants
are transported in the extremely vulnerable karst areas, and
the serious consequences of pollution. Villagers suddenly
discovered that their household tap water was covered by a
strong smelling layer of black oily substance someday. On
the next day, the Tang village water plant stopped water
supply, leaving more than 4,000 people without drinking
water for over a month. After the accident, the county
government set up a working group to identify causes for
deteriorating water quality. The group found the pollution
source was sewage effluent from a starch factory, which is
about 2 km far away from the sinkhole. A sewage ditch of
treatment plant from the factory was under construction.
And when it came to the sinkhole, which is about 800 m far
away from the spring, some sewage effluent leaked into the
aquifer, resulting in water pollution. This contamination
accident indicated pollution can be easily happen, especially
when waste was improper disposed in the upstream, even
people can not find connection directly between water
points by naked eyes (Beddows 2003; Gondwe et al. 2010).

Karst aquifers, where fractures or cavities permit rapid flow,
tend to be more vulnerable than those where water flows
slowly through porous rock. Karst aquifers usually have
complex systems. Once polluted, they generally make
cleanup difficult, expensive, and in some cases impossible.
Groundwater movement and risk of pollution have known
exactly based on detailed surveys and monitoring in some
important springs or underground rivers in South of China.
But sometimes they still can not escape from pollution
when only depend on the scientists. An important spring in
South of China was selected for pilot study on how to
manage karst groundwater. Detail scientific research was
done to find out the problems and countermeasures. Public
education through training course and related material
deliver for local government, residents, and students have
been successfully conducted. According to this way local
people know about knowledge of karst water, and now they
are more caution before undertake activities which may
threat water quality. Tracer test and groundwater pollution
accident were exhibited by scientists in order to show the
vulnerability of karst aquifers. These can be new methods
for karst groundwater management and should be spread.
More measures should be tried to convey to local people
after science study in order to protect karst groundwater
self-conscious.
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1

Karst landscapes form when acidic groundwater dissolves carbonate rocks that are at or near the earth’s surface. Karst
landscape features develop both on and below the surface and are often described as looking “otherworldly” as well as
“breathtaking”. Karst landscapes make up an estimated 12 percent of the earth’s surface with 20–25 percent of the global
populace depending on karst groundwater resources. Yet few understand the importance or fragility of these resources.
Karst environments and associated resources are fragile. Human interactions in karst areas make these resources highly
susceptible to damage and environmental degradation.
Worldwide, there are hundreds of parks or park-like attractions focusing on cave, spring, or sinkhole resources. Visitors
to cave and karst attractions have a built-in curiosity about these places. Engaging this audience in cave and karst
interpretive programming could greatly increase their knowledge of these systems. Paradoxically, the same attractions can
also be responsible for promulgating cave and karst misconceptions. However, digital media can be very effective tools
for increasing awareness and stewardship of cave and karst resources, especially when the media is developed for
coviewing or joint media engagement.
Smart device applications present several advantages over traditional interpretation media including, engaging audiences
outside of the attraction’s boundaries, and presenting interpretational messages to visitors in their native language,
maintaining content integrity. However, video and photography methods in cave environments present many challenges.
Filming crews and gear requirements can cause irreparable damage to caves. This paper discusses the development of the
iCaverns application, which was developed utilizing new green filming techniques as an educational and travel guide for
Carlsbad Caverns National Park.
The iCaverns application makes cave resources at Carlsbad Caverns National Park available, via 5 hours of video and
more than 2,000 photographs, to more than 400 million people, in 155 countries. As well as providing users to engage in
cave and karst educational and interpretive media in 38 languages.

1. Introduction

illustrating karst environmental concerns, issues, and
impacts are broadly documented within the body of cave
and karst science literature.

Karst landscapes are prevalent over most of the Earth’s
surface. Worldwide millions of people depend on karst
aquifers for drinking water. In many situations, the people
living on karst have never heard the word, or do not
understand how karst works.

Furthermore, the notions of the general public’s lack of
knowledge and the need to decrease this gap are widely
accepted throughout the cave and karst community. Land
managers acknowledge the important role education plays
as a part of any natural resource protection plan, because of
the difficulty people have in protecting something they do
not understand (Guo 2011). Yet, there are very few
examples in the literature identifying the general state of
cave and karst education, common misconceptions in cave
and karst related topics, or effective instructional delivery
methodologies. However, an extensive body of knowledge
exists within the realm of environmental education and
interpretation.
Utilizing effective interpretive methodologies, the iCaverns
application (app) was developed as an educational travel
guide for the cave and karst resources at Carlsbad Caverns
National Park and World Heritage Site. The main
educational goal for iCaverns is to inform users about the
speleogenesis, unique environments, and impacts man has
had on the cave and karst resources of Carlsbad Caverns
National Park. The app gives access to these resources
through photographic images. App users learn about the
resources through interpretive tours led by a geologist.
Users can also increase their knowledge through the
educational portion of the app.

Figure 1. Rattlesnake Spring supplies potable water to Carlsbad
Caverns National Park.

A lack of understanding of karst can increase the negative
impacts on karst environments and its inhabitants. In fact
sound management of kart areas require input and
cooperation from land managers, planers, government
officials, farmers, and local citizens (Guo 2011). Examples
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2. Cave and Karst Education Trends

iCaverns is developing a comprehensive guide of Carlsbad
Caverns National Park, which will entertain, and educate
visitors. This app is intended to enhance visitor experience
and provide virtual experiences for people that do not have
the ability or means to visit the park.

Karst landscapes often have an exotic but beautiful
appearance and thus, cave and karst features have become
the feature attraction at many park-like locations around the
globe. These park-like attractions draw in millions of
visitors each year.

Users will have multiple choices available to move through
the app. There is information provided about the town of
Carlsbad, New Mexico as well as general information about
Carlsbad Cavern National Park, an educational area, various
animations, and nine virtual “ranger” guided tours.
iCaverns is targeted for Apple’s smart device market, which
reaches more than 450 million people in 155 countries
(Monaghan 2012) / 38 Languages. The app will also be
developed for Android devices; however, the two users vary
greatly in expectations.
The major themes driving the design and development for
the iCaverns app are high quality, authentic, and engaging.
All pieces for this application have been developed
applying these qualities.

Figure 2. Underground landscape along the Lower Cave trail in
Carlsbad Cavern.

4. Development Phase

The assumption is made that visitors to cave or karstfocused attractions have an interest in the resource. This
built in interest primes the audience, making them more
open and eager to learn about cave and karst resources.
Therefore, cave and karst focused attractions are excellent
venues to deliver cave and karst interpretation and
education (North 2011).

Quality, authentic, and engaging are the driving principles
for each portion of the app’s development.
4.1. User Interface
Hernandez developed the user interface focusing on the
main principals of quality, elegance, and simplicity.

Indeed many of the cave or karst focused attractions have
interpretive programs. Unfortunately, some of these
programs have been responsible for passing forward missinformation about cave or karst resources (Kastning and
Kastning 1999; North 2011).

The resulting interface is engaging, beautiful, and yet
simple to navigate. This was accomplished by keeping the
interface design, uncluttered.
The users can navigate away from the main screen by
dialing up the portion of the app they would like to visit.
Each sub-interface also carries the simple and uncluttered
look. The interface for the cave tours is a replica of cave
maps, so users will know where they are in relation to the
item being discussed.

This same paradox exists when developing digital
interpretive media. People purchasing cave or karst-centered
media have an assumed interest in the subject. Because media
products typically have a long shelf life, it is increasingly
important to ensure the content be correct or in agreement
with accepted scientific theories. Developing cave or karst
focused for joint media engagement, like smart device apps
would provide an effective interpretive experience for the
whole family (Takeuchi and Stevens 2011).

4.2. Animations
There are multiple animations on the iCaverns app,
including one for modeling speleothem development and
another modeling a Mexican Free-tailed bat in flight.

There are several advantages smart device apps have in
comparison to traditional interpretation. Smart device apps
engage the younger “plugged-in” generation as well as
older generations. Apps bridge the generation gap, because
they give generations the opportunity to experience them
together. Apps put the resource in the pockets and hands of
those interested in it, whereas traditional interpretation
requires an onsite visit. Lastly, app developers have a higher
level of control over the content. Both developers and endusers easily update apps, which makes content maintenance
somewhat effortless and seamless.

3. Conceptual Phase
The iCaverns project was born from the developer, Michael
Hernandez, conceiving the notion to put Carlsbad Cavern
into people’s hand. The major conceptual theme for

Figure 3. Screenshot of Mexican Free-tailed bat animation.
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5. Summary

The animations were developed using Pixar Studios. While
the methods are proprietary, one of the designs did include
input from bat specialists, as well as the use of video and
photographs to build the bat within the app with a high level
of authenticity and quality. Users can view every angle of
the bat and observe muscle movement during flight.

The iCaverns App is schedule to hit the market in March
2013. It is the most comprehensive travel guide/educational
app currently available. The app will make cave resources
at Carlsbad Caverns National Park available to more than
400 million people, in 155 countries. As well as providing
users to engage in cave and karst educational and
interpretive media in 38 languages.

4.3. Video Guided Tours
The “guided” tours section of the iCaverns app is patterned
after the tours offered at Carlsbad Caverns National Park.
Dianne Joop a cave education and interpretation specialist
and Mark Joop, a geologist and cave interpretation
specialist, co-developed each of the nine tours around a
central theme. With nearly five hours of video, the virtual
ranger, Mark Joop, guides users through topics including,
the geologic setting, speleogenesis, cave biota, historic uses,
human impacts, and various historical figures of the park.
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1

In 2010 a petition for a better protection of cave contents was addressed to the European Union by several speleological
federations. The petition was supported by major nature protection NGOs and handed over to the EU Commissioner of
Environment. Its aim was to stop the trade, import and export of cave contents. The European Union did not implement
these demands but referred it to national legislation.

1. Introduction

2. Petition Text

Due to growing tourism in the wild caves of Europe, the
need for cave protection is constantly growing. One of the
problems arising following touristic impacts is the damage
and loss of cave contents. Therefore, in 2008 a written
declaration on the protection of caves as a cultural, natural
and environmental heritage lapsed in the European
Parliament.

Petition to Stop Trade, Import and Export of Cave Contents
Regarding Article 3 (b) and (l) of the Treaty establishing
the European Community and the UNESCO Convention
(concerning the Protection of the World Cultural and
Natural Heritage), we, the signatory organisations, petition
to stop the trade, import and export of cave contents.
Analogous to the Convention on International Trade of
Endangered Species of Wild Fauna and Flora, there is an
urgent need for a convention on the nonliving heritage of
the world. This includes, among others, cave contents.

To bring cave protection again into better effect, a petition
to stop the trade of speleothems was born in 2010.
Verband der deutschen Höhlen- und Karstforscher e.V.
(VdHK, German Speleological Federation) had the chance
to accompany a group of German NGOs in a meeting with
EU Commissioner of Environment Janez Potočnik.
European Speleological Federation FSE supported the
petition and emailed the first draft to its members. After an
intensive discussion, the following petition was passed.

Caves and karst areas are often transboundary regions, but
the legal framework dealing with caves and cave protection
varies greatly within the EU member states. The EU
Habitats Directive mentions only bats but no other cave
fauna. The EU Groundwater Directive does not take karst
phenomena like high flow rates and low filtration capacity
into account. With the ongoing climatic change and the
expected water shortage in certain regions the importance
of karst aquifers will increase even more. Up to now, there
is still a profound lack of concern and protection for caves
and karst in the European Community.
Caves belong to the most fragile ecosystems in the world.
They are also archives of geological history, evolution,
climate and culture. To be meaningful, the protection of
caves has to include the protection of cave contents –
otherwise it would only be the protection of the cover of a
book without its pages.
Cave contents include speleothems, sediments, fossils and
archaeological findings. Speleothems are defined as any
natural mineral formation or deposit occurring in natural
caves, including but not limited to stalactites, stalagmites,
helictites, gypsum flowers, flowstones, crystals, draperies
or rimstones.
Caves from which speleothems have been removed lose in
value and beauty. This is seen in many showcaves and
reduces the value of tourist regions of member states.
Extracting and trading the unique formations of caves
causes not only the loss of aesthetic and emotional value,
but invaluable scientific information like palaeoclimatic
data is lost as well.

Figure 1. Speleothems in the Riesenberghöhle, Lower Saxony,
Germany. Photo Stefan Meyer.
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3. Support

Fossils and subfossils are often found in caves and their
uncontrolled removal is not only a loss to scientific research
but can also lead to significant damages of the cave and its
content.

Every speleological federation of Europe was asked to be
involved. Many cavers contributed and the final version
was signed by 25 national and 6 international organisations.

Generally, all member states have laws dealing with
archaeological discoveries. However, archaeological sites
inside caves are usually not readily visible. Experts are
needed to detect and evaluate sites prior to their
uncovering. Even minimal changes in sensitive sections of
a cave can lead to the total destruction of unique
archaeological sites.

Furthermore letters of support arrived from Paolo Forti, Full
Professor of Geomorphology at the University of Bologna,
Director of the Italian Institute of Speleology and Past
President of the International Union of Speleology, and Dr.
Jean Clottes Foix, President of the International Federation
of Rock Art Organisations (IFRAO).
International speleological organisations signed the
declaration: the Commission on Cave Protection and the
Commission on Volcanic Caves of the International Union
of Speleology (UIS) and the International Show Caves
Association (ISCA). The International Symposium on
Subterranean Biology has boosted the petition, 54
participants from all over the world signed it.

Removal of speleothems, fossils, sediments and
archaeological findings for scientific investigations must
always be reduced to a minimum, in order to avoid an
excessive depletion of the natural cave features. Decisions
require careful considerations by specialist researchers and
advice from experienced cave and karst experts. If research
on a speleothem or fossil will likely result in the destruction
of a sampling site, then the choice should be to abstain from
the study.

4. Outcome

To ensure the protection of cave contents, the following
demands have to be implemented:

As Slovenian EU Commissioner Janez Potocnik was
already aware about cave protection we had a good start.
But other topics like the Soil Directive were discussed at
that time and minimised our political impact. We gained
support also from the International Union for Conservation
of Nature and inside the European Commission. Although
the petition was rejected, it was important to launch the
campaign and the resulting discussions were fruitful.

a) Speleothems or fragments of these (even if already
broken), fossils, sediments or archaeological findings
must not be extracted from caves, except for cases
mentioned under c).
b) Trade, import and export of cave content has to be
prohibited.
c) Scientific sampling has to be restricted to the absolutely
necessary minimum. Scientific benefits have to be
maximized through consultation with cave experts.

5. Perspective
In the United States of America the trade of speleothems is
forbidden since 1988. Speleology should pay attention to
current EU politics and intervene for cave topics. The FloraFauna-Habitats (FFH) directive/Natura 2000 as well as the
Water Framework Directive are partly dealing with caves
and karst. Therefore, also the EU Working Group C
Groundwater could be used as a chance to set up cave
protection in the process of legislation.
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Figure 2. Human fossil bones, Bronze Age, Lichtensteinhöhle
(Rotkamphöhle), Lower Saxony, Germany. Photo Landkreis
Osterode am Harz.
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The United States Department of Agriculture Forest Service (Forest Service) manages caves, karst systems, and associated
resources on over 780,000 square kilometres of public land. The management of these resources is mandated by the Federal
Cave Resources Protection Act (FCRPA) of 1988 and other federal acts, and is guided by the Code of Federal Regulations
(CFR) as well as the Forest Service Manual (FSM). The FCRPA provides for the designation and protection of caves as
significant per definition in the statute. Under this United States law, land management agencies designate caves as
significant based on biology, cultural resources, geologic/ mineralogic/paleontologic resources, recreational value, or
educational or scientific value, or location in a specially designated area. The FCRPA and its implementing regulations at
36 CFR Part 290 – Cave Resources Management provide the framework for management guidance in the FSM. Known
caves and karst areas occur in over 100 National Forests and Grasslands, and over 2,200 significant caves have been
identified to date, often with the assistance of partners such as the National Speleological Society and Cave Research
Foundation.
The goal of the Forest Service National Cave and Karst Program is to protect and maintain the biological,
geologic/mineralogical/paleontological, hydrological, cultural, educational, scientific and recreational values of caves and
karst resources. Management actions such as timber harvest, mining, grazing, herbicide application, and development of
infrastructure and recreation sites on National Forest System lands can impact cave and karst resources. Additionally, such
actions in karst areas may exacerbate hazardous conditions related to karst. As per the National Environmental Policy Act
of 1972, Environmental Assessments and Environmental Impact Statements may require a section on geology and
specifically on cave and karst systems where these resources occur in project areas. Additionally, the Forest Service Office
of International Programs provides assistance to land managers abroad in areas of cave and karst management. This paper
will outline the current status of cave and karst management in the Forest Service through an overview of cave and karst
resources on National Forest System lands and highlight current management issues on individual national forests and
regions.

1. Introduction

In order to base management decisions on sufficient data,
inventory of cave and karst resources is conducted by Forest
Service field personnel and qualified volunteers through
partnerships and memorandums of understanding (MOUs)
with the National Speleological Society (NSS) and
associated groups, Cave Research Foundation (CRF), and
Geological Society of America (GSA). Areas with potential
for cave and karst development are identified through field
geologic mapping as well as work with remote sensing
datasets. Once located in the field, caves are mapped and
inventoried, and significant cave nomination forms are
populated and approved by the proper authority. Data
storage of cave and karst resources is highly sensitive, and
significant cave locations are not subject to requests filed
under the U.S. Freedom of Information Act (FOIA) by the
public, similar to federal archeological or “heritage”
resources. These data are then utilized during the NEPA
process to ensure consideration of land management action
on cave and karst resources. Currently, cave and karst
resource protection is carried out on a forest by forest and
project by project basis depending on the type of project
and the standards and guidelines incorporated into each
forest plan. Future plans include standardization of cave and
karst inventory and mapping, development of best practices
and technical guides, unified national data storage, and
increased cooperation with stakeholders. Finally, the Forest
Service Office of International Programs offers assistance
with cave and karst management in protected areas in other
countries.

The United States Department of Agriculture Forest Service
(Forest Service) manages a wide variety of natural
resources, including caves and karst, across 780,000 square
kilometers of land in the 48 contiguous United States (U.S.),
Alaska, and Puerto Rico. The Forest Service has a unique
and separate mission from other U.S. land management
agencies, one of multiple uses and conservation as opposed
to preservation, and allows for activities such as timber
harvest, mining, grazing, and recreation with the proper
environmental considerations. When considering a
management activity on National Forest System (NFS)
lands, the agency must take into account the needs of many
user groups, as well as the best available science in terms
of environmental conservation. In cases of proposed
environmental disturbance, this is accomplished through
evaluation of projects and management strategies through
the National Environmental Policy Act (NEPA) process.
The Federal Cave Resources Protection Act (FCRPA) of
1988 defines caves and mandates protection of caves
designated as significant. The Code of Federal Regulations
(CFR) guides management of caves on federal lands. The
Forest Service Manual (FSM) guides cave management in
sections relating to recreation, geology, and prohibitions. In
addition, cave and karst resources are also protected through
approximately 40 additional federal acts addressing items
such as watershed, groundwater, and threatened and
endangered species protection.
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Figure 1. Forest Service caves and karst in the U.S.

includes approximately 600 caves. In the western U.S., a
broad diversity of cave resources include sea and glacier
caves on the Tongass and Chugach National Forests in
Alaska; ice caves on the Mt. Baker-Snoqualmie National
Forest, Washington; lava tubes on Deschutes and Umpqua
National Forests; and hypogene solution caves on the
Lincoln National Forest in New Mexico as several
examples. As the Forest Service is working to inventory and
document historic and current cave data, it is anticipated
that the list of significant caves and resources within their
passages will grow exponentially. This section highlights a
selection of the caves and cave resources currently known
on NFS lands.

2. Cave and Karst Resources in the Forest
Service
NFS lands encompass a broad diversity of cave and karst
resources across the 513,000 square kilometres (198,000
square miles) of potential cave and karst forming geologic
units in the U.S. (Figure 1). Karst is formed by the
dissolution of soluble carbonate bedrock such as limestone,
dolostone, and marble. Caves are often classified by the
parent material or speleogenic process, and are not only or
always formed as a portion of the karst system. All types of
caves such as volcanic, glacier, stream-cut, wave-cut,
shelter, crevice, and framework, as well as solution, occur
on NFS lands. Figure 1 reflects the different units and areas
in which they may occur.

2.1. Long and deep caves
In the Southern Region, Omega Cave is currently the
longest mapped cave known on NFS lands, the longest
mapped cave in the state of Virginia, and the sixteenth
longest cave in the U.S. at 47.07 kilometres (29.25 miles)
(Gulden 2012). It is the tenth deepest cave in the U.S. with
a vertical extent of 379 meters (1,243 feet), and the sixtysixth longest cave in the world (Gulden 2012). Exploration
began in 1996 and 1997 in a non-Forest Service entrance
called Blowing Hole and a Forest Service entrance called
“Lori Cori Canyon Cave”. In November of 1998,
exploration continued with the connection of these two
entrances and pushing of further leads. This cave is located
on the Washington and Jefferson National Forests in

The Forest Service is organized into nine regions, and
within each region are individual forests and grasslands. In
the eastern U.S., solution caves and karst systems occur in
carbonate rock from Green Mountain and Finger Lakes
National Forests in the northeastern states down the
Appalachian chain through the Monongahela National
Forest to the relatively young limestone in the Ocala
National Forest in Florida. The longest underwater cave
system, and thirteenth longest cave overall in the U.S. is
hydrologically connected to springs on the Apalachicola
National Forest. The Mark Twain National Forest in
Missouri is underlain almost entirely by carbonate rock and
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Virginia. In the Eastern Region, Sloan’s Valley Cave is
currently the twentieth longest cave in the U.S. at 36.3
kilometres (22.56 miles) of passage (Gulden 2012). Many
of the entrances are privately owned, however one entrance
is on NFS land, and a portion of this total length underlies
the Daniel Boone National Forest.

Researchers have documented microbial communities in
caves on NFS lands as part of a growing discovery of the
role of bacteria and archaea in speleogenesis and
speleothem formation. University researchers found
microbial activity integral in pool finger precipitation in
Hidden Cave, Lincoln National Forest, New Mexico as well
as in development of subaqueous moonmilk in the form of
“cottonballs” on the Tongass National Forest, Alaska (Curry
et al. 2009, Melim et al. 2010).

In the Northern Region, Virgil the Turtle’s Great House
Cave is located in the Bob Marshall Wilderness on the
Flathead National Forest in Montana, and is the fifth
deepest cave in the U.S. at 423 meters (1,586 feet) (Gulden
2012). Also in this area on NFS land is Tickle Me Turtle
Cave, which is the twenty-first deepest cave in the U.S., at
271 meters (890 feet) (Gulden 2012). In the Rocky
Mountain Region, Columbine Crawl is the sixth deepest
cave in the U.S. at 472.7 meters (1,551 feet) deep and 3,703
meters (2.3 miles) long (Gulden 2012). It is located in the
Teton National Forest in Wyoming. The Uinta-WasatchCache National Forests in the Intermountain Region contain
well-developed alpine karst areas which include Main Drain
Cave, as well as Neff’s Canyon Cave. Main Drain and
Neff’s Canyon are also on the deep caves list in the U.S.,
with Main Drain ranking eleventh at 374 meters (1,227 feet)
and Neff’s ranking thirteenth at 354.5 meters (1,163 feet)
(Gulden 2012). An additional cave on NFS lands in this area
is Nielsen’s Well, the twenty-second deepest cave in the
U.S. at 268 meters (880 feet) (Gulden 2012). Down in the
Southwestern Region, Three Fingers and Virgin Caves are
on-going cave survey projects on the Lincoln National
Forest in New Mexico. Virgin Cave is the thirty-sixth
deepest cave in the U.S., and Three Fingers is the sixty-third
deepest cave in the U.S (Gulden 2012). Both of these
hypogene caves were discovered in the 1960s and 70s, and
are currently undergoing remapping projects.

Federally endangered bat species found utilizing Forest
Service caves include the Gray bat (Myotis grisescens),
Indiana Bat (Myotis sodalis), the Ozark big-eared bat
(Corynorhinus townsendii ingens) and the Virgninia bigeared bat (Corynorhinus townsendii virginianus).
Additional bat species found in Forest Service caves such
as the Little brown bat (Myotis lucifugus), the Big brown
bat (Eptesicus fuscus), and the Tricolored bat (Perimyotis
subflavus) are not currently listed as threatened or
endangered, but Forest Service caves provide important
habitat as the population numbers of these bats are dropping
due to White-nose Syndrome (WNS).
The largest diversity and richness of troglobitic and
stygobitic species is currently documented primarily in the
eastern U.S., which is covered by the Eastern and Southern
Regions (Culver et al. 2001). In the Southern Region,
Blanchard Springs Caverns on the Ozark-St. Francis NF is
second only to Tumbling Creek Cave in Missouri for the
Ozark Plateaus ecoregion in biological richness in Arkansas
with 96 total and 9 obligate species (Graening et al. 2003).
In the Eastern Region, the Monongahela, Hoosier,
Shawnee, and Mark Twain National Forests have
designated many vertebrate and invertebrate cave species
as Regional Forester Sensitive Species, such as the
Marengo Cave ground beetle (Pseudanophthalmus
stricticollis), the Carter Cave spider (Nesticus carteri),
Eastern cave-loving funnel web spider (Calymmaria
cavicola), Fountain cave springtail (Pseudosinella fonsa),
and Dry Fork Valley cave pseudoscorpion (Apochthonius
pauscisinosus). Many of these species are found only in a
handful of caves in the eastern U.S., and some of these
species are rare and ound only in a single particular cave on
NFS land.

In Pacific Northwest Region, Deadhorse Cave and Ape
Cave, the two longest mapped lava tubes in North America
are located on the Mt. St. Helens National Volcanic
Monument in Washington State (Gulden 2012). Puffin
Grotto is the ninth longest sea cave in the world at 287
meters (942 feet) in length, and is located in the Alaska
Region on the Tongass National Forest (Gulden 2012). It is
thought to have formed through mechanical wave action as
well as dissolution of the Silurian-aged marble, and is
uplifted to approximately 15 meters (50 feet) above current
sea level.

2.3. Paleontology
2.2. Biology

The Forest Service is working to collate information from
the wide variety of paleontological studies conducted in
caves on NFS lands. Researchers have conducted a great
amount of work which is well documented in Forest Service
caves across the western half of the country, from Alaska
to California, through Nevada and into South Dakota.

Forest Service caves in the eastern and western U.S. provide
habitat for a wide range of life from all three domains:
bacteria, archaea, and eucaryota. This ranges from several
species of troglophiles (eutroglophile), trogloxenes
(subtroglophile), troglobites (troglobiont), and stygobites
such as bats, salamanders, spiders, crayfish, and loaches to
biofilms commonly described as speleothems such as
moonmilk. Additionally, cave and karst systems on NFS
lands play a critical role in the overall biological productivity
of an area, including the geochemistry of waters emanating
from karst systems impacting the productivity of fish; and
the development of karst features impacting vegetation
productivity on the surface (Aley et al. 1993, Harding and
Ford 1993, Bryant and Swanston 1998).

Samwel Cave and Potter Creek Cave on the Shasta-Trinity
National Forest in the Pacific Southwest Region are
significant fossil repositories, with 52 species excavated in
Potter Creek Cave, and 21 of those species extinct (Merriam
1906). These 52 species include the, “short-faced bear
(Arctotherium simum), shrub ox (Euceratherium collinum),
hores (Equus), mammoth, bison, and camelid” (Payen and
Taylor 1976). Faunal deposits in Samwel Cave included 45
mammal species, a portion of which were a large variety of
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Organic Administration Act, Endangered Species Act
(ESA), Paleontological Resources Preservation Act
(PRPA), Archeological Resources Preservation Act
(ARPA), and the Watershed Protection and Flood
Prevention Act (WPFPA). These laws relate directly to the
management planning and responsibilities of geology,
archaeology, wildlife biology, and recreation in cave and
karst resource management.

rodents, which were utilized in a recent study assessing the
impact of global warming on mammal populations (Faranec
et al. 2007, Blois et al. 2010).
In the Alaska Region, the Tongass National Forest’s caves
are repositories for a large quantity of paleontological
resources. Work in eighteen caves in this region by Heaton
(2002) documented species of mammals not previously
found in southeast Alaska, such as red fox (Vulpes vulpes)
and wolverine (Gulo gulo). Additionally Heaton found a
10,750 year old black bear skeleton (Ursus americanus) and
12,295 year old brown bear (Ursus arctos) bones on Prince
of Wales Island where currently only black bears are found
(Heaton 2002).

3.1.1. Federal Cave Resources Protection Act
In 1988 the FCRPA was established in order to,
“…secure, protect, and preserve significant caves on Federal
lands for the perpetual use, enjoyment, and benefit of all
people; and to foster increased cooperation and exchange of
information between governmental authorities and those who
utlize caves located on Federal lands for scientific, education,
or recreational purposes.”

2.4. Archeology
Archeologists have conducted research in Forest Service
caves for years, often with the initial discovery of artifacts
occurring when volunteers from the NSS or CRF locate
artifacts during cave surveys, such as the case of the 8,000year-old man from Hourglass Cave in region two (Mosch
and Watson 1997). Archeologists unearthed one of the most
significant discoveries for Forest Service cave archaeology
in On Your Knees Cave on Prince of Wales Island in
southeast Alaska after discovery and survey of the cave by
the Tongass Cave Project of the NSS. In 1992, the 10,300
year-old remains of young man called Shuká Kaa (“Man
Ahead of Us” in the native Tlingit language) were
excavated and studied along with paleontological artifacts
in a ground-breaking cooperative effort with the native
Alaskan groups in southeast Alaska as well as with several
universities (Fifield 2008). Results from genetic studies on
the individual’s remains contained significant implications
regarding the settlement of the North American continent
(Kemp et al. 2007). This discovery and the studies based
upon the artifacts excavated from On Your Knees Cave
were given wide press attention, including articles in
National Geographic Magazine and Smithsonian.

In the FCRPA caves are defined as,
“Any naturally occurring void, cavity, recess, or system of
interconnected passages which occurs beneath the surface of
the earth or within a cliff or ledge…and which is large enough
to permit an individual to enter, whether or not the entrance is
naturally formed or manmade.” (1988).

The FCRPA defined seven criteria by which caves could be
designated as significant, including biology, cultural
resources, geologic/mineralogic/paleontologic resources,
recreational value, or educational or scientific value, or
location in a specially designated area. The federal agencies
were tasked with designating significant caves based on the
seven criteria immediately following the establishment of the
FCRPA, and given three years to complete this initial
designation working with cave and karst stakeholders. This
Act also mandated that locations of significant caves are not
available to the public through Freedom of Information Act
requests unless a specific request is made via one of the
federal agencies or an educational or research institution. A
list of prohibited acts relating to federal caves, as well as
punishment for violating those prohibitions, is included.
Prohibited acts include destruction, disturbance, alteration,
removal, or sale of federal caves and associated resources.
Today, any federal agency employee or member of the public
may nominate a significant cave for designation based on this
Act, and periodic updating of the significant caves list and
protection of caves while under consideration is mandated.

On the Ozark St Francis National Forests, 64 caves and 55
rock shelters were inventoried as prehistoric sites (Jurney
and McCluskey 2012). Rock art panels were discovered in
Gustafson/Wingard Cave, and are the, “only known Native
American art work in cave dark zones in Arkansas” (Jurney
2009). The rock art panels included the only depiction of a
bison currently known about in the state of Arkansas, as
well as a centipede which is not common in the eastern U.S.
(Jurney 2009). Archeologists also found artifacts in
Gustafson/ Wingard Cave including Mississippian pottery
shards and archaic dart points. In 1955, cavers discovered
human remains in Blanchard Springs Caverns and later
discoveries included torch remnants and other items which
suggested that human use of the cave spanned 760 years,
A.D. 225–985 (Wolfman 1974).

3.2. Code of Federal Regulations

3.1. Federal Acts

In the Code of Federal Regulation (CFR) Title 36 – Parks,
Forests, and Public Property, there are several sections
which relate directly to Forest Service-specific cave
resource management. CFR Part 290, Cave Resources
Management, contains explicit direction for the Forest
Service on cave resources including definitions, the
nomination, evaluation, and designation of significant
caves, confidentiality of cave information, and collection
of information related to caves.

There are approximately 40 federal laws directly and
indirectly impacting the many facets of cave and karst
resource management, including the FCRPA, NEPA, the

CFR Part 261, Prohibitions, contains prohibitions against
such things as occupying, having domestic animals, lighting
fires, and discharging firearms underground.

3. Policy

249

Protection and Management of Karst, Education – oral

2013 ICS Proceedings

3.3 Forest Service Manual

biological significance, safety, recreational opportunities,
and cultural and paleontological resources of cave resources
and ecosystems. The Forest Service additionally determine
the need for protection of cave resources and ecosystems
as critical wildlife or aquatic habitat. The Forest Service
then then protect caves and cave ecosystems with the
assistance of the scientific community and / or recreational
caving groups in accordance with Federal law. The Forest
Service protects and preserves significant caves by
regulating or restricting use, as appropriate, and monitoring
the condition of cave resources. Finally, the Forest Service
also manages hazardous geologic conditions which includes
the potential for flooding and sinkhole collapse in karst
areas.

The Forest Service Manual (FSM) contains program level
guidance for cave and cave ecosystem management, and
assigns roles for leadership and coordination. The sections
relevant to cave and karst resources are chapters 2356 and
2880. Chapter 2356 outlines the cave management
responsibilities of Recreation, Heritage, and Wilderness
Resources, and Chapters 2880 describe the cave and cave
ecosystem management responsibilities of Geologic
Resources, Hazards, and Services.
In section 2356, the FSM outlines the roles and
responsibilities of Recreation, Heritage, and Volunteer
Resources, including controlling cave use, establishing use
limits, developing cave management plans in coordination
with other resources, acquiring cave inventory data in order
to consider human cave use impacts, and coordinating and
developing cave interpretive and educational materials and
alerting the public to cave hazards.

4. Land Management
As mentioned in FSM section 2880, the Forest Service is
tasked with identifying management activities impacting
caves, cave ecosystems, and groundwater dependent
ecosystems such as karst ecosystems. Where active
management occurs on NFS lands, standards and guidelines
written in forest plans provide mitigation measures as
guided by the policy described above to protect significant
caves and karst resources where appropriate.

In section 2880 of the FSM, the Forest Service manages
geologic resources, and caves and karst resources are
defined as geologic resources here. This section identifies
the Director of Minerals and Geology as being responsible
for sharing the lead responsibility for cave and cave
ecosystem related management, specifically acting as the
lead for all caves which are not designated for recreational
use:

Examples exist in many national forest plans for standards
and guidelines to manage the impact of timber harvest on
cave resources. These examples include no-harvest buffers
placed around significant caves and karst features and
guidelines for building roads in karst areas. Studies on the
Tongass National Forest in southeast Alaska established 30
meter (100 foot) buffers as the scientific standard for cave
and karst resource protection; however the actual buffer
diameter differs and on some forests in different ecosystems
may be greater or less (Aley et al. 1993). If the appropriate
official has designated caves found within planned mining
areas to be significant, those caves are protected. However,
caves not designated as significant cannot be protected as
per the 1872 Mining Act once a U.S. citizen has placed a
valid claim on an area where that cave is found. If caves are
located during mining operation, they are documented;
however the mining claimant has the right to continue
operation including destruction of located caves.

“Coordinate lead responsibility for cave and cave ecosystem
management on National Forest System lands with the
Washington Office Director, Recreation, Heritage, and
Wilderness Resources. Forest Service Manual 2356 provides
the direction for significant caves and karst features developed
for recreational use; FSM 2880 provides direction for
protection and management of non-recreational significant
caves and their associated ecosystems.”

Forest Supervisors are tasked with making certain the caves
under their jurisdiction are being evaluated for significance
by a qualified geologist in accordance with the FCRPA of
1988, and CFR 36 290.
Under FSM 2880, the Forest Service is required to collect
and evaluate material to rate the potential for presence of
caves and cave ecosystems, and to assess the quantity,
quality, and vulnerability of groundwater dependent
ecosystems (karst aquifers). For caves and cave ecosystems,
the Forest Service is tasked with collecting information on
existing caves from the caving community and tribes
utilizing spatial data in order to depict a regional description
of known caves (locations confidential). In order to
designate geologic factors affecting resource allocations and
presence or absence of caves, reconnaissance mapping of
bedrock and surface geology should occur. The addition of
inventorying the extent of known caves is added, and finally
field surveys including mapping caves and karst areas/
features, dye tracing, and air flow studies are required in
order to evaluate the extent of resources and sensitivity to
human disturbance. All cave-related documents should be
secured to protect cave locations.

Recreation is also a managed activity on NFS lands. During
surveys, caves that lack sensitive resources and are deemed
safe for visitation are identified as possible recreation sites.
The Forest Service contains quite a few show or
commercial caves including Wonderland, Blanchard
Springs Caverns, Minnetonka, and El Capitan Caves. These
caves are managed by cave management plans drafted to
protect all cave resources found within those caves, but are
often run by outside entities with Forest Service guidance.
Visits to these caves for visitors with no caving experience
are led by Forest Service guides or contractors. Self-guided
cave and karst educational trails and boardwalks also exist
on NFS lands including: Big Ice Cave on the Custer
National Forest, Ape Cave Interpretive Trail on the Mt. St.
Helens National Volcanic Monument, Ice Caves Trail on
the Mt. Baker-Snoqualmie National Forest, Beaver Falls
Karst Trail on the Tongass National Forest, and the Leon
Sinks area on the Apalachicola National Forest. These

MGM According to FSM 2880, the Forest Service identifies
management activities affecting caves, cave ecosystems,
and karst environments and determines the effects of
proposed activities on the hydrologic function and
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include Forest Service-placed interpretive signs and
structures, such as boardwalks, which educate visitors with
information about cave and karst features and provide for
the safety of visitors and protection of sensitive features.
Finally, permitted recreation in cave systems is open to
cavers of all skill levels on the Lincoln and Tonto National
Forests. Current restrictions are in place such as
decontamination due to White-nose Syndrome. Caves in the
Eastern, Southern, and Rocky Mountain Regions are
currently closed to recreational caving with exemptions for
operating commercial caves.

Culver DC, Master LL, Christman MC, Hobbs HH, 2001.
Obligate Cave Fauna of the 48 Contiguous United States.
Conservation Biology 14(2) 386–401.
Feranec RS, Hadly EA, Bois JL, Barnosky AD, Paytan A, 2007.
Radiocarbon dates from the pleistocene fossil deposits of
Samwell Cave, Shasta County, California, USA. Radiocarbon
49(1) 117–121.
Fifield TE, 2008. On Your Knees Cave and the Shuká Kaa Honor
Ceremony, 1992–2008. Beneath the Forest, 1(1) 7–8.
Graening GO, Slay ME, Tinkle KK, 2003. Subterranean
biodiversity of Akansas, Part I: Bioinventory and
bioassessment of caves in the Sylamore Ranger District, Ozark
National Forest, Arkansas. Journal of Arkansas Academy of
Science, 57 44–58.

The Forest Service is managing the impacts of White-nose
Syndrome (WNS) in the U.S. through blanket closures in
the eastern and southern regions and blanket and targeted
closures with exemptions for science and exploration in
some of the western regions. Established national
decontamination protocols are in place for cave entry
regardless of the area. Detailed NEPA procedures are
ongoing in Forest Service units across the U.S. including
Categorical Exclusions (CEs) and Environmental
Assessments (EAs) in order to further evaluate the impact
of cave and mine closures due to WNS.

Gulden B. 2012. NSS Geo2 Long and Deep Caves.
http://www.caverbob.com
Heaton, TH. 2002. Ice Age Paleontology of Southeast Alaska,
University of South Dakota http://orgs.usd.edu/esci/alaska/
index.html
Harding KA, Ford DC, 1993. Impacts of primary deforestation
upon limestone slopes in northern Vancouver Island, British
Columbia. Environmental Geology 21, 137–143.
Jurney DM, McCluskey RS, 2012. Indiana bat environmental
assessment Sylamore Ranger District, Baxter and Stone
Counties, Arkansas. Ozark-St Francis National Forests,
Heritage Resource Inventory Report Series 12-1-01-01,
Russellville, Arkansas.

5. Future Goals and Conclusion
The Forest Service is currently working to improve agency
cave and karst management through targeting several
specific management goals. Minerals and Geology
Management (MGM) and Recreation, Lands, and Heritage
are working together at the national level to identify roles
and responsibilities for each respective department. The
Forest Service has renewed MOUs with stakeholders such
as the National Speleological Society (NSS) and the Cave
Research Foundation (CRF). Tasks such as system-wide
inventory of caves and identification and designation of
significant caves, development of a corporate spatial
database with protections for locational information, and
establishment of best practices and technical field guides
are identified as crucial.

Kemp BM, Malhi RS, McDonough J, Bolnick DA, Eshleman JA,
Rickards O, Martinez-Labarga C, Johnson JR, Lorenz JG,
Dixon EJ, Fifield TE, Heaton TH, Worl R, Smith DG, 2007.
Genetic Analysis of early holocene skeletal remains from
Alaska and its implications for the settlement of the Americas.
American Journal of Physical Anthropology. 132 (4) 605–621.
Melim LA, Shinglman, KM, Boston PJ, Northup DE, Spilde J,
Queen, M, 2010. Evidence for Microbial Involvement in Pool
Finger Precipitation, Hidden Cave, New Mexico.
Geomicrobiology Journal, 18(3), 311–329.
Mosch CJ, Watson PJ, 1997. An Ancient Rocky Mountain Caver.
Journal of Cave and Karst Studies, 59(1) 10–14.
Merriam JC, 1906. Recent Cave Explorations in California.
American Anthropologist, 8(2) 221–228.
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SOLVING KARST FLOODING IN LAS CRUCES, PETÉN, GUATEMALA
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1

Heavy rainfall in 2008 and 2010 resulted in severe flooding in the town of Las Cruces, Peten, Guatemala. Recent
deforestation of the area draining into the town resulted in record high runoff. Previously, a cave in the middle of town
had accepted all floodwaters but its capacity was exceeded causing the water to overflow into the community. Groundwater
levels consequently rose causing additional flooding from overflowing wells. Flood levels averaged 1–3 m deep in the
town.
In early 2011, the National Cave and Karst Research Institute collaborated with Engineers Without Borders to relieve the
flooding by means of a drainage channel to divert most floodwaters around the town and away from the cave. The proposed
route needed evaluation for potential underlying caves that might collapse the channel and still result in flooding.
Geophysical methods were initially planned but the logistics were not feasible. Instead, a series of 4-m deep test pits were
dug and the geology carefully interpreted to evaluate the stability of the proposed route. This survey revealed the route
extends through an area of relatively deeper soils where no caves or karstic disturbance of the soils was evident. Though
there is no assurance that leakage through the channel floor and subsequent collapse will not occur, it is at least outside of
the town’s boundaries and the best solution available given the community’s limited resources. Reforestation of the
watershed above the town, especially with sustainably harvestable plants, is the best long-term solution to their flooding
problem.

1. Introduction

In the general vicinity of Las Cruces, a layer of
unconsolidated non-carbonate sediment of variable
thickness (zero to several meters) overlies limestone
bedrock. In the immediate vicinity of the village, the
elevation decreases from east to west, reflecting the
distribution of bedrock. Extensive outcrops of limestone are
exposed on the east side of town, particularly in the
northeast quadrant. Within the populated area of Las
Cruces, isolated exposures of limestone near the center of
town reflect the irregular character of the sediment-bedrock
interface. The subdued topography on the west side of Las
Cruces coincides with very limited limestone outcrops.

Las Cruces is one of the largest towns in the department
of Petén in northern Guatemala (Figure 1). Heavy
rainfall associated with a hurricane in 2008 and a tropical
depression in 2010 caused severe flooding, resulting in
displacement of 7,000 residents. An Engineers Without
Borders (EWB) team began investigations of the area to
evaluate the potential for constructing a drainage channel
around the north and west side of town to mitigate future
flood events. However, they recognized the possibility
for intersecting caves along that route that might
complicate or defeat their efforts and asked the National
Cave and Karst Research Institute (NCKRI) to assist
with this humanitarian effort by evaluating the potential
for underlying caves. EWB (2010) provided the data
specific to the Las Cruces area described below in this
report.

2. Hydrogeologic setting
Petén is bounded to the north and northwest by Mexico and
to the east by Belize. The geology of northern Guatemala
is relatively simple compared to the southern part of the
country, which includes a transform boundary between the
North American and Caribbean plates, with associated
volcanism, metamorphism, and extensive structural
deformation. By contrast, most of Petén is underlain by
relatively undeformed shallow marine carbonate bedrock
of Cretaceous and Tertiary age. Thick limestone deposits
and the humid tropical climate are responsible for the
extensive karst topography of northern Guatemala. The
Petén region has limited surface drainage relative to the rest
of the country, typical of karst terrain.

Figure 1. Map of Guatemala with location of Las Cruces.
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There is abundant evidence for karstic conditions in the
area. El Tragante, a small cave in the center of town, is
formed in a limestone knoll with ~2 m of relief. The cave
entrance is about 4 m in diameter, but the cave itself extends
only about 8 m and narrows to a passage about 50 cm in
diameter that is choked with trash. A smaller second
entrance that does not receive significant natural drainage
is present about 15 m west of the main entrance to the cave.
Because of limited access, its connection to the main
entrance is assumed but not known. In addition to El
Tragante, a sinkhole approximately 25 m in diameter occurs
on the north side of town. Las Cruces residents also report
the existence of a second cave within the village limits that
was filled recently to prevent access by children and
animals.
Detailed hydrologic information for the village of Las
Cruces and surrounding area is almost non-existent. At this
stage of investigation, only a general conceptual model is
possible based on observations of local outcrops, wells, and
test pit results from this study.
The north half of Las Cruces has access to a municipal
water supply, which pumps water from a 90 m deep well
on the east side of town that is screened in limestone. In
addition, many households either supplement their water
supply with or rely exclusively on shallow domestic wells.
Several homeowners reported that their wells sometimes
went dry for part of the year. Most of the domestic wells
observed were hand-dug, which may account for their
concentration on the west side of town where bedrock is
overlain by a blanket of sediment. Several of the test pits
dug for this study on the west side of town encountered
limited water flow (<5 liters/min) at 3–4 m below ground
level. These observations are consistent with a conceptual
model of a deeper limestone aquifer overlain by several
meters of clay and silt. The clay/silt overburden contains
perched aquifers of limited extent that provide water for
small domestic wells. The municipal supply well draws
water from the underlying limestone aquifer.

Figure 2. Drainage basin into Las Cruces (EWB, 2010).

3 m of water. Also, trash clogging the passage at the back
of the cave inhibits its ability to efficiently transmit
floodwater. Groundwater mounding also caused water to
rise up to 0.6 m above the surface from wells to flood much
of the southern part of the town. An estimated 7,000
residents were displaced and much property was damaged
and destroyed. Repeated flooding is expected unless the
drainage area is reforested and/or some of the runoff is
diverted away from Las Cruces.

3. Karst flooding and groundwater
contamination

The drainage ditch also receives much of the graywater
drainage as well as unknown quantities of domestic sewage
and animal waste from homes located along the canal. In
addition, a sewage line has been inserted directly into El
Tragante’s probable second entrance (Figure 3). Water

El Tragante is located at the south end of a drainage ditch
running from north to south through the center of town. The
community of Las Cruces exploits its natural karstic
drainage system to manage floodwater and stormwater
runoff. Surface floodwater is conveyed via the ditch into
the cave and transported downgradient through karstic
conduits; it is assumed to discharge from El Oroyo, a spring
located roughly 4 km to the south.
Since about 1980, the 89-km2 drainage basin flowing into
Las Cruces has changed from a lowland jungle to deforested
cattle ranches, corn fields, and papaya plantations (Figure 2).
From 1990 to 2009, the area has experienced an average
annual rainfall of 1,640 mm and until recently all drainage
has flowed through El Tragante.
However, progressive deforestation has increased the flood
pulse into the cave and in 2008 and 2010 the cave
overflowed during a hurricane and tropical depression,
flooding much of the northern part of the town with up to

Figure 3. Sewage pipe into El Tragante; the cave entrance is 3 m
deep.
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samples collected from all wells in Las Cruces showed
moderate to high levels of fecal coliform and E. coli
bacteria, probably associated with the widespread use of pit
latrines in the village as well as the discharge of graywater
and sewage into the cave. Most residents rely on either
bottled water or water from the municipal water distribution
system. A sample collected from the municipal supply well
had low levels of fecal coliform, in spite of the fact that raw
sewage is being injected directly into the karstic aquifer
beneath Las Cruces. The position of the municipal well
upgradient from El Tragante may account for the relatively
low level of contamination found in the well samples.

Using a backhoe, 25 tests pits were dug at 150–200 m
intervals along the proposed channel’s route to evaluate the
near-surface geology and soil conditions. The pits had
depths of 3.5 to 4 m (maximum depth dictated by the length
of the backhoe arm), and assessments were made of
sediment cover, depth to bedrock, and locations of soil
piping, caves, and other karst features in the subsurface
(Figure 5). Information from a recently-excavated cesspit
was also included as part of the geologic investigation. A
Garmin 76S handheld GPS receiver was used to collect
location and elevation data at each station, accurate to
within a few meters.
Twenty-two of the 25 pits encountered only soil and dense
clay. These pits represent about 90 % of the total length of
the survey. Two of the pits exposed weathered limestone
bedrock 1.5 to 3.5 m below ground level, and one unearthed
several large limestone boulders at ~3.5 m, suggesting
proximity to bedrock. In addition, four pits in the southern
portion of the survey encotered limited water flow.

4. Flood remediation channel: evalution
Engineers from EWB proposed excavation of a 5.2 km long
channel that would capture the majority of floodwaters as
they enter the north side of Las Cruces, and divert them via
the channel west and then south of town (Figure 4). The
channel would be approximately 5 m wide by 3 m deep and
prone to intersecting a cave during excavation. It could also
collapse at a later time by water in the channel piping soil
into underlying cavities, which could shift the location of
flooding by surface overflows and continue flooding by
groundwater mounding.

5. Conclusions
Results of the test pit survey, coupled with observations of
the local geology, indicate the presence of an irregular
bedrock surface overlain by one to several meters of clay
and silt on the north and west sides of Las Cruces. Test pit
and borehole data have inherent limitations when evaluating
depth to bedrock in karst terrain. That said, it appears that
limestone bedrock is probably greater than 4 meters deep
over ~90 % of the length of the proposed channel. Nearsurface bedrock (< 4 m) or limestone boulders indicating
proximity to bedrock were encountered in three pits over a

NCKRI geologists recommended conducting an electrical
resistivity survey along the length of the proposed channel
to identify any significant caves so EWB could reroute or
design the channel accordingly. Logistical issues with
transporting the resistivity equipment to Las Cruces
prevented its use, so a second plan was developed to
evaluate the stability of the channel route with the
equipment that was available.

Figure 4. Proposed route of diversion channel around Las Cruces
(“lleuvia” is Spanish for rain); the short channel in the northcentral part of town flows into El Tragante at its south end and they
gray area to the north is the watershed for the channel (EWB, 2010).

Figure 5. Backhoe excavating pit for geological examination.
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While remediation of groundwater quality was not a part of
this study, contamination of the karstic groundwater supply
would be at least partially mitigated by removal of the
sewage line into the second entrance into El Tragante. In
addition, Las Cruces residents should stop discharging
graywater and sewage into the existing canal, since that
waste is transported directly into the limestone aquifer via
El Tragante. Lastly, the installation of a debris rack,
designed to keep trash from entering the cave and not
restricting recharge, would reduce both flooding and
groundwater contamination.

distance of roughly 500 m, along which more difficult
excavation conditions are anticipated.
Although no caves or soil pipes were encountered in the test
pits, caves are obviously present in the vicinity of Las
Cruces. It is thus possible that leakage from the drainage
channel into underlying caves or karst conduits may initiate
sinkhole collapses. Ideally, the ditch should be lined to
prevent or minimize leakage, but budget constraints for the
community may not permit this. For a more permanent
solution, the people of Las Cruces are encouraged to
reforest the town’s drainage area with trees and other plants
that will reduce runoff while yielding economically
valuable harvests. Alternatively, or in combination, the
example of the town’s ancient Maya ancestors should be
followed by terracing the landscape to reduce runoff and
soil erosion, which is a well-recognized environmental and
economic problem for the region.
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The region of São Desidério is located in one of the newest discovered frontiers in the Brazilian karst areas. The region
draws attention for the amount and variety of surface and underground karst formations, as well as for the number of
recorded caves. These characteristics called the attention of Brazilian environmental authority, who proposed an
establishment of a Natural Protected Area (NPA). Hydrogeological, biological, landscape and social studies were performed
aiming to evaluate the hydrologic connection between the João Rodrigues and Tamanduá river basins, both important in
karst development of the region, hence in its conservation. Herein is proposed the creation of a mosaic of protected natural
areas: a National Park (full protection) and an Environmental Protection Area (conservation and sustainable use of natural
resources), encompassing Tamanduá and João Rodrigues river basins, as well as the areas contiguous to the second one.

1. Introduction
The karst system of the João Rodrigues river (KSJR) stands
out in the Brazilian scenario for its geodiversity and
biodiversity, beauty, and grandiosity of its caves and
landscapes. Its main axis is formed by a series of caves of
huge dimension, such as the “Buraco do Inferno da Lagoa
do Cemitério” with 4.8 km in length. The KSJR is
considered a threatened area, due to its proximity to urban
areas, highway traffic and plantations. This situation called
the attention of the environmental Brazilian authorities,
represented by the National Center for Cave Study and
Management (CECAV), which proposed the creation of a
National Park.
From this, several multidisciplinary studies were carried out
in the region over 14 months (from July 2011 to August
2012), aiming to propose the most appropriate limits to
create a Natural Protected Area under federal jurisdiction,
compatible with Brazilian laws, which restrict the human
impact. The conducted studies were: hydrogeology,
geology, geomorphology, speleology, speleobiology,
microclimate, archeology, paleontology, anthropic vectors,
and geological and speleotourism. In the present paper we
provide: a) a summary of the main results; and b)
recommendations for the conservation of the KSJR,
including the proposition of two different Natural Protected
Areas, which showed to be more appropriate for the
regional context than a single one.

Figure 1. Study area location, highlighting the main roads and
rivers.

The study area is located in the northwestern region of the
São Francisco Craton, and comprises Phanerozoic
sediments that belong to the Sanfranciscan Basin,
represented by the Urucuia Group, and Neoproterozoic
metasedimentary rocks of the Bambuí Group, represented
by the São Desidério and Serra da Mamona formations
(Egydio da Silva et al. 1989; Campos and Dardenne 1997a).

2. Characterization of the study area

The Sanfranciscan Basin covers a large area from the north
of Minas Gerais State to the south of Piauí State, in a total
area of approximately 150,000 km2, and it is considered to
be a sag-type basin, which is characterized by a broad
intracontinental basin with little subsidence and reduced
presence of tafogenetic processes, whose deposition history

The study area is located in the northeastern region of
Brazil, west of Bahia state, and is inserted in the
municipality of São Desidério, but it also encompasses the
municipalities of Catolândia, Baianópolis and Crisópolis
(Fig. 1).
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starts in the Paleozoic and extends to the Cretaceous period
(Campos and Dardenne 1997 a, b). It has an elongated
format following a N–S direction, with thickness reaching
roughly 500 m. The Sanfranciscan Basin is divided by the
Paracatu High into two sub-basins: the Urucuia sub-basin,
to the north, and the Abaeté sub-basin, to the south. The
longitudinal limits of the basin are parallel to the Brasília
Belt, to the west, and the Araçuaí Belt, to the east, and is
bounded on the north by the São Francisco High, which
separates its deposits from the Parnaíba Basin, and to the
south it covers part of Paraná Basin’s sediments (Campos
and Dardenne 1997 a, b). The Sanfranciscan Basin is
subdivided into five main units, which are, from the base
to the top: Santa Fé Group (glaciogenic deposits), Areado
Group (alluvial fan deposits and river, lake, and aeolian
environments), Mata da Corda Group (alkaline volcanic
rocks and river and alluvial fans), Urucuia Group (aeolian
and river deposits), and Chapadão Formation (Cenozoic
eluvial-coluvial deposits) (sensu Campos and Dardene
1997 b).

Four main geological units were recognized in the KSJR
area, as follows: metasedimentary deformed rocks of the
Bambuí Group, represented by the São Desidério and Serra
da Mamona formations, Cretaceous sedimentary coverages
of the Urucuia Group and talus deposits, which are probably
Cenozoic (Fig. 2).

The Urucuia Group covers a large area and comprises the
states of Minas Gerais, Goiás, Bahia, Tocantins and the
southern part of Piauí, and is composed by siliciclastic
rocks, mostly conglomerates, sandstones and siltstone,
deposited in aeolian environment (Posses Formation,
located at the base of the unit) and river environment (Serra
das Araras Formation, located at the top) (Spigolon and
Alvarenga 2002). The Urucuia Group directly overlaps the
neoproterozoic metasediments of the Bambuí Group, but it
also overlaps the Areado and Santa Fé groups, in addition
to the granites and gnaisses of the basement (Campos and
Dardenne 1997 b).

From the local standpoint, the rainfall influence in the
surveyed environment is remarkable, considering the
structure of karst environment underlying a sandstone
sedimentary package. This implies a specific condition of
the hydrological regime, since the effective recharges that
control most of the hydraulic gradient in the KSJR depend
on the contribution of the rainfall on the sandstone
hydrogeological units located around its distribution,
mainly in the east and south portions.

In the region, two marked seasons are identified: one dry
and cold, from May to September, and the other rainy and
warm, from October to April. Minimum and maximum
temperatures range from 20 to 26 °C. Regional rainfall
varies from east to west, from 900 to 1,100 mm per year,
approximately.
According to Koppen classification, the climate type in the
area is warm (Caw) and there is at least one month in which
the rainfall is below 60 mm. The temperature in the coldest
month is above 18 °C and the monthly average thermal
range does not surpass 5 °C (Brasil 1982). The average
relative humidity of the air is 70 %, ranging from 80 % in
December to 50 % in August (Embrapa 2008).

In this context, the study carried out initially considered the
fact that the karstification started from an allogenic recharge,
and then changed to an autogenic recharge with the exposure
of the carbonatic rocks. Once this process advanced, the
capture of Tamanduá river basin started to occur, represented
by the KSJR, as depicted in Figures 2 and 3.

The Bambuí Group represents the Neoproterozoic
sedimentary coverage rocks with the biggest expression in
terms of area in the São Francisco Intracratonic Basin,
whose deposition occurred between 750 to 600 Ma.
(Iglesias and Uhlein 2009).

Figure 2. Geological map of the area representing hypothetical relationship between the KSJR (smaller polygon) and the Tamanduá
river basin (larger polygon).
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Figure 3. Hydrogeologic conceptual model of KSJR.

• Geomorphology: mapping and identifying the
geomorphological compartimentation of the karst system;

3. Methods

• Speleobiology: biotic and abiotic surveys, monitoring the
fauna in a representative part of the KSJR;

The caves are among the main karst landscape and have an
important role in enabling the local authorities to propose the
João Rodrigues river basin as a Natural Protected Area.
Nevertheless, several studies conducted worldwide (e.g.,
Watson et al. 1997; Williams 2008) as well of national level
(e.g., Trajano and Bichuette 2010) have been reasserting the
need to understand caves as part of a complex system,
especially for conservation purposes. In general, Karst system
differs from the fluvial basins, in which the planning is
performed satisfactorily, with the hydrographic basin as the
territorial for conservation. In karst areas, hydrographic basins
are outlined in the surface by the watershed, not always
corresponding to the total water catchment domain (Ford and
Williams 2007). Rock solubility – especially in carbonatic
areas – and other environmental factors result in an extensive
network of underground conduits enabling the intake of water
from adjacent basins. Thus, karst terrains are special cases of
territorial management for conservation purposes, once the
totality of their areas can vary from dozens to hundreds of
square kilometers, larger than the immediate perimeter of the
projection on the surface of the reference hydrographic basin.
Taking this into account, several multidisciplinary studies
were carried out and the methodology of this work had to
consider social and natural parameters to define the limits of
the proposed Natural Protected Area.

• Archeology and paleontology: prospection and logging of
archeological and paleontological sites;
• Geological heritage: inventory and assessment of the most
well known geosites;
• Speleology: complementary mapping of the main caves
of the system and use of the existing databases to verify
the amount of caves in the region;
• Human occupation: land use survey, to identify the
situation of human occupation.
The integration of thematic studies to categorize the space
can be carried out in different ways, including the processes
of overlaping and wheighting of the thematic maps (e.g.,
Lobo et al. 2013) or by simple juxtaposition of the analyzed
territories. Due to the environmental features of the karst
terrains, it was decided to use a simple method of
juxtaposition of the priority areas according to the various
themes, independently of the spatial coincidence of these
points, in order to ensure a broader territory, based on
technical criteria. In the definition of the polygons proposed
herein, the limits established were based on natural features
identified at the karst terrain, which had to be visible at a
working scale map, whenever possible. However,
considering that the aim of this process was not only to
outline the karst area, but also to categorize it for
conservation, we also considered the possibility of
exclusion of certain areas within a priority polygon. In the
present study, as an exclusion criteria, we used the previous
anthropization of the territory and the possible socioeconomical impact generated by affecting productive and/or

The work was divided in two major stages: 1. data
collection; 2. data comparison to obtain an integrated
analysis of the KSJR. In summary, at the first stage, the
following methodological procedures were performed:
• Hydrogeology: Identification of the main flow pathways
with tracers and monitoring of the flow rates in strategic
points of João Rodrigues river;
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densely populated areas, for the definition of the final
Natural Protected Area. In summary, the study was carried
out following the stages below:

planning compatible with the needs of sustainable
management of the water basin that feeds the system);
VI. Proposal of Natural Protected Area categories, based
on the environmental and socio-economical features of
the areas to be affected, as well on the Brazilian
environmental legislation.

I. Identification of the recharge zone (autogenic and
allogenic) of the karst system;
II. Analysis of the
compartments;

proposed

geomorphological

4. Results and discussion

III. Identification and juxtaposition of priority points for
conservation, with emphasis on speleobiological,
archeological, and paleontological matters as well as
those of heritage value;

Although it was not possible to confirm the hydraulic
connection between the Tamanduá and João Rodrigues river
basins through the use of tracers, the river capture was
inferred from a comparative study on the flow rates and the
catchment areas of these basins. The entire river network
was analyzed based on geomorphological perspective by
establishing topographic markers. Three major
compartments were proposed for the karst system of the
João Rodrigues river: the polygonal karst zone, the karst
zone with springs associated to the fluvial network and the
fluvial zone (Fig. 4).

IV. Based on previous stages, identification of areas with
different conservation priorities, by thematic
juxtaposition and by the exclusion of areas that would
cause socio-economical impact, by affecting productive
and/or densely populated areas;
V. Proposal of a mosaic of Natural Protected Areas, being
one of Full Protection (priority area, considered the
most representative nucleus of the studied system) and
another one of Sustainable Use (to add a territorial

Figure 4. Geomorphological map.”A”, “B”and “C” represents the three major geomorphological zones of the karst system: “A” –
polygonal karst zone, “B” – karst zone with springs associated to the fluvial network, and “C” – fluvial zone.

settlements and rural occupation in part of the karst system
area makes impracticable the proposition of a Natural
Protected Area, with total restriction to the human
occupation, comprising the whole karst system. Doing that
would cause conflicts without precedents, followed by the
displacement of two entire municipalities, with all their
citizens and economic activities. This scenario is not
possible for two reasons: 1. lack of political support for such
situation, 2. it could generate a rejection for the
establishment of a future Natural Protected Area.

The first important aspect is the existence of two municipal
settlements in the hypothetical catchment area of the KSJR,
namely: Baianópolis and Crisópolis. Tab. 1 summarizes the
description of these municipalities.
Table 1. Social and economic data from the municipalities of
Baianópolis and Cristópolis.
Municipality

Population

Urban
Population

Rural
Population

Baianópolis
13,850
3,482
10,368
Crisópolis
20,046
8,612
11,434
Source: Ibge (2012) – data from the census of 2010.

On the other hand, the field work carried out in this project,
as well as in previous projects (e.g., Rubbioli 2004) and the
current record of natural caves in Brazil, show that the
region of the Tamanduá river have less karst features than
the São Desidério river region. However, the former is an
area with extensive changes caused by human occupation,

As may be seen in Tab. 1, there is a numerous population
living in the urban and rural area of the region and, for this
reason, the creation of a Natural Protected Area would
interfere in this population. The existence of municipal
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most of the region being used as grazing areas. The
polygonal karst zone, which corresponds to the entire
autogenic recharge zone and part of the allogenic recharge
zone of the KSJR, have an impressive number of karst
features, such as caves, dolines, blind valleys and polygonal
basins with centripetal drainage. Moreover, this area hosts
vast areas of virgin forests and it should be the target area
for conservation efforts.

The studies on speleobiology, paleontology and valuation
of geological heritage also indicated the polygonal karst
zone as the most relevant area, with endemic and rare
species. Archeology studies demonstrated the existence of
a series of archeological sites close to the São Desidério
river and beyond the studied karst system. The human
occupation studies indicated larger gaps of human
occupation in the polygonal karst zone. Fig. 5 summarizes
the main results of these studies.

Figure 5. Results on archeological studies, geosites, presence of caves and the land situation of the polygonal karst zone.

6. Conclusions and final recommendations

• The caves located in the polygonal karst zone are more
relevant for the conservation of representative species of
hypogean ecosystems, were new and endemic troglobite
species were identified. In addition, the hypogean
ecosystem is an important shelter for the epigean fauna
during the dry season. The most important archeological
sites with considerable potential that were identified are
located in the polygonal karst zone and its adjacent areas;
• The caves in the polygonal karst zone, as well as the
dolines and the São Desidério river represent attractive
landscapes comparable to other karst areas with tourist
attraction in Brazil and other places all over the world.

Based on the studies which were conducted, some
characteristics were considered for establishing general
principles for the conservation of the KSJR:
• Although it was not possible to obtain confirmation by
means of the study with tracers, a comparative analysis on
the relationship between the flow and the catchment area
of Tamanduá and João Rodrigues river basins allowed us
to deduce that the recharge area of the KSJR reaches out
up to the Tamanduá river basin, forming a partial river
capture. As such, the waters of Tamanduá river basin are
strategic for the conservation of the local karst system;
• The geomorphological zones denominated fluvial zone
and karst zone with springs associated to the fluvial
network do not reveal elements which make up the local
geospeleological heritage, since they have few or none
karst features, such as caves, dolines and polygonal basins,
and presents dense populational occupations,
encompassing the municipal seats of two municipalities
(Baianópolis and Cristópolis);
• The polygonal karst zone has typical characteristics of a
karst relief and constitutes the autogenic recharge zone of
the system. On the other hand, the human occupation in
this region is relatively less dense, with the exception of
the riverside of São Desidério river;

Based on these facts and also on the current categories of
the National System of Conservation Units (SNUC),
already analysed for its appropriate applicability in karst
areas by Pereira et al. (2008), we propose the further
strategic actions to the conservation of the KSJR:
I) To consider the entire extension of João Rodrigues river
and the largest part of the polygonal karst zone as a Full
Protection natural preservation area, under the category
of National Park. From this area, only the riversides of
São Desidério river shall be excluded – with the
exception of the area close to the João Rodrigues river
mouth. This area of the polygonal karst zone, together
with the archeological sites and the Sopradeira cave, shall
be mandatorily included in the buffer area of the future
National Park, then, sustainable management practices
may be adopted in these places;
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Figure 6. Mosaic of Natural Protected Areas with full protection and sustainable use for the region of São Desidério.

II) To propose the other karst zones related to the system,
(bounded by the watersheds of the Tamanduá river
basin) as a Federal Natural Protected Area, with
Sustainable Use (in the category of Environmental
Protection Area).

Egydio da Silva M, Karmann I, Trompette R. 1989.
Litoestratigrafia do Supergrupo Espinhaço e Grupo Bambuí no
noroeste do estado da Bahia. Revista Brasileira de Geociências,
19(2), 141–152 (in Portuguese).
Embrapa, 2008. Monitoramento da expansão das áreas irrigadas
na região Oeste da Bahia. Monitoramento por Satélites,
http://www.cnpm.embrapa.br (in Portuguese).

The proposal of the Natural Protected Area with Full
Protection and Sustainable Use is shown in Fig 6.

Ford D, Williams P, 2007. Karst geomorphology and hydrology.
Chapman and Hall, Londres, 601.

By creating these areas, the conservation of an area with
189.04 hectares of karst terrains could be assured, and also
143 caves which are already known and recorded, in a
Brazilian region with few attention for effective protection.
Therefore, we recommended that this proposal should be
considered for the planning and designing of the protection
of São Desidério region natural heritage, taking into account
both the mosaic of Sustainable Use Natural Protected Areas,
and the Full Protection Natural Protected Area.

Iglesias M, Uhlein A, 2009. Estratigrafia do Grupo Bambuí e
coberturas fanerozóicas no vale do rio São Francisco, norte de
Minas Gerais. Revista Brasileira de Geociências, 39(2),
256–266 (in Portuguese).
Ibge – Instituto Brasileiro de Geografia e Estatística, 2012. IBGE
Cid@des, http://www.ibge.gov.br/cidadesat/topwindow.htm?1
Lobo HAS, Trajano E, Marinho MA, Bichuette ME, Scaleante
JAB, Scaleante OAF, Rocha BN, Laterza FV, 2013. Projection
of tourist scenarios onto fragility maps: Framework for
determination of provisional tourist carrying capacity in a
Brazilian show cave. Tourism Management, 35, 234–243.
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The rapid transport of percolating water through karst and inability of carbonate bedrock to effectively filter pollution
from water lends these terrains to extensive environmental degradation. It also makes groundwater in karst regions highly
vulnerable to pollution. Moreoever, rapid industrial, agricultural, and/or urban growth in karst regions has raised concerns
about future groundwater availability in these locations. In an effort to promote karst groundwater awareness and encourage
its sustainable use, a multi-year groundwater awareness campaign was launched in the iconic karst landscape of southcentral Kentucky and west-central Florida. In both of these locations, water availability and groundwater quality are
becoming increasing concerns. Informal learning allows for both adults and children to be simultaneously educated about
a particular topic, so this campaign centers on the use of multiple informal learning tools. These include, but are not limited
to, interpretative signs, webpages, infographics, workshops, open community forums, social media, and multi-media
productions. Since the launch of the campaign, more than 100 Facebook “likes” have been received, two workshops were
hosted, a short teleprompter video has aired at a Western Kentucky University sports venue, and 3 infographics were
developed and distributed. To date, knowledge surveys, pledges submitted by visitors to the Under Your Feet campaign
webpage, and public support and requests for additional educational materials indicate these efforts have been successful
at enhancing public understanding of karst groundwater issues and spurring behavioral and attitudinal changes in members
of the general public. Research on combining the use of multiple informal education tools into a single karst and
groundwater education initiative that changes affective domain and increases understanding about this topics are also
being pursued as part of this campaign.

1. Introduction

terrains. Yet, because of their complexity, educating about
karst landscapes and groundwater requires a holistic
perspective and multi-faceted approach.

Karst environments, which are characterized by springs,
caves, sinkholes, and aquifers systems, which form from
the dissolution of carbonate (limestone, dolomite) rock, are
fragile ecosystems that provide substantial groundwater
resources. These significant landscapes are susceptible to
negative impacts from development, stormwater pollution,
and agriculture, among other sources (van Beynen and
Townsend 2005; North et al. 2009). Moreover, since these
landscapes require a holistic perspective in determining the
extent of possible environmental impacts, they are difficult
to manage and thereby more susceptible to degradation than
many other landscapes. Thus, despite the abundance of
karst landscapes, their sensitivity to anthropogenic
disturbance, and connection to fresh drinking water
supplies, overall there is a severe lack of effective policies
at most federal, state, regional, and local levels (Fleury
2009). Even when regulatory tools seem well-suited to karst
management, budgetary and time constraints of
municipalities frequently curtail enforcement.

Even in iconic karst landscapes such as Bowling Green,
Kentucky and west-central Florida, USA, which are among
some of the most extensively studied karst landscapes in
the world, there is a lack of effective karst regulation
(Fleury 2009) and understanding about these landscapes by
members of the general public. In short, there exists a need
for general audiences to fill an educational gap about the
uniqueness of the karst environments in which they live and
the important role their individual actions play in
groundwater quality. By filling these existing voids in
public knowledge about karst through the development and
quantification of the effectiveness of an informal
educational campaign, it may be possible to mitigate the
ever-increasing instances of karst and groundwater
degradation despite shortcomings in regulation.
Although interpretative signs, brochures, and promotional
materials are regularly used to inform about multiple
environmental topics, few of these efforts also investigate
the effectiveness of these signs and associated outreach
materials to educate the public once implemented.
Furthermore, in an ever-increasing technological world, it
is important for educators to understand how more
traditional and new-media techniques can be successfully
combined to maximize learning and positive behavioral
change. Thus, in an effort to ameliorate environmental
degradation over time and provide a foundation for

Human impacts to karst regions are frequently unintentional
and/or ignored due to public lack of effective and accessible
environmental educational materials about the basic science
of caves and karst environments or the importance of these
landscapes to water resources (van Beynen and Townsend
2005; Fleury 2009; North et al. 20009; North 2011). Thus,
instances of anthropogenic karst disturbance will likely
continue until the general public is adequately educated
about the vulnerability and interconnectedness of the
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5) evaluate the applicability, usefulness, and success of the
created educational materials through focus groups,
opinion-based surveys, and pre-and post-assessments.

continuing to devise educational materials that achieves
these goals, this project centered on assessing the success
of a multi-faceted informal educational campaign.
Assessment specifically focuses on the effectiveness of
developed education materials to spur behavioral changes
in a karst community, improve understanding of karst
terrains and its role in groundwater supplies, and spark
curiosity and ownership about karst groundwater issues by
the general public. This work involves cooperation with
state and local governments, educators, and students.

Website visitation tracking is used to establish how the site
was accessed, peak visitation hours, and the location of web
visitors. Since infographics are designed to be
downloadable and printable by users, the number of times
these materials are accessed is also quantified to estimate
the campaign’s reach. Content analysis techniques are used
to assess the outcomes of voluntary opinion-based surveys
available on the website and at selected events. Discourse
analysis methodologies are used to draw conclusions from
the public webpage forum.

2. Methods
The city of Bowling Green, Kentucky and the Tampa Bay
Metropolitan Area in Florida, USA, have both attempted
the use of television commercials and brief radio spots to
communicate messages about their groundwater supply in
past years, but to date the effective use of these often
expensive outreach techniques has not been justified for
their cost. Furthermore, as more people switch to online bill
payment, the expensive outreach strategy of inserting
informational brochures in water bills is becoming obsolete.
For this project we combined the use of multiple new
outreach techniques and avenues (including social media)
that reach a broader audience, with a focused website
platform. This platform provided the ability to research the
effectiveness of the selected informal educational strategies
and allowed for the best means by which to strategically
focus and improve upon the means to be ascertained.

As the project continues, focus groups will be used to
follow-up with website visitors who pledged behavioral
changes to investigate the success of these pledged changes.
Water bills of willing participants will also be evaluated to
assess if changes in the quantity of water usage decreased
since interacting with the educational materials. Lastly,
groundwater quality and quantity data will later be studied
to ascertain if improvements in these measures have
occurred since the initiation of the educational initiative.

3. Preliminary Results and Discussion
Since the launch of the Under Your Feet campaign, more
than 100 “likes” have been received on its Facebook page,
nearly 100 participants were hosted at two groundwater
workshops, two short teleprompter video aired at a Western
Kentucky University sports venue, and 3 infographics were
developed and distributed. To date, knowledge surveys,
pledges submitted by visitors to the campaign webpage, and
public support and requests for additional educational
materials indicate these efforts have been successful at
enhancing public understanding of karst groundwater issues
and spurring behavioral and attitudinal changes in members
of the general public. Specifically, visitors spend an average
of 20 minutes on the developed website and demand for
additional infographics continually increases with over 90
percent of survey respondents indicating the infographics
(see Figure 1) are the most informative and useful
component of the campaign. 66 percent (n = 67) of web
visitors were unable to answer two or more questions on
pre website surveys, while 87 percent correctly answered
at least 11 out of 12 questions on post website surveys, thus
highlighting a significant improvement in karst and
groundwater understanding after exploring the series of
created resources. Lastly, 97 percent of pledge respondents
pledged to participate fully in each proposed activities
and/or behaviors in 5 categories (conserve, prevent,
maintain, protect, show). In August 2013, focus groups with
website visitors will be held to establish if pledged activities
and behaviors were pursued and factors influencing
successes and failures in attempts to do so.

This project used a participatory needs assessment
approach, with the partnership of several community
stakeholders to refine and develop the materials in Bowling
Green, Kentucky and west-central Florida. Specifically, this
study involved the following steps:
1) perform a participatory needs assessment in which the
community partners, researchers, and interested
stakeholders determined the primary goals of a karst
education campaign, the best method of disseminating
the information, expected outcomes, and the minimum
standards to measure its success;
2) develop and implement informal learning tools,
including, but not limited to, data- and concept-driven
infographics, a series of 30-second videos, a print ad, and
a interactive and user-friendly website equipped with an
events calendar, community discussion forum, and karst
and groundwater data;
3) equip each created educational tool with Quick Response
(QR) codes so the interactive web component of the
campaign is readily accessible;
4) establish a mechanism for displaying water quality and
quantity data (determined by quarterly-tested water
quality parameters and discharge measurements) from
nearby karst features on the website; and
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Figure 1. Three-panel, data-driven infographic created as part of the Under Your Feet Karst Groundwater Education Campaign.
Infographic be viewed as a single unit, or each panel can be printed as a standalone item.
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In 1872 the United States of America first began setting aside federal lands for the enjoyment of the American public. In
1964 the United States government passed landmark legislation creating a National Wilderness Preservation System to
preserve and protect natural landscapes for primitive use only. Despite four attempts to create a Cave Wilderness
designation, two by the Cave Research Foundation, one by the National Speleological Society and one by a unit within
the National Park Service system, no Wilderness designation has been made to protect and preserve a specific cave, region
within a cave or a karst region. The question remains: if and when will the US declare a cave or portion of a cave/cave
system as Wilderness? Criteria used in defining of Cave Wilderness and values associated with a Cave Wilderness
designation, is used to evaluate the 2009 federal legislation creating the Fort Stanton – Snow River Cave National
Conservation Area as a potential step in the eventual creation of a designated Cave Wilderness.

1. Introduction

150 years before there would be a designation that would
preclude development of these lands beyond access and
“primitive use”; and include the directive to preserve the
lands in their wild state as wilderness. Supporters of the
Wilderness Act sought to achieve such protection for public
lands having extraordinary scenic value and which were
untrammeled by the presence of man.

In 1872 the United States of America established
Yellowstone National Park, creating the nation’s (and the
world’s) first national park dedicated to conserve and
protect the natural landscape for the enjoyment of the
American public for generations to come. Since that time,
public lands, under various special designations have been
set aside for similar purposes. These public lands are
managed primarily by the National Park Service (NPS), the
US Forest Service (USFS) and the Bureau of Land
Management (BLM). These three agencies have differing
histories regarding the management of public lands for
recreational use.

The 1964 Wilderness Act was eight years, eighteen public
hearings and over 60 drafts in the making. Input was
received from numerous organizations, agencies and private
citizens via reports and testimonies. The National
Speleological Society (NSS) and the Cave Research
Foundation (CRF) submitted reports and testified during
hearings advocating caves as Wilderness.

The NPS was established in 1916 expressly for the purpose
of conserving public lands for the enjoyment of the
American public and future generations. Of the three
agencies mentioned, it is the only one that does not have a
multi-use mandate.

In 1962, the Outdoor Recreation Resources Review
Commission (ORRRC) released Wilderness and Recreation
– A Report on Resources, Values, and Problems. In this
report the Commission addressed the idea of caves as
potential wilderness sites. It failed to specifically support
such a designation. The report did address the importance
of caves as potential wilderness resources: It is apparent
that special study is needed to develop suitable definitions
for these recreation resources, which can be applied in
survey and management efforts (ORRRC 1962, p. 4)

The USFS was established in 1891 for the management of
national forests. At that time the agency’s primary focus was
the management of forest resources for timber. In 1960,
their mandate was expanded to include a sustainable
multiple-use management concept, acknowledging the
American public’s increasing use of national forests for
recreational purposes.

The ORRRC Report included as Appendix B a statement
on cave resources authored by Raymond DeSaussure, a
caver. DeSaussure represented neither the NSS nor the CRF.
His commentary negated the value of caves as wilderness:

The BLM was created in 1946 from two federal agencies:
the General Land Office (GLO) and the US Grazing
Service. The GLO had been created in 1812 for the purpose
of promoting and managing the settlement of the Western
Territories of the United States. At that time the BLM
managed its lands for grazing, mining and petroleum
exploration and extraction. In 1976 the BLM’s mandate was
changed to include multiple-use management similar to that
of the USFS, thus including the recreational values of the
lands they managed. Despite wide-ranging recreational
sites, most Americans continue to think of the BLM in
terms of its original mandate.

Once a wilderness area has been well explored and
mapped, it is still useful as a wilderness area. But when a
cave has been extensively explored by even a handful of
people and the results published in journals and circulars
of the field, the elements of discovery and exploration
vanish. The cave becomes valuable as a recreational
resource or, if its initial exploration has not been too
damaging, as a scientific resource (DeSaussure, 1962,
p. 323).
The final summation of Appendix B, while not supporting
the idea of caves as Wilderness, did advocate for the
development of management plans for caves on public

Since the late 19th century the United States federal
government has set aside lands for the enjoyment and
recreational use of the American public. It would be another
265

Protection and Management of Karst, Education – oral

2013 ICS Proceedings

lands. It is possible that this particular commentary was
included as it may have reflected the Commission’s lack of
support for caves as Wilderness.
The 1964 Wilderness Act was landmark legislation,
recognizing the need to preserve and protect wild lands of
America. It created a land use designation called
Wilderness. The legislation did not define which
environments would or would not be considered as suitable
for Wilderness designation; instead it used the allencompassing terms of land and landscape. Neither caves,
nor other ecosystems, were mentioned in the Act. Cave
conservationists concluded that caves had not been
excluded from potential Wilderness designation.
For the purpose of this paper: Cave Wilderness is defined
as those caves and cave passages exhibiting exceptional
scientific and cultural resources, and wilderness qualities.
These sites display a high degree of wildness, in which the
physical structure and ecological systems are largely
unimpacted by humans and in which there is a sense of
remoteness from the ordinary activities and works of
humankind. Cave Wilderness is to mean those caves and
cave passages in which stewardship shall protect the cave
resources, its wilderness values, and future discoveries
(Seiser 2003, Seiser and Schuett, 2006).

Figure 1. Main entrance to Mammoth Cave, Mammoth Cave
National Park, KY. Photo by Patricia E. Seiser.

hand, the words “landscape,” “area,” and “land” all
appear in the definition of wilderness in the Act and each
refers specifically to the surface of the earth, according to
the dictionary. Clearly, when considering passage of the
Wilderness Act, Congress did not extend the concept of
wilderness to caves or cave systems. In view of the fact that
underground wilderness was not identified in the
Wilderness Act, nor have underground wildernesses been
established subsequently, the National Park Service neither
endorses nor proposes underground wilderness for
Mammoth Cave National Park (NPS, 1974, p. 48).

2. Attempts to Create Cave Wilderness
Efforts to gain Cave Wilderness status for Mammoth Cave,
Mammoth Cave National Park, Kentucky occurred in 1967
and 1971 (Figure 1). An attempt was made in 1972 to create
a Karst Wilderness of the Guadalupe Escarpment in New
Mexico and Texas. This would have included caves located
in both Carlsbad Caverns National Park, New Mexico and
the region that would become Guadalupe Mountains
National Park, Texas. All three attempts for Cave or Karst
Wilderness designation failed (Seiser 2003).

Following the release of the Draft Environmental
Statement, the NSS submitted a legal brief showing that
legally the term “land” encompassed both the surface and
the subsurface. It also demonstrated that land could be
divided by horizontal and vertical boundaries. In 1975, the
Department of Interior sent a letter to the President noting:
“there is no legal barrier to the designation of subterranean
lands as wilderness” (Stitt 1993).
In 1988, Carlsbad Caverns National Park submitted a
proposal for Lechuguilla Cave, a cave located beneath
surface Wilderness, to be designated Cave Wilderness
(Figure 2). Unfortunately, the National Park Service did not
support the proposed designation. One consequence of the
proposal was the establishment of official NPS policy that
caves having all entrances within a Wilderness area will be
managed as wilderness (Kerbo, 2002).

Neither of the Mammoth Cave Wilderness attempts
proposed Cave Wilderness beneath existing Wilderness
designated lands. It was considered advantageous for Cave
Wilderness to exist without an associated surface
Wilderness, as there would be no conflict regarding
management priorities between surface and subsurface
resources (NSS 1967).
In 1974 the National Park Service (NPS) released the Draft
Environmental Statement for the Master Plan and
Wilderness Study for Mammoth Cave National

Lechuguilla Cave lies on the northern boundaries of
Carlsbad Caverns National Park, adjacent to lands managed
by the BLM. Currently there is no known passage that
extends beyond the Park boundaries. However, geologic
studies and mapping of known cave indicates a strong
potential for Lechuguilla Cave to extend beyond this
boundary. Concern for the protection of Lechuguilla Cave
resulted in the passage of the Lechuguilla Cave Protection
Act of 1993. The Act stated: Congress finds that
Lechuguilla Cave and adjacent public lands have
internationally significant scientific, environmental, and
other values, and should be retained in public ownership
and protected against adverse effects of mineral exploration
and development and other activities presenting threats to
the areas. BLM lands adjacent to Lechuguilla were
withdrawn from all mineral and geothermal leasing and
development. The Act protects unknown cave, then and

Park. The plan concluded that caves were not eligible for
inclusion in the National Wilderness Preservation System
precisely because the Wilderness Act did not address caves
as potential Wilderness:
Much of the discussion about “underground wilderness”
has focused on the Flint Ridge Cave System, which has been
studied and mapped by scientists since 1947. The
proponents of underground wilderness feel that the
language of the Wilderness Act is broad enough to cover
this concept except for the “semantic problems of
subsurface acreage.” Surely, caves are places where “man
himself is a visitor who does not remain,” and they provide
truly “outstanding opportunities for solitude.” On the other
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formation. At the time of this writing, exploration continues
and no end has been found to the passage.
In 2005, the Fort Stanton-Snowy River Cave National
Conservation Area bill was first introduced to Congress.
The bill was eventually folded into the 2009 Omnibus Act.
The Fort Stanton – Snowy River Cave National
Conservation Area (FSSRC NCA) was established to:
“protect, conserve, and enhance the unique and nationally
important historic, cultural, scientific, archaeological,
natural, and educational subterranean cave resources of the
Fort Stanton – Snowy River cave system” (BLM,2011).
In preparation for the NCA designation the BLM conducted
a Wilderness inventory. It was determined that no portion
of the proposed NCA had Wilderness characteristics. Due
to the presence of multiple roads, no areas within the NCA
qualified for management as wildlands (BLM, 2011).
Although there would be neither Wilderness nor wildland
management associated with the Fort Stanton – Snowy
River Cave NCA the cave would be given priority in
management planning, while allowing for appropriate
surface usages.

Figure 2. Max Wisshak in the Chandelier Ballroom in Lechuguilla
Cave, Carlsbad Caverns National Park, NM. Photo by Patricia
E. Seiser.

now. This was the first time that a cave or cave passages
were given congressionally mandated protection without an
associated special designation.

3. Fort Stanton Snowy River NCA

4. Discussion

In 2000, the Bureau of Land Management took a major step
forward in the preservation and conservation of public lands
by creating the National Landscape Conservation System
(NLCS). Individual sites would be known as an National
Conservation Area (NCA). The mission of the NLCS is to
“conserve, protect, and restore these nationally significant
landscapes that have outstanding cultural, ecological, and
scientific values for the benefit of current and future
generations.” The NCLS was created without
Congressional authorization, existing at the pleasure of each
president. As such, there was no guarantee that the System
would be permanent. The National Landscape Conservation
System received congressional approval as part of the 2009
Omnibus Public Land Management Act. The Act
permanently unified BLM’s NCAs as a public lands system.
This marked the first new congressionally authorized public
lands system in decades.

Fort Stanton Cave has had extensive of visitation. Much of
the 8 miles of passage mapped prior to the Snowy River
discovery does not lend itself to Cave Wilderness
consideration. However, the extraordinary nature of the
Snowy River Passage and its growing remoteness, both in
time and distance, gives pause for consideration.

Fort Stanton Cave, located on BLM land near Capitan, New
Mexico, has a long history of exploration beginning first
with Native Americans. The earliest documented date is of
soldiers from the nearby Fort Stanton in the mid-1800s. The
cave is not only a significant recreational site, it is also an
important site for science and exploration. In 1975 Fort
Stanton Cave was named a National Natural Landmark.

Figure 3. Donald Davis examining Snowy River in Fort Stanton
Cave, Fort Stanton – Snowy River Cave NCA. Photo by Patricia
E. Seiser.

Legislation creating the Fort Stanton – Snowy River Cave
National Conservation Area is evaluated using the seven
value related themes associated with a Cave Wilderness
designation (Seiser, 2003; Seiser and Schuett 2006) and the
eight criteria identified as important to defining the idea of
cave wilderness (Seiser, 2003; Seiser and Schuett 2006).
The intent of the evaluation of the FSSRC NCA legislation
is not to suggest that a de facto Cave Wilderness has or has
not resulted, rather, that it has set the ground work for the
creation of a Cave Wilderness at some point in the future;
whether at Fort Stanton Cave or elsewhere remains to be
determined.

In 2001 Fort Stanton Cave made caving headlines. After
almost 30 years of work, following air through breakdown,
cavers made a significant breakthrough. The discovery of
Snowy River and its subsequent exploration has added,
more than twelve miles to the known extent of the cave,
bringing its current known length to approximately 20.5
miles, making it the third longest cave in New Mexico.
Snowy River is named for a white calcite coating that spans
almost the width of the passage, a dramatic contrast to the
dark walls (Figure 3). The Snowy River passage alone is
over ten miles in length and is considered the longest known
cave passage in the world, as well as the largest cave

As noted earlier, the FSSRC NCA was established to:
protect, conserve, and enhance the unique and nationally
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important historic, cultural, scientific, archaeological,
natural, and educational subsurface resources. These closely
align to values associated with cave wilderness designation
(Table 1). The one significant value lacking is experiential;
a value closely associated with any wilderness experience.

ecosystems that deserve special protection. This is another
step toward a potential Cave Wilderness designation for a
cave within the National Park Service system.
It would be a reasonable to assume that the first designated
Cave Wilderness would be found on NPS managed lands.

The FSSRC NCA addressed six of the eight criteria defining
the idea of cave wilderness (Table 2). The legislation
language lacked “visionary impact” and “experiential
values.” Although protection and conservation are
addressed, the legislation did not specifically mention
meeting future generation needs and values; a component
critical in the definition of visionary impact.

The Bureau of Land Management has had legislation
recognizing that cave are of national interest. The first
addressed the protection of unknown cave and the second
recognized the significance of a specific region within a
cave. While the BLM is commonly associated with grazing,
mining and petroleum extraction it would not be
unreasonable to wonder if they will manage the first
federally designated Cave Wilderness.

The significance of the Fort Stanton – Snowy River Cave
National Conservation Area lies in the establishment of a
designation for the protection of scientifically notable
caves, regardless of their wilderness values. It has created
the management priority for cave resources while allowing
appropriate (non-impacting to subsurface resources) surface
usage; thus setting the scene for potential subsurface
designation is another step toward the establishment of a
Cave Wilderness designation.

The question appears to no longer be if there will be a Cave
Wilderness designation; but of when.it will be established.
It is also, which agency will be the first to have the honor
of managing a federally designated Cave Wilderness.
Cave Wilderness is not an intuitive concept. Understanding
the associated values is critical to understanding the idea of
Cave Wilderness. So too is an understanding of the
intentions of the designation. The objectives delineate Cave
Wilderness stewardship goals without placing specific
restrictions or requirements on how they are to be achieved,
thus allowing each designated site to be managed as
appropriate to protect the values and resources for which it
was designated (Seiser and Schuett 2006).

Table 1. Protected Areas Values Typology.
Protected Areas Value Typologies
Cave Wilderness
Fort Stanton Snowy River Cave
National Conservation Area Values2
Designation Values1
To protect, conserve, enhance
the historic, cultural, scientific
archaeological, natural,
and educational cave resources
Experiential
No
Research & Monitoring Yes
Existence
Yes
Educational
Yes
Future
Yes
Resource Protection
Yes
Protecting Water Quality Yes
Protecting Air Quality
Yes
Protecting Wildlife Habitat Yes
Preserving Unique Wild Yes
Plants & Animals
Protecting Rare &
Yes
Endangered Species
1
Seiser 2003
2
Omni Bill 2009
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Table 2. Protected Areas Values Typology
Criteria Important in Defining the Idea of Cave Wilderness
Is the designation for resource protection or recreation and knowledge? It is necessary to define what is being
protected and from what activities or events. Cave Wilderness should not be established primarily for
recreational purposes.
Visionary
Designation must protect caves based on today’s knowledge and values and preserve caves and cave
Impact
resources for future generation’s needs and values.
Scientific
Designation must provide protection of the cave’s scientific values and resources, for study now and in the
Values
future, including preservation of future discovery opportunities.
Experiential Designation must provide for the protection of individual’s ability to have a wilderness experience that offers the
Values
perceptions of solitude, remoteness, and self-sufficiency.
Access restrictions would occur for the protection of the cave resources, but should not result in permanent
closure of the cave. Rationales for limiting access include the existence of other caves open for recreational
Access
purposes and the ability to provide alternative ways to experience the cave via the use of photographic and
videographic imagery.
Designation will need to provide protection for physical, biological, and other components of a cave,
preservation of the cave’s natural state, its original resources, and recognition of resource fragility. The
Resource
designation will address surface as well as subsurface activities that may impact upon the cave resources. It
Protection
will also need to provide protection for the human dimension aspect of a cave – protection of physical and
social sciences’ values, aesthetic values, wilderness values, and other values.
Specially designated caves can serve as educational resources (with or without requiring physical visitation),
Education
generating public awareness of the significance of caves.
Designation must recognize that each cave is different. It would be necessary to tailor management practices to
Management meet specific cave needs. Specific management should evolve from cave resources (physical and social
sciences) and skill requirements.
From: Seiser and Schuett, 2006
Intent
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KARST AREAS AND THEIR PROTECTION IN THE CZECH REPUBLIC
Leoš Štefka
Agency for Nature Conservation and Landscape Protection of the Czech Republic – Administration of Protected
Landscape Area Moravský kras, Svitavská 29, 678 01 Blansko, Czech Republic, leos.stefka@nature.cz
Karst areas of the Czech Republic are valuable natural and culturally-historical heritage. The most valuable localities are
protected in natural reserves and natural landmarks and in several protected landscape areas. The nature and landscape
protection act regulates the protection of both surface and subterranean karst phenomena. Caves not open to the public are
also an object of the protection of the system Natura 2000 within the whole European Union.

1. Introduction

18 out of 23 bat species hibernate in caves of the Moravian
Karst; The cave fauna is diverse, many of the cave animals,
such as springtails (Arrhopalites ruseki and A.pygmaeus),
being described on the basis of discoveries in the caves of
the Moravian Karst and some of them are considered to be
endemics (Šťastná et al. 2003).

Karst areas in the Czech Republic are remarkable types of
landscape which still hide various secrets. Are there in
densely populated areas any places of which we can say that
no human foot has yet entered them? If so, are such places
free of human influence? The first question can be
unhesitatingly answered in the positive: the second must be
answered in the negative. Areas where this is fully true are
karst areas, in particular the Moravian Karst.

Karst areas are significantly important for geology and
paleontology. Within the Czech Karst we can mention the
global boundary stratotype between the Silurian and
Devonian geological periods at Klonk near Suchomasty.
The Moravian Karst is the largest and the most affected area
in terms of karstification of the Czech Republic harboring
the two longest cave systems of the Czech Republic and
over 1,000 caves.

Although karst areas are known mainly for their specific
landscape hosting caves and other underground and surface
karst phenomena, their natural and cultural heritage is no
less particular and important.
The Czech Karst is located near Prague and is visited by
high number of visitors. It’s environment is distinguished
by preserved areas of rock steppes, forest steppes and
deciduous forests with rich flora and fauna, one example
being the endemic Sorbus eximia (Rosaceae) (Ložek et al.
2005). A similar situation is in the Moravian Karst. Cortusa
matthioli subsp. moravica (Primulaceae) belongs to the
endemic species. It grows in the Macocha Abyss at its only
locality in the Czech Republic (Štefka et al. 2007).

Figure 2. Amatérská Cave.

Cave sediments have preserved unique evidence of past life,
including artefacts and remains related to the development
of humankind. Prehistoric tools and animal bones from the
cave at Stránská skála near Brno prove the existence of
Homo erectus settlements. Many caves were inhabited by
Neanderthal man; settlements of modern Homo sapiens
sapiens people of the Aurignacian culture have been
documented in the Mladeč caves in Litovelské Pomoraví;
the sediments found in the Pekárna cave in the Moravian
Karst provide evidence for people belonging to the
Magdalenian culture; the discovery concerning the Hallstatt
period made in the Býčí skála cave by Dr. Jindřich Wankel
is nowadays being interpreted as a cultic place with
sacrifices, including human sacrifices.
Karst areas deserve the protection for their both animated
and inanimate nature. In the Czech Republic these areas are
Figure 1. Cortusa matthioli subsp. Moravica.
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protected in several categories of protected areas. Even the
cave protection is set down in the law. Examples of the karst
phenomena protection are presented on the example of the
Moravian Karst.

limestone pavements, swallow holes and springs of karst
waters) enjoy the same protection as caves.
(5) In a case where a cave is found when exploiting mineral
resources, the person authorized to exploit the resource is
obliged to notify a nature protection authority of this fact
immediately. The person is also obliged to interrupt, for a
reasonable period of time, any exploitation work which
might damage the respective cave, and to provide
documentation of the cave at his or her own expenses.

2. Protected karst areas in the Czech Republic
The first protected areas declared in the territory of the
current Czech Republic also includee karst areas. The
Pekárna cave (now a national natural monument) has been
protected since 1933, the surroundings of the Macocha
Abyss with Pustý and Suchý žleb (now a national nature
reserve called Vývěr Punkvy) have been protected since
1930. Protection of the Moravian Karst as a large protected
area dates back to 1956 and the Protected Landscape Area
of the Czech Karst was declared in 1972. The strictest
protection is applied to both surface and underground karst
phenomenon from natural reserves and natural monuments.
In the Moravian Karst there are four national nature
reserves, two national natural monuments and ten nature
reserves declared in order to protect the karst phenomenon.
By implementing the EU standards into Czech legislation
(in particular the Habitats Directive No. 92/43/EHS on the
conservation of natural habitats and of wild fauna and flora)
over 1000 caves not open to the public are protected in the
Moravian Karst. The underground Punkva system with its
coherent areas of swallow holes and springs has been
included in the list of internationally important wetlands
under the Ramsar Convention since 2004 as the only karst
area in the Czech Republic protected as wetland.

§ 61 (extract)
State’s right of first refusal and funding of land buy-out
(1) Owners of land in the vicinity of caves are obliged to
offer such land to a nature protection authority
preferentially in case of its intended sale.
(3) Caves are not part of the land and are not subject to
ownership.
The offices charge with public administration and
protection of nature and landscape in protected areas are the
following: the Administrations of Protected Landscape
Areas as regional offices of the Agency for Nature
Conservation and Landscape Protection of the Czech
Republic. Taking the Moravian Karst as an example, we can
describe a few issues which such offices have to solve, to
protect karst areas. Cave protection cannot be perceived
only as protection of the cave ecosystem. For permanent
preservation of this unique heritage the reasonable
utilization of the adjacent surface is also essential.

4. Protection of show caves
In the turn of the 19th and 20th century the caves of the
Moravian Karst were being open to the public. Often
insensitive works for their accessing., the high number of
visitors and insufficient protection of the unique
underground world had a damaging and in some places
devastating effect. In many places up to 50 % of the original
dripstone decoration is missing and some important
speleothems are replaced by artificial models. Intensive
illumination gave rise to “lampenflora”.
In accordance with the law, the Administration of the
Protected Landscape Area of the Moravian Karst has set
conditions of nature conservation for utilization of the caves
as show caves. For example – limits for numbers of visitors,
time limits for visits and time between visits, switch light off
between visits and rule to have two guides in larger groups.

Figure 3. “Kolíbky” in National natural monument Rudické
propadání.

3. Cave protection within the Czech law
By adopting Act No. 114/92 Coll. on the protection of
nature and landscape a special section on protection of
caves has been stipulated in the Czech legislation.

5. Speleological exploration
The history of speleological exploration in the Moravian
Karst has a very long tradition. Besides the undoubtedly
major and important findings that speleology has brought
it has also involved significant interference with karst
phenomenon. By blasting off the siphons the hydrology of
the underground streams has been changed and the
archeologically and paleontologically valuable sediments
were dug through, often without any appropriate scientific
assessment. The dripstone decoration has been destroyed in
many places. Now there are neither swallow holes nor

§ 10 (extract)
Cave protection and utilization
(2) It is forbidden to destroy, damage or modify caves or
otherwise change their preserved condition.
(3) For exploration or research in caves the permission of
a nature protection authority is required.
(4) Natural surface phenomenon (such as karst sink holes,
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finances for example for repairs and reconstructions of cave
enclosures or removal of remains after previous
speleological exploration.

6. Species protection
The characteristic group are bats (Chiroptera). There have
been 23 species found in the Moravian Karst. 18 species are
known to hibernate in the caves. In the Moravian Karst
active protection of bats is focused mainly on protection of
the wintering localities. Three out of five caves open to the
public, which are important wintering localities, are closed
for a part of the year (December–February). At the
beginning (November) and at the end (March–April) of
wintering the number of tourist entries to the cave is limited
and so are other activities such as music concerts,
maintenance and other work. Speleological activities in the
caves not open to the public but populated by bats for
wintering are either completely forbidden or limited in
those places where bats formed colonies.

Figure 4. Punkevní Caves.

Other problems which directly or indirectly relate to
protection and utilization of the caves are briefly the
following:
1) Motor vehicles are forbidden on the karst canyons of
Pustý and Suchý žleb, also the parking places near the
most-visited Punkva Caves.
2) Guidelines for agricultural land management above the
Amateur cave system were established, in particular the
grassing over the sinkhole surroundings and areas above
the caves is forbidden.

Figure 5. and 6. Pustožlebská zazděná Cave in 1943 and in 2010.

Figure 7. Rhinolophus hipposideros.

springs without more or less intensive human interference
in the Moravian Karst. Only a few larger sink holes have
not been dug through with the aim of penetrating the
underground.

3) Construction of wastewater treatment plants in
municipalities in swallow hole areas with direct
connection to the cave systems is forbidden.

Speleological exploration in the Moravian Karst is currently
carried out by non-professional groups mostly under the
auspices of the Czech Speleological Association. The
Administration of the Protected Landscape Area permits
speleological exploration and sets conditions to such
groups, in particular for the reason of protection of
wintering bats, sets the framework of cave enclosures, the
scope of documentation, etc. In the most valuable caves we
also set routes for visitors. On the other hand, we provide

7. Conclusion
Karst areas represent types of landscapes with extraordinary
inanimate and animated nature and also with numerous
sights of mankind development. In the Czech Republic the
protection of many of them is guaranteed by their
declaration of protected areas.
We must realize the quality and value of the area in all
surface / underground connections when planning, assessing
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and realizing all activities in these areas. We must never
forget that it is a sensitive ecosystem. Just as we can never
replace a damaged work of art, we can never replace a
broken fragile dripstone.
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Since 2009 the Verband der deutschen Höhlen- und Karstforscher e.V. VdHK (German Speleological Federation)
participates in the public campaign “Nature of the Year” of German nature conservation NGOs by proclaiming the “Cave
Animal of the Year”. Providing a homepage with detailed information material and pictures, which is linked to the official
Nature of the Year pages, guarantees broad attention of the media and general public. As a result, cave animals are discussed
in kids magazines, school calendars and print media from garden club journals to daily newspapers. The VdHK also
supplies information folders which are distributed among show caves and other interested members. With a comparable
small financial and technical budget, the Cave Animal of the Year is an easy way to reach cavers and the public.

1. Introduction

Now over 40 different species and habitats are elected –
Tree of the Year, Cactus, Poisonous Plant as well as Fish,
Dragonfly and Mollusk of the Year. The concept was even
extended to non-living things or more abstract units like the
River Landscape, Alley and Rocks of the Year. One German
authority also joined – the Federal Environment Agency is
proclaiming the Type of Surface Waters of the Year to bring
attention to the EU Water Framework Directive. At an
international level NaturFreunde are responsible for the
Landscape of the Year.

Two of Germany’s major nature conservation societies, the
Naturschutzbund Deutschland NABU and the Landesbund
für Vogelschutz LBV, declared the first “Bird of the Year”
in 1971. The election criteria were the endangerment of the
species and its habitats by human activities. The campaign
was so successful that it was copied soon by other countries.
Nowadays, Birds of the Year are presented not only in
Europe but from South Africa to New Zealand. In the 1980s
other organizations joined the campaign with other fauna
and flora.

Figure 1. Poster with Niphargus.

Figure 2. Poster with Scoliopteryx libatrix.
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2. Cave Animal of the Year

2011, being the international Year of Bats, Myotis myotis
was elected in cooperation with EUROBATS, who
supported the campaign and delivered the Cave Animal of
the Year information material to their members.

The first public campaign of VdHK was the Position Paper
on Cave Tourism in Wild Caves, developed by the
speleological federations of Switzerland, Austria and
Germany in 1998.

2012, the Large Cave Spider Meta menardi was presented
in cooperation with European Society of Arachnology as
both: European Spider of the Year and German Cave
Animal of the Year. Due to its size and prevalence it is one
of the most conspicuous cave inhabitants.

Since no strong network existed in Germany at that time,
support was low and results were minimal. It was found to
be very difficult to sensitize authorities for cave protection.
Due to the fact that environmental protection is mostly
based on biology, the VdHK decided to declare a national
“Cave Animal of the Year”.
By publishing facts about the life history and habitat
protection, wider public attention was sought with the
ultimate goal to intensify the general discussion on cave
protection.
In 2009, the genus Niphargus was chosen as the first Cave
Animal of the Year. As an eutroglobiont, a real cave animal,
colorless and without eyes, an interesting type of movement
and a photogenic appearance, it was chosen as the perfect
animal to start with.

Figure 4. Poster with Meta menardi.

2013, the fungus gnat Speolepta leptogaster is promoted to
Cave Animal of the Year. Genetic studies on this species
started in 2012.

3. Homepage and Handout
The website www.hoehlentier.de started with the first Cave
Animal of the Year in 2009 and is linked to all national
“Nature of the Year” pages.
For each presented animal, information on life history, ecology
and geographical distribution is available. Subterranean
ecosystems, cave protection and biospeleology are explained
as well as a call for action.

Figure 3. Poster with Myotis myotis.

In 2010 the Herald Moth Scoliopteryx libatrix was
highlighted. This beautiful animal is easy to observe and
thus has at least been seen by all cavers. It was chosen to
arise interest in biospeleology within the caving community,
but also to demonstrate that there are much more animals
hibernating in caves (i.e. subtroglophil) besides the wellknown bats. The project was supported by Musee national
d’histoire naturelle du Luxembourg.

A press release is submitted including photographs to ease
public relations. Poster and flyer can be downloaded.
Printed versions are offered to all German show caves and
VdHK members. First requests by the media are usually
received in October of the previous year, therefore the next
Cave Animal of the Year is chosen in summer and the new
campaign is organized that autumn.
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Learning and training workshops for the determination of
common cave species with a special focus on the EU FloraFauna-Habitats Directive are now following. But it is still
a long way to a nationwide coverage of biospeleological
research, as demanded by the EU.
Just as the animals themselves, their habitats are
endangered. To enforce cave protection, wide-spread
cooperation is necessary. Another easy way to create public
awareness could be to declare an “Endangered Cave of the
Month / Year” on national and international websites. Best
practice and worst case examples could be published.
Effective public relation work for the benefit of cave
protection should be based on the slogan “Acting local,
thinking global and cooperate over borders!”.
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4. Outcome

A special thank goes to the European Speleological
Federation FSE for spreading Cave Animal and European
Spider of the Year 2012 information and materials to their
members.

Over the years, the interest of the media in the Cave Animal
of the Year has greatly increased, and there is a wide-spread
coverage in the media. More than 70 newspapers and
magazines annually report on it, furthermore there are
publications in calendars, school materials, etc.
In 2012, the homepage of the Cave Animal of the Year
received on average 250 hits per week. 9,000 flyers and 250
posters were distributed.

5. Perspective
In 2011, the first European Cave Animal of the Year was
declared. If other speleological federations are developing
interest in the campaign, a worldwide initiative should be
conceivable.
It is not essential to declare a worldwide species, because
of the wide geographical scale a family or order could be
chosen. Federations of continents and each country could
easily join and consider which species, family or order
should be declared.

Figure 6. Limonia nubeculosa. Photo Klaus Bogon.
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THE BRANDS AND GEOTOURISM SUSTAINABLE DEVELOPMENT
OF SHOW CAVES IN CHINA
Yuan-Hai Zhang, Wen-qiang Shi
Institute of Karst Geology, Chinese Academy of Geological Sciences, Guangxi, China; zhanghai5225@yahoo.com

At the beginning of reform and opening-up in China in 1980s, there was a saying of “the exploitation of one cave can
stimulate whole county’s economic development”, more than 300 caves were exploited, some of them are successful
incredibly, but some not, even closed in the past 30 years. Cases research showed that the former had similar growth
model: they carried on a sustainable development through establishment of brands such as geopark, natural heritage and
national scenic area, the later not. The brands attracted more investment and good management, who explored more
geosites and geotourism to achieve big changes from geotourism site to geotourism park, from low level management to
modern management, from one county to a province, from independent to cooperation, from single business to multibusiness, from bureaucratism to service government.

Figure 1. Distribution of limestone karst and cases of show caves in China. 1 – Alugu Dong, 2 – Furong Dong, 3 – Crystal Cave,
4 – Huanglong Dong, 5 – Wanhua Yan.

1. Introduction

square kilometers in outcrop (Fig. 1, Li and Luo 1983),
thousands of caves are developed in these carbonate rocks,
most caves are within an almost continuous carbonate
outcrop of 500,000 square kilometers (Yuan 1991) that
underlies the provinces of Guizhou and Guangxi and also
extends into Yunnan, Sichuan, Chongqing, western Hunan,
western Hubei and northern Guangdong.

Since the reform and opening-up in China in 1980s, all
business came into market economy including tourism. It
gave a good chance for farmer to find geosites to exploit
and shared the profit with local government. The best way
is a cave, because a cave is easier to find, easier to exploit,
easier to invest, easier to construct, easier to manage and
sell tickets, easier to make promotion and easier and more
quickly to get profit than other geosites, in particularly
China has a widespread of carbonate rocks of 910,000

According to statistics there are 3,319 discovered in China
and 60 % of caves are developed in southern China (Zhang,
2010), about 10 % of them have been exploited to be show
cave.
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2. Cases

Dong, would definitely bring about another “the
exploitation of one cave can stimulate whole county’s
economic development”. Wulong government accepted his
suggestion and opened it up in May, 1994. It received
120,000 tourists by February next year. Then, the Furong
hot spring, Sanqiao natural bridges and Xiannv Mt. were
exploited gradually, it got lots of profit, but it did not stop
promotion. After that Wulong government applied in time
for national geopark in 2001 and listed in the world natural
heritage in 2006.

2.1. Alugu Dong
Alugu Dong is located to the southeast of Kunming city
(Figures 1, 2) in Yunnan Province; it was discovered and
exploited by a primary teacher in 1988, which was the first
geotourism site in Luxi County. It received 71,000 tourists
and got 3 million Yuan ($500,000) for 5 Yuan ticket each
in 1989, where even the third national karst conference was
invited to be held. “the exploitation of one cave can
stimulate whole county’s economic development” was first
proposed in the meeting. After that the local government
controlled it and it received half million tourists and 6
million Yuan profit every year till 1998. The rise of the
show cave not only stimulated other tourism industry
development in the county, and led related industries’ fast
development such as transportation, restaurant, hotels, etc.,
creating more than 6,000 jobs, but also the tourists brought
tremendous information and material, and the old
agricultural county town changed to be a modern town, with
spacious straight concrete road, lined with hotels and rich
people.

Because of the good brands, Chongqing Municipality invest
the road from Chongqing to Wulong, which changed from
the second class road to the highway and the drive time
from Chongqing to Wulong decreased from 8 hours to 3
hours. Wow! Lots of outside investment flooding flowed
onto Wulong county, the tourists and income increased 30%
annually, 3 four-star class and 2 five-star class hotels have
been established in this small county town, it developed
super-normally in Wulong.

The Alugu Dong created more than 10 years splendid story
of economic growth in Luxi County, but its development
immobilized when entering new century, it withdraw from
the show caves competition, it was defeated by itself.

Figure 3. Crystal towers in Furong Dong (Photo: Zhu Xuewen).

It created a Wulong mode: starting from a show cave, an
old, small, side and poor county turned into a large tourism
county, depending on the idea of creating opportunities and
no wasting it, and daring in thinking and action.
2.3. Crystal Cave
Crystal is a catalyst for tourism development in Bama
County in Guangxi Province (Figures 1, 4), which is in the
southeast of Leye-Fengshan Global Geopark.

Figure 2. The king Wei and his soldier chamber (Photo: Zhang
Yuanhai).

Before its discovery by the Sino-British cave expedition in
2005, Bama got the brand of the fifth longevity town in the
world in 2001, but the county’s tourism was under developed
without any outside investment and any geotourism.

2.2. Furong Dong
Furong Dong is a magic of show cave and it created a
Wulong County developed mode.

In May, 2008, Crystal cave was opened to the public with
the highest price of 180 Yuan in China and got 10 million
Yuan in 8 months. The tourism began fermentation
catalyzed by Crystal cave after its establishment of national
scenic area, and in particularly the setting up of LeyeFengshan Global Geopark in 2010. It received nearly 100
million tourists a year and increased 45 % of tourism
revenue. Similarly to Wulong County, Bama county was
poured into many outside investment covering tourism,
mining, green food, health, resort hotels and so on.

Furong Dong is in the Wulong County of southeast of
Chongqing city (Figures 1, 3). It was explored by the SinoBritish cave expedition team in 1993. It was a beautiful cave
and Wulong government invited Professor Zhu Xuewen,
who was the president of committee on speleology of
China, and his team to make design and planning. Zhu
proposed the exploitation of Furong Dong, like Alugu
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reorganized recruiting staff. In 2004, it applied the global
geopark successfully and got splendid future.
2.5. Wanhua Yan
Wanhua Yan is situated only 5km away to the west of
Chenzhou city in Southern Hunan Province (Figures 1, 6).
Like the show caves mentioned above, Wanhua Yan had a
wonderful story from 1985 to 1996, now it struggled along
without any outside investment, although It has a very good
situation of tourism.
It applied the national geopark last year, but it lost lot of
chances.

Figure 4. White formations in Crystal Cave (Photo: Zhang
Yuanhai).

2.4. Huanglong Dong
Huanglong Dong is located in Zhangjiajie City of Western
Hunan Province (Figures 1, 5); it is the richest show cave
in China with 100 million Yuan profit each year.
It was exploited in 1983 and set up the brand of world
natural heritage in 1992; it had a brilliant story before 1996.
After that it immobilized being short of modern
management and even closed.

Figure 6. Magic flowstone in Wanhuayan (Photo: Zhang Yuanhai).

3. Analysis
From five cases above, three show caves realized
sustainable development, but two failed.to. The obvious
reason is that the successful ones had set up good brands,
but the other two not.
All the show caves had good development at the early stage
of tourism, it is always attractive for tourist because it is a
new geotourism site, however it is beautiful or not,
wherever it is in small county or big city. It will develop
slowly and slowly after the neighbor tourists finish
sightseeing. It need further promotion to attract tourists
outside the county, for example, it needs to set up a brand
to make good promotion, then outside investment and
specially new idea can bring into.
The first case of Alugu Dong is a county institution, with
unclear property rights, rectitude, property owners and
bureaucrat habits, it determined its fate of its development.
During its prosperous period, one third of tourists did not
buy tickets to visit show cave for their leadership,
management loosed over time and the staff did not work
actively. The managers are helpless facing heated market
competition, when neighbour tourism develops fast.

Figure 5. Magic needle in Huanglong Dong (Photo: Zhu Xuewen).

The local government had to rent it to a Beijing company
for 45 years by 4.5 billion Yuan, the local government holds
some shares. The Beijing company had it redesigned and
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THE DEVELOPMENT OF CHOM ONG CAVE AS AN ECOTOURISM
DESTINATION IN NORTHERN LAOS
Joerg Dreybrodt1, Siegfried Moser2
Northern Lao – European Cave Project, joerg_dreybrodt@yahoo.de
2
GIZ-Advisor to the Provincial Tourism Department of Oudomxay, siegfried.moser@gmail.com
1

The Chom Ong Cave was identified in 2006 by the provincial tourism department for the purpose of ecotourism as part
of rural income creation. The following development was done in cooperation with the German Development Service
DED (now GIZ). The Northern Lao – European Cave Project joined later in 2009 for the phase of complete exploration
and creation of maps, photos and geological assessment. As a result of this cooperation, promotion material was created
which attracted first media appearances. The cave can now be visited on a three day tour program. It is with a length of
17,150 meters the 3rd longest cave of Laos and 10th longest in Southeast Asia.

1. Introduction

The project became aware of the existence of caves in
Oudomxay province by the promotion of Chom Ong cave
on the internet page of the tourism administration as part of
ecotourism based trekking activities. It was claimed that
this cave is one of the longest in Laos and an end had not
been found. This stimulated great interest for proper
exploration and the Oudomxay Tourism Department was
contacted in December 2008. At this time the first
infrastructure work was already finished and the survey of
the cave was one of the next planned activities. It was
quickly agreed to cooperate and a team of six speleologists
arrived mid of January 2009 which was followed by two
more visits in 2010 and 2011.

The Chom Ong Cave is located in the heart of Northern
Laos near the capital of Oudomxay province. It is a region
with a major crossroad connecting it to the neighbouring
countries of Thailand, China and Vietnam and makes
Oudomxay a traditional trading place with large markets.
The cave became known when it was identified by the Lao
government in 2006 as a potential object for ecotourism
development in order to diversify income and reduce
poverty in remote areas. Since then, measures were taken
to prepare the village for development of the cave in line
with principles of ecotourism. This was driven by the
Provincial Tourism Department in close cooperation with
the advice of the German Development Service (DED, now
GIZ) and the local village community in Ban Chom Ong.
It coincided with the activities of the Northern LaoEuropean Cave Project (the project) – an international
group of speleologists who have been active in Laos since
2002. Their mission is the exploration and documentation
of the major caving areas of northern Laos in cooperation
with local authorities and international development
organisations.

This article provides an overview of the geographical
settings, the documentation and survey of the cave as well
as the established marketing and promotion material. It
summarizes the results of the cooperation and concludes
with an outlook on the future perspective.

2. Geographical settings and infrastructure
Ban Chom Ong is situated in Xay District 25 km east of the
provincial capital in a highly mountainous area with
difficult access of 2.5 to 3 hours by road (Figures 1, 2). This
is particularly true in the rainy season when only 4x4
vehicles can travel along the muddy roads. Chom Ong area
comprises 5 villages with 353 households and a population
of 2,500 people (Fig. 3). The poverty rate is 31 %. The only
available occupation is largely subsistent farming. Shifting
cultivation (slash and burn) is the common production
method, which, due to government regulations is reduced
each year. Due to the lack of other income opportunities,
farming is the only way for the population in the area to
make a living. However, the production is only sufficient
for 7 month of the year. Therefore during the rainy season
many people have to work at the fields of other villages to
earn money or rice.
As first phase of the project, toilet and bathroom facilities
were installed, as well as ceramic filters supplying clean
drinking water. Later a tourist guesthouse for overnight
stays of 15 persons was built (Fig. 4). It is done in local
style and consists of traditional interweaved bamboo walls

Figure 1. Location of Chom Ong cave in Northern Laos (star). It
is at the center of Oudomxay province which has a road network
linking China, Vietnam and Thailand with Luang Prabang.
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later at the southern tip of the ridge. The cave has four
entrances with the main entrance being an upper dry
passage on the southern end of 8.5 m width and 4 m height
(Fig. 5). The ridge hosts impressive river and fossil passages
with dimensions 20 m wide and 25 m high (Fig. 6, 7). The
cave can be toured as a through trip and the whole traverse
takes 3.5 hours with an additional 1.5 hours to return from
the northern entrance to Chom Ong village. The cave river
and the fossil level are connected by steep passages and
shafts in several places. A large tectonic fault resulted in
two huge overlaying chambers measuring 100 m by 30 m
in length/width and a height of up to 50 m each. From here
the cave changes the character to one main river passage
with two more upper levels of partial passage. The northern
entrance is very narrow due to blockage by stones and mud.
It requires some squeezing and is not suitable for normal
tourists.

and wooden floors. A separate kitchen area is attached to it.
Later as preparation to receive foreign travellers, workshops
in tour guiding and cooking were arranged by the GIZ.

The survey of the cave was performed by using compass
and clinometer for horizontal and vertical directions and a
laser distometer for distances between the survey points.
For each point, horizontal and vertical dimensions were
recorded and details sketched at site in a scale of 1:1,000.
Three parallel teams took only 5 days until the system was
surveyed to a length of 11.3 km. On the last day a
connection between the four known entrances was
achieved. By 2011 the cave system was extended to its final
length of 17,150 m (Fig. 8). It is the 3rd longest cave in Laos
and 10th longest in Southeast Asia. The survey is published
as atlas and overview map in the Berliner
Hoehlenkundlicher Berichte Vol. 44.

Figure 2. Mountainous landscape north of Chom Ong village.

The main dry passage was in 2010 equipped with a Lao
built solar powered LED spotlight system by the company
Sunlaobob. It is installed on the first 450 m and allows the
visitor to experience the huge passages in an easy way. The
installation consists of a total of 51 LED-lamps (8 pc 15 W,
8 pc 10 W, 10 pc 5 W, 20 pc 3 W, 5 pc 28W) an inverter
(1200 VA / 24 V, 960 W) and 4 HBM Solar Panels (110 W
12 V).

Figure 3. View of Chom Ong village with the surrounding karst
hills appearing immediately behind the houses.

The speleologists also took speleothems for paleoclimate
studies at the Earth Science Department of Oxford
University and recorded temperature profiles in passages
close to the entrances. Cave fauna was collected for
determination at partner institutes and universities with the
focus on spiders which are known to be the one of the
largest in the world like heteropoda maxima.

Figure 4. Main guest house for overnight stays with the main
sleeping and eating room.

3. Cave development
The cave entrance is reached by a scenic path along the
fields and later through monsoon forest. During the one
hour walk, the river resurging from the lower entrance of
the cave is crossed several times. The Chom Ong system
stretches along a 4 km long mountain ridge. A river enters
through a block fall at the northern end and resurges 4 km

Figure 5. Upper fossil main entrance of Chom Ong on the southern
ridge end.
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4. Marketing material
The results of the documentation were afterwards used to
generate marketing material for promotion of the cave as
ecotourism destination. An internet appearance on the
provincial tourism office’s webpage allows booking of a 3
day tour and has information material for download. This
is in the form of a flyer with information and pictures
(Fig. 9). A large scale information board near the cave
entrance provides further detailed information about the
geological background and karst forms, explains some of
the formation processes and contains a map of the cave
(Fig. 10). Later media coverage by Lonely Planet TV and
travel guide books followed enhancing the visibility for the
individual tourist. In early 2011 national tour operators
started to sell the cave as a destination for both adventure
tourism and regular tours to the cave. Reports from
Oudomxay Tourism Department confirm that during the
high season approximately 2 groups per month visit the
cave and the village.

Figure 6. River passage of the Tham Chom Ong.

Figure 7. Main upper fossil passage about 400 m from the entrance.

Figure 10. Information board close to the main cave entrance.

5. Conclusion and Outlook
The initial identification of the Chom Ong Cave as
ecotourism destination opened the way for the development
as ecotourism cave. Within three years from 2007 until
2010, the infrastructure of the village was improved,
training to the villagers for hosting international visitors was
given and the cave fully explored to its today length of
17,150 m. The base for stimulating interest of visitors is laid
by comprehensive and professional marketing and
information material. The economical and social impact on
the village remains to be seen and will evolve slowly due
to the remoteness. Beside external factors it depends
strongly on the commitment of the village committee to
sustain the infrastructure and to make the cave an attractive
long term experience on the agenda of the individual
traveller. The impressive passages, beautiful karst landscape
in combination with rural village experience (Fig. 11) will
convince the tourists by its fascination. Planned access by
a more direct and all year round road can further enhance
visitor numbers.
We hope this example serves as a useful case-study for other
projects and shows what can be achieved by close
cooperation between speleologists, authorities and
development projects (Fig. 12).

Figure 8. Overview Map of Tham Chom Ong System showing its
final length of 17,150 m.
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Figure 9. Flyer of the tourism department with detailed tour outline.
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OUTLINE OF ITALIAN REGULATIONS CONCERNING THE DESIGN OR
ADJUSTMENT OF TOURIST PATHS IN ITALIAN SHOW CAVES
Alessio Fabbricatore
Manager of the Grotta Gigante (CAI – SAG Trieste) – Sgonico/Sgonik (Trieste – Italy), alex.stor@libero.it
Abstract. As regards the rules and regulations concerning the “touristization” of underground environments, both natural
and artificial (caves, mines, military fortifications, etc.), it is necessary to ensure the safety of visitors and members of
staff. In Italy specific laws were passed with reference to European and international regulations concerning electrical
systems, structural work, air monitoring in caves and all matters concerning the safety of those places whose use is
comparable to that of a place of public entertainment. Below you will find specifications and law references.
Astratto. Per quanto concerne la normativa relativa alla turistizzazione degli ipogei siano questi naturali o artificiali
(grotte, miniere, fortificazioni militari ecc.) deve essere rispettata la sicurezza tanto dei visitatori quanto del personale
addetto alla gestione ed accompagnamento dei visitatori. In Italia sono state varate precise leggi che fanno riferimento
alle normative europee ed internazionali relative agli impianti elettrici, alle opere strutturali, al monitoraggio dell’aria
presente negli ipogei e a tutto ciò che fa riferimento alla sicurezza da adottare in quegli ambienti la cui destinazione d’uso
è assimilabile ad un ambiente adibito a pubblico spettacolo. Di seguito si forniscono specifiche e riferimenti legislativi.

1. Introduction

The disposal may be carried out only by registered
companies (certified for the disposal of toxic waste),
pursuant to Legislative Decree no. 81 of 9 April 2008, Title
IX Dangerous Substances.

This report aims at introducing the international community
to current Italian regulations concerning the adequate
design or adjustment of underground tourist paths.
When planning underground tourist paths, or adjusting them
to comply with the laws in force, there are two main aspects
that need to be taken into consideration:
a) safety, i.e. analysing all possible risks that may arise on
the path and providing adequate protection;
b) ergonomics, i.e. making paths and steep gradients as easy
as possible, bearing in mind that visitors do not always
wear adequate clothing (especially shoes).
Among the visitors using tourist paths there may be
children, adults not in an ideal shape and disabled people
with reduced motor skills, and this must never be forgotten.
Other users are guides, tour leaders and maintenance staff
who need to be able to work in total safety, at the same time
protecting their own health.
Therefore, all the measures to be taken must be aimed at
both the staff’s and the visitors’ safety, without forgetting
to upgrade the site to the maximum: a safe path together
with suitable lighting, able to enhance the characteristics of
the environment, are indeed very important pluses.

2. Safety and Environmental Protection
Measures
Before and after any maintenance operation it is absolutely
necessary to collect all unused materials and take them to
the municipal dump, taking great care of polluting, noninert materials and dangerous substances such as asbestos,
acids and other substances described in the rules regulating
the disposal of Dangerous Substances which may seriously
damage health. For the disposal of the latter a special
disposal plan must be drawn up by a certified technician.

Figure 1. View of the tourist path in Grotta Gigante. Photo by
A. Fabbricatore.

3. Staff Safety Measures
As regards staff safety (guides and administrative staff), the
employer (which may coincide with the legal representative
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Figure 2. Laser scanner survey.
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In particular, as regards railings, banisters and parapets of
stairs and clear spaces (Figure 3), the law provides that
vertical posts must be placed at a distance which does not
allow a sphere 10 cm in diameter to go through them
(children must not be able to climb up retaining bars, which
must therefore be vertical, not horizontal or made with steel
wires) and must be built so that they do not represent an
added danger or a design error. The rule of the 10 cmdiameter sphere also applies to the space between each step.
Steps must have a rectangular shape (no spiral staircases,
no steps on landings, no triangular or trapezoidal steps). On
the inner side of the stairs (Figure 4) there must not be any
overhangs at a distance from the ground which might
induce people to rest their feet on them or children to climb
over them.

Figure 3. Railings, banisters and parapets of stairs with vertical
posts and emergency lights. Photo by A. Fabbricatore.

Stairs must always be provided with handrails (on both
sides in public areas or if the stairs are wide), which must
be uninterrupted along ramps. Parapets and handrails
(Figure 5) must be 30 cm longer at the beginning and at the
end of the stairs. Parapets must be at least 1 m high (1.10 m
if the fall risk is over 3 m) and must resist a horizontal thrust
of at least 2,000 N/m (up to 3,000 N/m) on the handrail,
pursuant to M.D. 14.01.2008.

of the company) is under an obligation to appoint a Person
in Charge of Safety, Prevention and Protection (R.S.P.P.)
and an Occupational Physician in charge of monitoring the
staff’s health with regard to health problems relating to the
type of activity (for example, exposure to video terminals
for administrative staff and radon exposure for guides and
tour leaders).
Furthermore it is complusory to draw up the Risk
Assessment Document (D.V.R.), pursuant to the law in
force, i.e. Legislative Decree no. 81 of 9 April 2008
(Implementation of art. 1 of Law no. 123 of 3 August 2007
concerning workplace health protection and safety),
followed by Legislative Decree no. 106 of 3 August 2009
(Supplementary and corrective measures to Legislative
Decree no. 81 of 9 April 2008 concerning workplace health
protection and safety).

Spiral staircases are not advisable, however if they are used
steps must be characterized by a minimum tread depth of
10 cm, handrails on both sides and a minimum width of
80–90 cm.
As regards gradients, ramps are the ideal solution (when
possible) in order to enable disabled people to visit the
place.
Laws regulating flooring, sanitation, balconies and terraces
(parapets), horizontal paths, stairs and ramps are M.D. no.
236 of 14 June 1989 (Technical provisions necessary to

In accordance with Legislative Decree no. 241/2000
(Requirements for workplace radon exposure) the
becquerels per cubic metre (Bq/mc) must be monitored by
Certifying Agencies or Bodies accredited by a recognized
organization and data must be trasmitted to the supervisory
bodies (Regional Agency for the Protection of the
Environment).

4. Safety of Tourist Paths
4.1. Civil works
Which regulation concerning the safety of tourist paths do
underground environments need to refer to? This is not an
obvious question at all.
As far as civil works are concerned it is quite easy to answer
since these must fulfil well defined requirements for the
construction industry and may vary according to regional
laws and/or regulations (eg. earthquake-proof building
regulations for certain structures).
Of course, any structure, made of wood, concrete or steel,
must be designed and assessed by a certified expert and
tested by another certified expert according to the laws in
force (M.D. 14.01.2008 Technical building rules). Great
care must be taken with regard to structural elements such
as stairs, which are often present on site, of which nothing
is known from a constructional point of view. In case of
doubt, it is advisable to carry out inspections and/or
periodical tests on these structures.

Figure 4. Parapets must be at least 1 m high.
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by the person in charge, who drew up a report stating that,
as regards the use of the Grotta Gigante both for guided
tours and art performances, its premises are to be considered
a “…place for public events and entertainment in
compliance with IEC standards no. 64-8/7, paragraph
752.2”.
4.4. General features of the electrical system
The criteria for the design of the electrical system in
question need to be defined according to the abovementioned definition.
The source of the electrical installation must be slightly
downstream of the electrical power supply point of the
distributing company (ENEL), usually inside a concrete
box. Inside this box you must find the main switch equipped
with an emergency release coil to which the main riser,
which consists of FG7 cables, is connected, leading to the
main switchboard, located in a special technical room. This
switchboard must be equipped with special protections for
the entire electrical system, which is usually divided in two
main zones, one for the circuits of the reception/
administrative area and one for the circuits of the cave area.
The entire electrical system must be protected by an
uninterruptible power supply, always on-line, located next
to the main switchboard, in the same room.

Figure 5. Artificial gallery provided with handrails. Photo by
A. Fabbricatore.

Another precaution consists in a diesel generating set,
placed in a separated room (Figure 6), for emergency use
in the event of unavoidable malfunctioning or black-outs of
the entire system. The earthing system is connected to the
main earthing terminal within the main switchboard, from
which the various protective conductors, characterized by
the same section as phase conductors, are distributed to the
circuits.

ensure the accessibility, suitability and visitability of private
buildings and subsidized public residential buildings for the
overcoming and removal of architectural barriers) and
Presidential Decree no. 503/96 (Rules for the removal of
architectural barriers in buildings, spaces and public
services).
4.2. Electrical system
With regard to the standard minimum rules concerning the
safety of electrical systems it is necessary to point out the
obligation to type-approve earthing systems, as established
by Presidential Decree no. 462 of 22. 10. 2001, Rules
simplifying the procedure for the registration of lightning
protection system and devices, earthing devices for
electrical system and dangerous electrical system (the
employer is under a legal obligation to have the systems
checked by a certified body or by ASL/ARPA every 2/5
years; if this obligation is not fulfilled the employer shall
be held responsible).
4.3. Place for public events and entertainment
Show caves are not exactly “private buildings” and they
may be considered as places for public events and
entertainment.
I the undersigned, as the manager of the Grotta
Gigante/Riesengrotte, made a request for the type-approval
of the earthing system (in compliance with the laws in
force) to the A.S.S. of Trieste (the Local Health Authority),
in particular to the Servizio verifiche periodiche (Periodical
check service). An inspection of the system was carried out

Figure 6. Technical room. Photo by A. Fabbricatore.
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It is then necessary to carry out the following operations:
a) exactly define and name the devices relating to the circuit
within the main switchboard in order to be able to
correctly identify the relative downstream circuits;
b) check the mechanical and electrical features of the main
supply cable (riser) and measure the isolation voltage,
also referring to its junction box. The riser supplies
power to the section switchboards;
c) install the section switchboards, which consist of
watertight boxes, suitable for their laying position and
for housing the protection devices of the various
downstream circuits and of the terminal boards for the
branch connection from the main riser;
d) install different types of luminous bodies, in particular
ones with differentiated optics according to the object or
the scene to be lit up, equipped with lamps of different
power;
e) install luminous bodies on special supports for
emergency and safety lighting of all the cave’s pathways
that are open to the public using the “always ON” mode,
thereby ensuring a minimum lighting level of 5 lux on
the steps and 3 lux on the level, 1 meter above the floor.
The functioning of the electrical system must always be
assessed in terms of energy saving and lighting
performance.
Figure 7. The tourist path in Grotta Gigante. Photo by
A. Fabbricatore.

4.5. Certified digital audio amplification system
An audio amplification system, in compliance with IEC
60849 standards, is necessary to provide visitors with
adequate information in case of failure or accidents. The
system needs to be divided in two racks, one inside the
cave, provided with all the power amplifiers, and the other
one outside the cave, with the control station, its sources
and a microphone for general, pre-recorded announcements,
connected to a ring optical fibre system, to ensure the
functioning of the system in case of an interruption on the
system cable.

which the radio resets and the base station and the other
portable radios are able to communicate with the operator
who signalled the emergency.

5. Lamp flora (photosynthetic organisms that
develop near artificial lights)
The development of lamp flora (algae, moss, cyanobacteria
and other opportunistic plants) is induced by the presence
of lights in caves. These photosynthetic species can
seriously damage the underground ecosystems.
Unfortunately all light sources, LEDs included, cause the
proliferation of lamp flora. In order to get rid of these
undesirable species chlorine products are generally used.

4.6. Radio communication system
As regards communication between the inside of the cave
and the fixed listening position, located outside the cave, a
radio transmission network is ideal and may be provided
with auxiliary relays in order to be able to communicate
from anywhere inside the cave with the external operator
or viceversa.

Chemical disinfection, with the use of sodium hypochlorite
and chlorine dioxide, is the most common method used for
this purpose.
Their sterilizing action mainly affects the surface of
bacterial cells and has little effect on viruses, moulds and
spores. However, some microrganisms have become
resistant to certain disinfectant substances, thereby limiting
their bactericidal effect. Organic material reacts with
chlorine, forming compounds called chloramines which can
irritate eyes and mucus, have a bad smell and, what is more,
have a cancerogenic and teratogenic effect. Chemical
disinfectants are also highly corrosive and therefore require
special measures to protect the health of those working in
contact with these substances.

The system must be designed both for communicating
inside the cave and for emergency use. For standard
conversations operators can talk to each other from one
portable radio to another and also from the base station.
Portable devices must be provided with a man down
function which automatically generates an emergency call
when the portable radio is in a non-vertical position.
In case of emergency, a fixed transmission cycle is activated
and whoever is present can voice-communicate with the
other devices and with the base station for 15 seconds, after
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On this point, it is worth mentioning, after thorough
research and after checking market availability, germicidal
lamps, provided with an electronic starter, like TUV X tra
36W fluorescent tubes produced by Philips, which obtained
the 2008 Green certificate and enable to inhibit the
development of lamp flora, thereby ensuring an
environmentally-friendly use of caves. These lamps need
to be turned on when all the other lights in the cave are
turned off. When these lights are on it is necessary to wear
special safety glasses as their UV rays may cause
conjunctivitis when looking at them with the naked eye.

6. Fire prevention and public events
As regards fire prevention, it is worth mentioning
Presidential Decree no. 151 of 1 August 2011, which is
currently in force: Rules for the simplification of procedures
concerning fire prevention, pursuant to art. 49, par.
4-quater, of Legislative Decree no. 78 of 31/05/2010, as
amended by Law no. 122 of 30/07/2010 (for example as far
as generating sets are concerned).

Figure 8. View of the tourist path in Grotta Gigante. Photo by
A. Fabbricatore.

As regards public events to be held in caves, such as
concerts, projections and other shows, an authorization
request must be sent to the Provincial Fire Brigade
Headquarters, which then forward it to the Regional Fire
Brigade Headquarters, pursuant to the Ministerial Decree
of 19 August 1996, Approval of the technical rule of fire
prevention for the design, construction and use of places of
public entertainment.

Sodium hypochlorite, discovered over two hundred years
ago and commonly known as bleach or chlorox, is still the
most popular disinfectant. It is available in concentrations
varying from 1.5 % to 5 %. Usually it is available in
solutions with 3–5 % of active chlorine. According to the
EEC standards, products containing less than 5 % of
hypochlorite are not classified, those containing 5–10 %
must be classified as irritant and concentrations over 10 %
must be classified as corrosive. Chlorine is a toxic gas and
you must avoid inhaling it and wear safety gloves and
glasses when handling it.

7. Conclusion
Italian show caves must comply with the above regulations
and they undergo regular inspections. Should the inspection
authorities discover that a cave does not comply with the
safety regulations, the cave will be forced to end its tourist
activity.

An excellent alternative to chemical disinfection, enabling
you to avoid using substances which may damage the
environment, cave fauna and man, is the use of a fraction
of sunlight, UVC rays (wavelength 200–280 nm). UVC
rays are able to destroy pathogens and prevent their
propagation. They have an effective action on bacteria,
viruses, spores, yeasts, moulds, algae and nematode eggs.
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Ksiromero occupies an area of 105 km2 in the northeast section of the Prefecture of Aitoloakarnania, in western Greece.
Its karst is primarily developed on beds of 10–200 m thick Triassic carbonate breccia conglomerates which underlie 70 %
of the region. Other karstified units are overlying 200–300 m thick sequences of Upper Triassic to Early Jurassic limestones
and dolomites and an underlying 150-m thick Triassic gypsum deposit. Major karst features include dolines and poljes
that capture all surface water. Open caves and conduits are rare due to in-fill by residual terra rossa soils.
This study is based on field research and the creation of a geographic information system (GIS) geodatabase that included
geology, topography, karst landforms, and land use. The data were compared to reveal a strong correlation between the
presence of the breccia conglomerates with cultivated land and between the limestones and dolomites with forests and
pastures. This investigation serves as an example for future land use analyses in karst, and as a foundation for more detailed
research in to the potential environmental impacts of specific land uses in Ksiromero.

1. Introduction

development of a paleointrastratal karst, as described in
other regions by Bosak et al. (1989) although no direct
evidence has been found. Triassic Tryphos Formation
carbonate breccia conglomerates were deposited over the
evaporites, followed by up to 200 m of dolomite and as
much as 300 m of the Pandokrator Limestone into the Early
Jurassic. At that time, the shallow Tethys Sea covered a
continental platform which extended throughout nearly all
of western Greece. The carbonate breccia conglomerates
are epigenetic, formed during the Triassic from major
tectonic activity, diapiric deformation and dissolution of
underling evaporites. These conditions continued with small
modifications up to the end of the Jurassic. From the
Pliocene to the Quaternary, more recent gypsum
deformation occurred at the surface due to underlying

Thirty-three percent of Greece is karst (PapadopoulouVrynioti, 2004) but the country has no specialized
governmental or private karst research association.
Consequently, knowledge of the country’s karst is scattered,
and hydrogeological karst investigations are often not based
on a clear understanding of karst geomorphology. The
objective of this study is to demonstrate how creating a
karst geomorphological map and geodatabase of a region
in west-central Greece can provide insights into land use
and its potential impacts. This paper is primarily based on
the larger work of Golubović Deligianni (2011).

2. Regional and local geological setting
This investigation’s study area is Ksiromero, which is Greek
for “dry place.” Ksiromero is an evaporite and carbonate
karst region in the northeast section of the Prefecture of
Aitoloakarnania, in western Greece (Figure 1). Its 105 km2
area is bounded by the mountainous area of Akarnanika Ori
to the west (Psili Koryfi, the highest peak, is 1,157 m above
sea level), the drainage basin of Lake Amvrakia to the east,
drainage systems to the Amvrakikos Gulf to the north, and
the southern watersheds whose rivers flow to the Ionian Sea
through the Department of Akarnania.
The area of Ksiromero is within the Ionian geotectonic
zone, part of the External Hellenides Platform that extends
west from mainland Greece and appears on the western
edge of Peloponnesus. Long thrust faults that trend eastwest and northeast-southwest, and long reversed and
normal faults that trend northwest-southeast are
characteristics of the Ionian zone.
During Permo-Triassic time the Ionian zone was a shallow,
restricted, marine basin which accumulated over 150 m of
evaporites (Karakitsios, 1992), of which gypsum is notably
exposed. Their episodic deposition may have allowed the

Figure 1. Location of study area.
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diapiric movement along prominent faults (Underhill,
1988). The Tryphos carbonate breccia is the main karstified
rock of the region. It ranges from 10–200 m thick and
covers 70 % of the area (Figure 2).

horizons in some central lower elevation areas. The
horizons are separated by a thin bed of clay and marl; the
upper horizon is likely perched. The upper horizon is
4–12 m below the surface and the lower is between
15–30 m.

From a hydrological perspective, the region drains
internally to where its water is not exploitable for use. The
study area is a system of closed karst watersheds whose
recharge characteristics are poorly defined and where the
downgradient destination of its groundwater is unknown.
While recharge occurs through the higher elevation
limestones and dolomites, most of it is transmitted though
the Tryphos breccia and the underlying gypsum. The highly
soluble gypsum matrix of the conglomerate produces a
relatively uniform high-permeability surface that minimizes
surface runoff. While most karst features of the region are
developed in the Tryphos Formation, their density may have
been greater if the matrix had been carbonate due to more
selective enlargement. Additionally, the occurrence of only
a few open caves in the region likely results from the high
production of residual terra rossa soils from the gypsum.
The soils have accumulated on all surfaces, especially in
dolines and poljes, and runoff is insufficient to transport
them through the karst to create more open caves.

4. Karst Geomorphology and GIS
ESRI ArcGIS® version 9.3.1 geographical information
system (GIS) software was used to create a karst
geomorphological map (a simplified version is presented in
Figure 2). It stored, analyzed and displayed a detailed
geodatabase of topographic, morphologic, hydrologic
characteristics and established a detailed geodatabase of
karst landforms for the region to produce maps and reports.
The digital database allows combination of the
geodatabase’s different layers: topography, geology,
hydrology, land use and karst features. For detailed
visualization and analysis we digitalized twenty-one
1:5,000 scale topographic sheets of the region at 4 m
contour intervals and interpolated to 2 m.
The karst geomorphological map was created from our
database of all mapped and categorized karst landforms.
Through watershed delineation we identified one large
compound karst basin, which includes 13 polje watersheds,
and two smaller separate watersheds of groups of dolines.

3. Local karst hydrology
While sea level at the Amvrakikos Gulf is the
ultimate base level and the water of Lake
Amvrakia suggests it is a major inland base
level (~25 m above mean sea level), currently
there are no empirical data to identify
groundwater levels in Ksiromero, their gradient,
or likely areas of discharge. Some shallow wells
in the breccia conglomerate serve as small, local
water supplies. Annual rainfall averages 1,000
mm while annual evapotranspiration averages
650 mm with the remaining 350 mm water
available for runoff and groundwater recharge.
Based on the extensive exposure of the Tryphos
breccia-conglomerate and its low-slope doline
topography, it probably receives the greatest
percentage of recharge, with a smaller
percentage infiltrating the steeper and less
extensive Pandokrator Limestone. However, the
absence of clay-rich soils on the Pandokrator
may allow more recharge than suggested by the
size of its outcrop. In both settings, surface
water in the study area flows only after rainfall,
which rapidly sinks underground.
Domestically used water is mostly supplied to
Ksiromero from a neighboring region. Water for
agriculture is stored in more than 387
reservoirs, some natural dolines but most
excavated in terra rossa soils of poljes and large
dolines. Shallow groundwater occurs in some
of the dolines and earthen reservoirs, as well as
seasonally captured storm water, but much is
pumped in from the other regions or from
adjacent wells. The permeability of the terra
rossa soils seems generally low. The sparse well
data suggest that groundwater occurs in two

Figure 2. Geological and karst geomorphological map of Ksiromero.
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We found 15 residual hills in the poljes,
comprised predominantly of limestone
intercalated with gypsum and likely the result
of lesser solubility than tectonic factors. We
identified a total of 267 dolines with funnel,
shallow, and a few collapse morphologies.
Using Čar’s (2001) classification scheme,
Ksiromero primarily has broken, broken
collapse, near-fault, and fault dolines. We also
identified 23 uvalas. With ArcMap →
Hydrology we identified 229 ponors that occur
at the contact of the limestone with the breccia
conglomerates and where they follow faults.

5. Land Use
Digital land use data for the study area was
added to the database from the Corine Land
Cover Project, version 13 (European
Environment Agency, 2000) which identified 11
land uses. Figure 3 illustrates the land use
distribution with general karst forms. Table 1
serves as the key, defining the categories and
quantifying the area’s covers.
Karst landforms that recharge groundwater
extend over 98 % of the Tryphos brecciaconglomerate. Our results in Table 1 establish
that 65 % of dolines and 77 % of uvalas are
overlain predominantly with agriculture and
some forests. Individually, these landforms
have poorly defined drainage systems and some
are covered in thick clay-rich soil which
decreases
their
recharge
capabilities.
Consequently, they contain at least 55 water
reservoirs which are necessary for local

Figure 3. Karst land forms and land uses in Ksiromero (land use numbers keyed
to Table 1).

Table 1. Land use distribution by karst land form (land use codes per Corine Land Cover Project, version 13).
Area
(%)

Dolines
(%)

Uvalas
(%)

Poljes
(%)

Residual
hills
(Hums)
(%)

No.

Code

Description

Area
(km2)

1.

112

Discontinuous
urban construction

1.455

1.39

2

0

0

0

2.

211

Non-irigated
arable land

20.149

19.19

8

13

62

85

3.

242

Complex crop
systems

1.811

1.73

0

0

7

0

4.

243

Mainly agriculture,
with some forest

41.390

39.40

65

77

17

10

5.

311

Broadleaf forest

0.787

0.75

5

1

0

0

6.

312

Conifer forest

0.357

0.36

0

0

0

0

7.

313

Mixed forest

0.415

0.38

0

0

0

0

8.

321

Meadow

2.426

2.30

0

0

0

0

9.

323

Hardleaf vegetation

31.491

30.00

18

9

11

5

10.

324

Transient
forests/brush

2.423

2.30

2

0

3

0

11.

333

Thinly vegetated

2.296

2.20

0

0

0

0

∑

Code

Ksiromero
watershed

104.997

100

100

100

100

100
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agriculture. Most of these reservoirs are fed with water
imported from near the village of Achyron, located about
2.5 km west of Ksiromero’s west-central border. Some
reservoirs are supplied by adjacent wells, rainwater runoff,
or groundwater seepage from the upper groundwater
horizon in the terra rossa. A few of the reservoirs are natural
or modified solution dolines (Figure 4), but most are fully
excavated depressions in terra rossa (Figure 5).
Poljes occur only on the breccias-carbonate and are overlain
with alluvial deposits created largely by the weathering of
the breccia-conglomerate. The alluvium includes silty to
sandy-grained residuum, scattered carbonate breccia, and
is topped by terra rossa soil. This 5–20 m thick alluvium
and soil is poorly permeable, frequently perching
groundwater as previously described. At least 98 water
reservoirs are known to occur exist in the terra rossa of the
poljes. Sixty-two percent of the poljes are covered by
extensive agriculture with some forest.

Figure 5. Excavated water reservoir about 10 m from Doline
Fraksulis shown in Figure 4; water elevations differ based on
supply and usage.

Analysis of the land use elements shows that the majority
of the study area (60.32 %) is covered by agriculture in the
thick-soil breccia conglomerates. Almost all of the
remaining area (38.29 %) is covered by natural vegetation,
located mainly in the steep areas of limestone and dolomite.
Only a very small percentage (1.39 %) of the study area is
covered by artificial surfaces such as streets and buildings.
It is clear from this study that bedrock geology is the
primary factor affecting land use in the Ksiromero region.
In addition to the above percentages, environmental
pressure led to innovative observation of doline flooding in
the breccia conglomerate resulting in at least 387 water
cisterns and continued excavation of new reservoirs in its
deep soils. Without this geological capacity, above-ground
water storage tanks would need to have been constructed to
support local agriculture, and at a higher price.

Figure 4. Natural pond in Doline Fraksulis.

There is an acknowledged lack of information about land
use impact in the Ksiromero region. This study
demonstrates how land use must be identified and
controlled with consideration of karst hydrogeology and its
evolution. This study does not evaluate the effects of
urbanization, agriculture, quarries, landfills, and sewage.
Instead it offers an example of how geologic, landforms,
and land use map layers can be evaluated in a geodatabase
to identify the relationships between each and to serve as
the foundations for future, in depth, research and
monitoring.

The best example of extensive agricultural use of a polje is
in Polje Stinadia (Figure 6). Within the polje are 13 dolines,
three ponors, and two springs and extends to the lowest
elevation of the Ksiromero region at 224 m. Polje Stinadia
is only area of Ksiromero containing complex crop systems
(Table 1), which demonstrates its suitability for diverse
agriculture.
Approximately 98 water reservoirs exist in the terra rossa
of poljes and like in case of dolines and uvalas they have
key role in existing of agriculture land use.
The residual hills in Ksiromero are composed primarily of
breccias conglomerate limestone (90 %) and some gypsum
(10 %). They are the result of random erosion patterns or
relatively lesser porosity and permeability than the
surrounding outcrop. Non-irrigated arable land covers 85 %
of these features, suggesting similar properties for
agriculture, except for the higher slopes which discourage
irrigation.

6. Conclusion
Generalizing data from Table 1 and Figure 2 results in
combining the11 land use categories into three main
elements, summarized in Table 2: urban (land use code 1),
natural vegetation (land use codes 5, 6, 7, 8, 9, 10, 11),
agricultural/pasture (land use codes 2, 3, 4).

Figure 6. Sinkhole area inside Polje Stinadia.
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Table 2. Combined land use distribution in Ksiromero.
No.

Description

Area
(km2)

Area (%)

Dolines
(%)

Uvalas
(%)

Poljes
(%)

Residual hills
(Hums) (%)

1.

Urban

1.455

1.39

2

0

0

0

2.

Agriculture
and pasture

63.350

60.32

73

90

85

95

3.

Natural
vegetation

40.192

38.29

25

10

15

5

∑

Ksiromero
watershed

104.997

100.00

100

100

100

100
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APPLIED DRAMA: A NEW TOOL OF TEACHING CAVE PROTECTION
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2
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Cave protection and cave protection education are two of the key goals of speleology of the 21st century. Cave as a part of
natural environment presents a unique and sensible micro-environment that is significant for humans and their legacy.
It is important to protect cave micro-environment in order to secure a sustainable future for the next generations.
Children and young pupils should be the most important target group of this protection campaign considering two basic
reasons: First they are able to learn faster than adolescents or adults and they can also absorb more information. Second,
children are the future of each generation and only if these principles are taught from the early years; children can be
expected to apply them in their everyday life.
Currently applied drama has been considered as an effective teaching tool that can inspire children to learn through
experience and work on difficult meanings, such as peace, collaboration, human rights, environmental protection, and
many others that school subjects cannot always cover. As a result nowadays applied drama as a learning medium can aid
teachers, educators, artists and tutors, to provide their learners with a great variety of fun, energetic, interactive and
participatory activities aiming at a joyful and productive learning procedure.
This poster aims at presenting an innovative way of teaching cave protection in young learners through drama. It presents
a sample of activities and some principal thoughts suitable for children aged 4–5 years old, in order to inspire fellow
educators, cavers and scientists and suggest new approaches of teaching Cave Protection via Drama.
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TEN YEARS OF WWW.SPELEOGENESIS.INFO:
CHALLENGES AND PERSPECTIVES

1

Alexey Kopchinskiy1, Alexander Klimchouk2
Vienna University of Technology, Gumpendorfer Strasse 1a, Vienna, Austria, alexey.kopchinskiy@tuwien.ac.at
2
Ukrainian Institute of Speleology and Karstology, 1997-7492 Simferopol, Ukraine, klim@speleogenesis.info

www.SPELEOGENESIS.info is a non-profit platform aimed to integrate and promote efforts of the international
community of cave and karst scholars in information exchange, communication and collaboration. The portal has been
first established in 2003 and now advanced to serve various networking and information resources (Speleogenesis
Network), functioning as a hub of collaborative activities of 823 individual researchers from 84 countries and numerous
academic institutions involved into karst and geospeleology studies. The website operates under an auspice of the UIS
Commission on Karst Hydrogeology and Speleogenesis and the IAH Karst Commission.
www.SPELEOGENESIS.info also supports an online scientific journal, “Speleogenesis and evolution of karst aquifers”
(journal.speleogenesis.info) that brings together research on developments in geospeleology and karst science pertinent
to the origin and evolution of dissolution caves and conduit permeability. The scope of the journal is speleogenesis, the
origin and development of dissolution caves.
The major perspective includes among others creating a collaborative platform for karst and cave related projects and
building corresponding online community around them. As a step to reaching this goal, a Directory of cave and karst
research institutions has been created (speleogenesis.info/institutions/). This directory functions as a collaborative
arrangement amongst cave and karst research institutions working together to build a networking infrastructure that would
facilitate cooperation and partnership through sharing resources, results, experiences and other research opportunities. At
the moment 19 institutions has joined the directory:
• Brazilian Karst Research Institute – Instituto do Carste, Brazil
• Carbonate Aquifer Characterization Laboratory, United States
• Group for Underwater and Speleological Exploration, Romania
• Hoffman Environmental Research Institute, United States
• Institute of Speleology “Emil Racovita”, Romania
• Institute of Water Resources Management, Hydrogeology and Geophysics, Austria
• International Research and Application Center for Karst Water Resources, Turkey
• Istituto Italiano di Speleologia, Italy
• Karst & Cave Research Group, University of Akron, United States
• Karst Dynamics Laboratory (KDL), China
• Karst Geomorphology Unit (research and didactic), Poland
• Karst Research Group of Coimbra, Portugal
• Karst Research Group, University of Gadjah Mada, Indonesia
• Karst Research Group, University of South Florida, United States
• Karst Research Institute ZRC SAZU, Slovenia
• Karst Waters Institute (KWI), United States
• National Cave and Karst Research Institute, United States
• Swiss Institute of Speleology and Karst studies (SISKA), Switzerland
• Ukrainian Institute of Speleology and Karstology (UISK), Ukraine
Representatives of above-mentioned institutions while being members of Speleogenesis.info have access to online data
related to their organization. They can edit this data as well as add new content.
Directory of world cave and karst science journals is another part of the Speleogenesis project. Right now 16 journals are
included:
• Acta Carsologica
• Cave And Karst Science
• Cave Science
• Die Hoehle
• Helictite
• International Journal Of Speleology
• Journal Of Cave And Karst Studies
• Journal Of The British Speleological Association
• Karstologia
• Kras I Speleologia
• NSS Bulletin
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• Proceedings Of The British Speleological Association
• Speleogenesis And Evolution Of Karst Aquifers
• Speleology And Karstology
• Transactions Of The British Cave Research Association
• Transactions Of The Cave Research Group Of Great Britain
Representatives of these journals can manage properties of their online resources, submit new publications and update
existing ones.
Recently a comprehensive catalog of links to karst and cave-related websites has been created
(speleogenesis.info/directory/links). Each member of Speleogenesis.info can add data to this database as well as update
outdated links.
Karstbase bibliography is another important part of the portal. This database contains more than 12,900 bibliographical
records on karstology and geospeleology. Again as with any other Speleogenesis.info recourse, each member can
add/update his or her contribution to the database via specialized tools available from their member page.
Speleogenesis Calendar (speleogenesis.info/directory/calendar/) aims to keep track of karst and care-related events that
are taking place within karst research community. Each member can submit an event to the calendar.
The last but not least addition to the portal is the possibility for members to create and maintain their own projects. Such
projects can belong to a variety of types. For example, it can be an expedition or a scientific research as well as publication,
excursion, conference or exhibition. Project leaders can invite other members to join the project and collaborate with each
other by sharing information and project-related data. Shared data types include blog-like text posts, image galleries, files,
Google maps, links, etc. Members of the project can communicate within the project timeline by sending private messages
or/and emails to other project members. Project administrators can send announcements to all members of the board as
well as contact each of them individually. Each project will have its own public page accessible for the rest of the web.
Speleogenesis.info is constantly growing and already is one of the most influential online resources on karstology and
speleogenesis.
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PROTECTION AND MANAGEMENT OF KARST REGIONS IN INDONESIA
Irawati Yuniat
Directorat General of Nation Unity and Politic, Ministry of Home Affairs, Indonesia, yai_ira@yahoo.com

Indonesia is a country with a wide range of karst area. Indonesia is estimated to have a karst area of 154,000 sq km
(Bappenas 2003) spread out almost all over Indonesia. Karst is a term to refer to an area that has a hydrological
characteristics and unique natural formations, as a result of the combination of high concentration of rock dissolution and
the development of secondary porosity (Ford and Williams 1989). Physically, the karst area has a primary function as an
aquifer that meets the needs of water of hundred-thousands of people living in it. Besides, it serves to keep the regional
ecosystem balance. However, karst is susceptible to changes. Human activities are the greatest threat to the preservation
of karst ecological functions. Loss of ecological function of karst leads to disasters to human life and seems impossible to
avoid. Issues on karst conditions in Indonesia are currently indicating degradation by the presence of industries exploiting
the natural potentials in the mining sectors that economic, ecologic, and social-based conservations become highly crucial
to conduct. Through the karst potentials in building and cement raw materials create beneficial opportunities to industrial
sectors. Mining activities in karst areas, besides threatening the availability of the ground water in the surrounding area,
they threaten the unique karst geomorphology and biodiversity. This paper will discuss the efforts of the comprehensive
management to optimize the potential of karst for beneficial for the survival of the karst ecosystem, either economically,
ecologically or socially.

1. Introduction

library research, through relevant books, the mass media
and internet sites. The collected data were secondary data.
Further, the data were processed using content analysis
techniques to come to a conclusion.

Karst is a formation in the earth’s surface generally
characterized by the closed depression, surface drainage,
and caves. This area is formed mainly by rock dissolutions,
mostly limestone. Karst area formed by dissolution of rock
occurs lithologically, especially other carbonate rocks,
covering dolomite, evaporite deposits, such as gypsum and
halite, in silica deposits, such as sandstone and quartz, and
in basalt and granite, a condition of which may tend to be
in cave formation.

3. Results and Discussion
3.1. Karst Potentials
It is currently only a few realize the natural potentials of the
karst region in Indonesia and the need for conservation of
the karst areas. The potential commonly known is simply
as the mineral resources for building materials, cement raw
materials. In fact, karst region also has other economic
potentials, such as water resources, biodiversity, swallow’s
nests, a tourist resorts, besides scientific and cultural values.
The thing that cannot be ignored of the karst is that its
ecological functions in preserving the ecosystem balances
of the surrounding. Compared to other types of landscape,
karst is a typical and unique that in managing it, the unique
values and the ecosystem of karst should be taken into
consideration.

Indonesia has the carbonate rocks, especially limestone, the
largest of which covers nearly all the large and small
islands. The area is estimated covering more than 15.4
million hectares and spread almost all over Indonesia,
stretches from Sabang to Merauke islands. In Sumatera,
karst region lie around Aceh and Medan. In Java Island it
spreads across most of the southern coast and the center of
Java. In Borneo it covers the east coast. In Sulawesi it lies
in Maros (South Sulawesi) and in Papua it is in the
mountainous center of Papua Island. Karst landscapes
spreading in Indonesian provinces are non-renewable
natural resources. The karsts went through a long process
of formation, have unique natural phenomena and rare as
well as give important values for life and ecosystems that
they need to be wisely managed.

Ecological Potentials
In hydrological aspect, endokarst region is highly rich in
springs. White (1969, 1977) classifies carbonate aquifer
based on groundwater systems and hydrological setting.
The groundwater of karst area (limestone) has a different
hydrological system from that of non-karstic one. It is
closely related to the physical-chemical properties of
limestone. The limestone is porous and directly passes the
rainwater through the cracks of surface of the land through
the cracks of the vertical and horizontal rock coats that does
not allow the water remains in the surface. The water, then,
flowing under the surface will accumulate in a particular
flow-pattern as the river surface does, that is, by running
through the cave hallways and becomes the underground
river. In dry seasons, the loss of the surface river due to the
cracks resembling to caves in the whole region frequently
becomes a big problem.

2. Method of Research
2.1. Research Techniques
The author uses descriptive method in order to find out the
potentials and the management of karst using relevant
literatures to the issues discussed.
2.2. Data Collection and Processing
The data collection technique of this research was
observation, that is by directly visiting the locations and
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in preservation. Considering the wide range of Indonesian’s
karst landscapes, strategic functions – hydrologic and
specific functions for flora and fauna habitats, as well as for
millions of people relying upon the areas and roles as
rainwater absorbent, the conservation regulations are issued
by Indonesian government through laws and regulations,
among others:

Groundwater is one of the clean water resources to meet the
water needs of those, especially of the urban and industrial
areas. The wide range of groundwater or aquifer distribution
that is relatively impossible to contaminate by the surface
pollutants makes the groundwater the essential and strategic
water resource. In addition, the groundwater may serve as
a surface load-bearing media. Consequently, the
exploitation of groundwater should be conducted in an
integrated management to ensure a sustainable use.
Therefore, karst water system in the region can be made a
source of water supply in the dry season for agricultural,
consumption, and even industrial purposes. The karst
groundwater is in high quality (low turbidity) and slowly
fills up the underground rivers that enable it to be available
even in the dry season. The ground water, however, is
highly dependent upon the vegetation and the limestone
cavities in the karst region. As the caves in the karst region
are connected one another, they can supply water to other
places. In verse, it can be as a water reservoir.

1. Law No. 5 of 1990 on Conservation of Natural Resources
and Ecosystems
2. Law Number 26 Year 2007 on Spatial Planning
3. Law No. 32 Year 2009 on Environmental Conservation
and Management
4. Indonesian Government Regulation No. 26 Year 2008 on
National Spatial Plan
5. Regulation of the Minister of Energy and Mineral
Resources of the Republic of Indonesia Number 17 Year
2012 on the Establishment of Karst Natural Landscapes.

In scientific aspect, karst functions as one of natural
laboratory for scientists in biological, geological, and
karstological fields due to the fact that the region provides
unique things, such as caves and several endo and exokarst
flora and fauna habitats. Biodiversity in karst areas is
considered endemic; that is to say, a natural phenomenon
of a biota to be unique to a particular geographic region. A
species can be said endemic if the species is native that can
only be found in a particular place and not found in other
regions: islands, countries, or particular zones. It is likely
wise to say that karst regions should be continuously and
seriously conserved to serve the sustainability and food
chains.
Economic Potentials
There are two economic potentials of the karst areas, the
economic potential of mining and non-mining. The two
potentials are so great that a sustainable karst area
management becomes a must. The mining potential of karst
area covers limestone, the cement raw material. However,
the exploitation of this cement industrial sector often
degrades the area that threatens the karst area existences.
Anthropocentrical limestone exploitations as commonly
done result in decreasing other values significantly in a
relatively short term.

3.3. Values of the Natural Caves
There are several values the natural caves can provide,
covering:
1. High aesthetic value. Cave with lots of beautiful
ornaments (speleothem). The caves are publically
potential. The cave figures must be avoided from the
visitors’ the touch.
2. Caves with underground rivers either those having been
or to be used as sources of clean water by the local or the
karst region’s people. For such caves it should not be
used for tourism purposes, to avoid any water
contamination.
3. The caves, besides inhabited by hundreds to thousands
of bats, swallows and other biota playing highly
important roles in preserving the ecosystems, they serve
important benefits to sciences. Such a type of cave should
not be publically visited because it would disrupt the
existence of beneficial creatures. When opened to the
public, the ways to the caves must be closed to visitors.
4. Caves may have high scientific-value sediments, because
it contains pollen or spores that can be used to analyze
past vegetations and climates around the caves, even may
contain valuable scientific artifacts, such as fossils or
various archaeological findings. Such caves with
underground passageways should be closed to those
traveling the caves.

The non-mining potentials of karst area cover the
biodiversity, underground-water, and laboratory scientific
studies, such as archeology, speleology, hydrology, as well
as forestry. Other potentials of the caves in the karst area
include swallow’s nests, bats and some other unique
animals; the use of the cave phosphates as fertilizers, and
area tours (for special interest). Consequently, a wise
management of the area by considering the ecological
values should be taken in order to meet the economic needs
of the local communities.

5. Caves with historical relics with sacred tombs believed
to have mystical worth have ever or still functions as
hermitage sites. Such a type of cave should only be
developed as a cultural heritage.
6. Caves with strategic values for war in the past should also
be closed to public.

3.2. Basic management of karst

7. Caves with economic values in terms of mining
(phosphate, etc.) should not be visited, but only be to be
mined.

The biotic and non-biotic components of karst areas serve
as life-supports to human beings. In carrying out this
function optimally, it is highly required to afford protections
to enable the area to contribute significant economic values

8. Caves with educational values for nature conservation and
ecotourism should be provided for research means only.
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3.4. Issues on Karst Area Exploitations

basically a development effort in an administrative area or
particular region to achieve the welfare of the community
by taking the advantages of opportunity and the natural
resources optimally, efficiently, synergically, and
sustainably by encouraging the economic activities, creating
conducive climate, and providing facilities and
infrastructures.

Up to now, karst areas in Indonesia are still considered
economic natural resources on mining sectors by most
people, even by most Indonesian mining geological experts.
The resources mined include limestone as raw materials for
cement industries, buildings, tiles (marbles), jewelry, and
other various industrial purposes. Dolomite and calcite
(CaCO3), which has undergone a process of crystallization,
are also mined for various industrial means. In addition, the
phosphate contained in the sediments of several caves once
ever inhabited many bats and swallows are also mined for
organic fertilizer production. The direct impact of the
uncontrolled karst area exploitation will lead to the decrease
or destruction of the natural functions of karst region. Some
examples of the impact that may be resulted include:

The utilization of karst area shall be well-planned in
advance. All activities must be carried out through processes
and procedures in accordance with available regulations.
The utilization of karst area itself is a series of development
activities to take advantage of the karst in the period set in
the spatial plan of the local government. Besides, the
exploitation control is highly required, such as by licensing,
supervision, and control of the utilization of karst.
The groundwater of the karst regions (limestone) has
different hydrological systems from that of non-karstic
regions. It is related to the physical-chemical properties of
limestone. In dry season, the water shortage problem may
arise because of the loss of the surface river due to the
cracks in the form of caves in the whole regions. Recorded
in 1987, drought caused about 193,900 people in 7 districts.
The Local Government of Gunung Kidul Yogyakarta
Province has built a model of underground river utilization
in Goa Bribin to cope with drought. In the Feasibility Study,
the researcher was involved in the project activities. At
present, the people in the region has been provided with
clean water supply.

1. Loss or damage to natural laboratory for the
advancement of sciences in karstic fields that has high
contribution to Indonesia and world.
2. Loss or damage due to the economic potential due to the
destruction of swallow and bat habitats that the colonies
reluctantly stay in the karst caves.
3. Loss of water or damage to the water systems due to the
haphazard exploitations of the regions, that is in the way
without taking into account the sustainability and
continuity aspects.
4. Damage to the artistic aspects of a tourist object in the
karst area due to irresponsible acts of the visitors.

Besides for mining purposes, the strategic value of the
economic perspective on the karst region is that it can be
optimally developed as tourism resorts. It is wise to study
earlier to find out the people’s readiness and capabilities to
actively and positively participate in developing and
preserving the karst region. The local people should be
fostered in order to be ready to be involved in developing
and preserving the tourism resorts as an active, in stead
passive role. The people that are possibly loss of their lands,
mainly of the landownership status, are discontent with
money compensation. The identification of the local
people’s readiness to be involved in such tourism activities
should be considered a priority. Besides, professional
management is a high requirement as a basis on the karst
area utilization in tourism sector. Tourism objects and good
service systems will greatly attract tourists if based on
professional management. The tourism development should
be oriented to local, regional, national, and even
international market demands, especially to meet the needs
of tourism objects of special interests. Karst region is
specific because the tourism objects are specific, such as
cave tourism objects (endokarstic tourisms), rock climbing,
tracking, ecotourism and flora and fauna observation
(exocarstic tourisms). Several regions developed for
tourism purposes cover Gua Gong, Goa Tabuhan and Gua
Maharani in East Java, besides for special interest tourisms,
such as carving, cave tubing, cave diving, black water
rafting in Goa Pindul and Gua Kalisuci of Gunung Sewu
karst areas.

5. Damage to agricultural land as a source of life to people
living in the karst area due to the exploitation of karst
areas that ignores the environmental aspect.
3.5. Karst Area Management
Karst management is an activity that includes the
establishment of the karst management principles, karst
criteria, inventory and investigation, the area and the zone
of karst, coaching and development as well as the
supervision. Karst Area Management is also meant as
efforts of exploiting and preserving the carbonate rocks with
karstic morphology in accordance with the functions to
support sustainable development of Indonesia. Effort
increase in conserving efforts attempting resource
utilization and protection of karst morphologies of
carbonate rocks according to their functions in order to
support sustainable development. Increased efforts to
preserve karst area also has high significances in the
preservation of hydrogeological functions, geological
processes, flora and fauna and historical and cultural values.
The karst region has all the strategic values aforementioned
that, in fact, the exploitation of which is fully vestedinterests. Moreover, the decentralization is expected to
encourage the partial area management based on
administrative, instead the ecological boundaries.
Suspected, karst mining regardless to the available rules has
been threatening the availability of groundwater in the
surrounding area of karst (Bappenas 2006).

To obtain optimal results in the management of karst areas,
it takes coordination and cooperation among the various
stakeholders, such as government, academia, and
environmentalists such as NGOs and mountaineers clubs,

To cope with the problems it is highly required to develop
the zone of the karstic region. The zone development is
301

Protection and Management of Karst, Education – poster

2013 ICS Proceedings

4. Conclusion

communities, and employers, that can become managers.
They should share common aspirations and perceptions on
karst regions. Several attempts have been made in the
framework of coordination include:

Preserving and managing karst wisely is a sharedresponsibility, not only of one, but also of various
institutions (mining, forestry, agriculture, irrigation,
conservation, tourism, socioeconomic and sociocultural
services, education officials and scientists from the Science
and Knowledge Institution of Indonesia (LIPI), universities,
and NGOs). The basis of utilization should be prioritized
for its sustainability in order directly or indirectly the local
people may get the benefits.

1. Meetings on the initiation of the researcher in April 2012,
on behalf of the institution through the Directorate
General of National Unity and Political Interior Ministry,
by inviting representatives of the Secretariat of the State,
Cabinet Secretariat, Ministry of Environment, Ministry
of Energy and Mineral Resources to coordinate related
to the policy of karst areas management.

Karst region is considered of greatly important potentials
in Indonesia in the socioeconomic and scientific as well as
the karst hydrological functions to support the survival of
lives on it.

2. Local government also has conducted workshops or
socialization on karst management, among of which as
that conducted by the provincial government of East
Kalimantan cooperating with the Natural Resources
Conservation Center (BKSDA) of the Ministry of
Forestry in the context of the plan formulation on karst
management in Berau – East Kutai, in April and May of
2012, attended by various authorized units of Berau
regency, private companies, non-governmental
organizations and various community leaders in Berau.
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THE DISTRIBUTION, PROTECTION AND UTILIZATION OF KARST
CAVES IN HAINAN PROVINCE, CHINA
Wenqiang Shi, Yuanhai Zhang
Institute of Karst Geology, Chinese Academy of Geological Sciences / Karst Dynamics Laboratory, MLR&GZAR,
Guilin, Guangxi 541004, China
Hainan Province is situated in the south of China. Due to its particular tectonic position and geological evolution, Hainan
has rich cave resources with special scientific significance and landscape value which are precious nonrenewable geological
relics. Hainan Province abounds with cave resources of various types. The caves are widely distributed in Haikou City,
Danzhou City, Dongfang City and Changjiang County, etc. which are mainly karst caves formed in carbonate rock stratum
with different scales, forms, geologic landforms, hydrological forms and landscape marks. The caves integrate scientific
value, humanistic value, economic value and ecological value. At present, Hainan’s cave resources have been partly
explored and utilized. There are relevant geoparks, natural reserves, cultural relics protection unit and tourist resorts, which
has achieved some economic benefits. However, one of the major problems we face is cave resource destruction, and the
protection for caves is extremely urgent. In the future, the main issue to be solved on Hainan’s cave resources is how to
strengthen protection and explore cave resources rationally.

1. Introduction

most southern part of China with the northern latitude of
18.3°, The famous “Sanya people” site was found in the
cave (Hao et al. 1994).

Hainan Province is located in the most southern part of
China. Influenced by plate movement, it has undergone
complicated tectonic movement and sea-land changes during
geological historical period, and forms geology and
landform remains of abundant types and various forms. The
representative geological heritages include granitoid,
volcanic rocks and water type remains. Besides, the special
geographical position and favorable weather conditions
contribute to the form of cave, which is a precious geological
heritage type. The inartificial underground space resource is
of great importance in scientific significance which lies in
the study of crustal uplift, tectonic evolution, climate change,
organic evolution and hydrologic geology during the
Quaternary in Hainan Province and even the South China,
and peculiar aesthetic value, which is an important
constituent part of South China’s tropical karst investigation
and an advantageous type of Hainan’s tourism resources. It
greatly enriches the natural landscape resources of Hainan
Province, which is typical and representative in Hainan and
even the whole country (Yuan 1993; Fu 2010).

Danzhou City: ShiHua Water Cave and Guanyin Cave:
Shihua Water Cave and Guanyin Cave are located in the
southern area of Danzhou City, which are provincial
geoparks, featuring crystal flower and corrosion forms.
They are famous landscapes of Danzhou City.
Dongfang City: Mihou Cave and Shitian Holy Cave.
Dongfang City is one of the concentrated distribution areas
of karst caves in Hainan Province. The caves are mainly
distributed in the southeast of the city. Located along
Changhua River basin, there is typical karst landform and
complete types of speleothems with high aesthetic
appreciation. It’s an important destination for tourism and
exploration in the province.
Changjiang County: Huangdi Cave and Xinchong Cave.
Changjiang County is another concentrated distribution area
of karst caves in Hainan Province. The caves are mainly
distributed in the southwest of the county which is bounded
by Dongfang City. They are important constituent parts of
Bawangling National Nature Reserve. The fossils and stone
implements in the caves have high value on the research of
Quaternary mammals and ancient human evolution. The
local news had already reported the caves at the time of its
finding, but until now new important progress is not made.

2. General Situation of Cave Resources
A Cave is a natural underground space that is accessible by
people. Hainan Province is the only tropical island province
in China. According to incomplete statistics, there are
hundreds of caves of a variety with strong regional
characteristics, for example, the caves are all relatively
centralized distribution, in small scale and low altitude area,
and short of stalactite. They are distributed in Haikou and
western regions of Sanya including Danzhou, Changjiang,
Dongfang and Baoting. And the main types are karst caves
(Fig. 1).

Baoting County: Qianlong Cave. It is located in the
northwest of Baoting County, which is an important
constituent part of stone forest scenic spot. There is natural
and pure underground water body and well developed
speleothems in the cave. And acicular stone forests in karst
stratum are outside the cave, which are rare in China and
have superior research value on the development and
evolution of tropical karst landform (Liu et al. 2009).

Sanya City: Luobi Cave. Located in Lizhiwan Town of
Sanya, Luobi Cave is a relatively larger karst cave in the
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3. The Landscape in Caves

research and cultural value. The cave landscape marks
attract people to pay close attention to caves (Zhu et al.
1988; Zhang et al. 1985). The cave landscape marks of
Hainan Province enjoy abundant varieties with
distinguishing features, including national-level and
provincial-level ones (Fig. 2).

The landscape in caves is a special unit that takes shape in
the process of cave formation and evolution. It is under the
influence of human production activity. The landscape is an
important embodiment of cave aesthetics, scientific

Figure 1. Distribution of typical karst caves in Hainan.

development of prehistoric culture in South China and
Southeast Asia during the transitional period from
Pleistocene to Holocene. Guanyin Cave boasts religions and
temples as landscape marks with rich religious culture
atmosphere (Gui 2001).

The representative speleothems in karst caves include the
crystal flower of calcite, aragonite and helictite in different
shapes of Shihua Water Cave. They are crystal clear,
delicate and graceful, which are superior in China. The
distribution area is over 1,000 m2. In Shitian Holy Cave,
there are large-scale stone terrace, and there are over 60
steps of stone dams in the area of 150 m2, which is reputed
as China’s second largest stone terrace by the Magazine of
Chinese Geography. The 70-meter-long Mihou Cave boasts
abundant stalactite landscapes with large development
density, varied types and marvelous forms, which is unique
in the province. The cave archaeological sites include Luobi
Cave and Xinchong Cave with cave deposit and fossil stone
implements inside, which are the fifth and the sixth batch
of national cultural relics protection unit respectively. Luobi
Cave is the oldest palaeolithic site in Hainan Province at
present, which has important significance in the

4. Cave Protection
Cave resource is a peculiar type of geological heritages in
Hainan Province, which is a bright pearl of Hainan’s
tourism landscapes. Due to its rareness and preciousness,
the protection for the cave resource is important and
necessary. Compared with other geological heritages, the
protection for caves started relatively later. Before the year
2000, the caves in Hainan Province are basically in the
original natural state. There were two conditions. Firstly, as
the closed geographic location led to the inconvenient
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transport, there were few footsteps to the caves. Affected
by the natural forces only, the caves didn’t suffer obvious
destroy. Secondly, the caves located near residential areas
were greatly affected by human activities, which suffered
destroy to a greater degree. For instance, some caves in the
village of Dongfang City suffered engravings near the
entrances and some were used as religious venues. The
entrances to some caves were used for storage and hideout,
where there were burning marks. Inside the caves, there
were also some destroys, such as the polluted water, the
destroyed stalactites, the excavated accretions and the

quadrate pit with the length of over 2 meters. Under the
influence of various reasons such as the poor transport,
material lack, especially the lack of protection awareness,
few protective measures were taken to the caves except
plugging the cave entrance, resulting in the damages of a
number of resources.
After the year 2000, the protection for cave resources is
obviously improved. The establishment of some geoparks,
cultural relics protection unit, natural reserves and scenic
areas related with caves makes the protection for caves in

Figure 2. Representatinve cave landscape in Hainan (Photo 1–2, the Shihua Water Cave in Danzhou City; Photo 3, the Shitian Holy
Cave in Dongfang City; Photo 4, the Mihou Cave in Dongfang City; Photo 5–8, the Jiangbian Cave Group in Dongfang City).
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For example, the Shihua Water Cave in Danzhou City is
developed as a scenic spot when it was found ten years ago,
and the income is sustainedly used for the protecion of cave
by buying equipment, inviting experts and hiring local
people for supervision. At present the cave is the provincial
geopark in Hainan.However, compared with the regions
with abundant cave resources such as Guangxi Province and
Guizhou Province, the explored caves in Hainan are few in
number and the utilization of caves are relatively
insufficient. As a bright pearl of Hainan’s natural tourism
resources, the rational exploitation and utilization of cave
resources are in prospect (Chen 2006).

an artificialization state. For instance, in order to protect the
white crystal flower from the influence of weathering,
lighting and touch in Shihua Water Cave in Danzhou, glass
interlayer has been equipped, and some cave landscapes
have been fenced about in order to avoid destroy, which is
relatively effective. The protection for caves includes the
cave-centered special protection which is supported by the
special fund, the protection for a geological relics point in
protection zone which is supported by less fund and half
protection for some geological heritage that is in course of
preparation for declaration and is supported by little fund.
In the degree of protection, provincial level protection is
dominated and municipal level protection is assisted. There
is little national level protection except the Luobi Cave in
Sanya. Despite this, the developing of caves caused new
exogenous destroy and the vegetations on the tops of some
caves were badly damaged which caused soil erosion.
Pollutants then would inflow into caves and destroyed the
clean environment. Besides, the chimney effect of caves
increased and the weathering rate of speleothems sped up,
which led to gradual earthy transformation. The endogenous
destruction is even more serious. In the development, the
blind factitious construction and excavation have greatly
changed the initial state inside caves. Besides, rubbishes
brought in by people exceeded the self-purification ability
of caves, which increased the content of CO2 in caves and
destroyed ambient air quality. As some landscape lightings
were equipped unreasonably, lighting plants grew rapidly
which led to the qualitative change of landscapes (Yang
1989).

6. Conclusions
Hainan Province boasts a large variety of karst cave
resource types which are widely distributed, integrating
scientificity, appreciation, typicality and diversity. The cave
resources can satisfy people’s demands of research, tourism
and education in many ways, which enjoy great social
economic value and play an important role in China’s cave
research. Because of this, the protection for Hainan’s cave
resources becomes much more important. The protection
and exploitation of caves should band together, in order to
realize the effective protection and sustainable utilization
of cave resources.
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The wide distribution of karst makes topical issues concerning its use and management with a view of sustainable
development of these territories. The solution to the problems related to karst depends on effective education and training
concerning karst specifics. In this respect protected karst territories acquire high importance: they can serve as sites for
karst education so as test grounds for developing models of rational land use in karst environment.
This paper presents a strategy of karst education, entitled proKARSTerra-Edu. Exemplified by model PKT, it integrates
the contemporary research concept of “Karst geosystems” (supported by karst cadastre, developed as a result of complex
monitoring and data management in GIS environment) and the educational concept of “Life-long education”.
proKARSTerra-Edu is a part of a pilot model of a methodological platform for modern management and conservation of
protected karst territories (based on representative karst geosystems in Bulgaria, the Czech Republic and Japan).

1. Introduction

though they live in karst regions and use their various
services.

Karst occupies a significant part of the Earth’s land
(according to Pulina and Andrejczuk 2000 it occupies about
12 % of the Earth’s surface) and this specific environment
is closely related to the lives of millions of people. Bulgaria
is a typical example, where karst is not just a phenomenon
of tourist attraction. Because of its wide distribution (ca.
23 % of this country, Popov 2002) and heterogeneous
diversity, it makes a specific natural environment, inhabited
since ancient times. For millenniums both the karst
landscapes and people have had mutual impact on each
other. Human impact on karst reached especially large scale
during the recent decades of increasing economic growth.

It is getting clear that these problems are associated with
serious gaps in education and training about karst at all
levels – from school to University, at state institutions and
specialized institutions that manage karst areas.
Paradoxically, at the same time the interest in Karst and
Speleological research is increasing, leading to publications.
As noted by some American researchers, including the
authoritative NCKRI (National Cave and Karst Research
Institute) scientific information about karst does not reach
people and politicians because of poor dissemination.
Moreover, most of the specialized educational initiatives
address caves only (example, over 54 % in USA, North and
van Beynen 2011). Free access to academic resources does
not always ensure their proper use in the development of
educational and information materials about karst. Work in
karst education is also insufficient at the largest
international organizations, such as the Geographical and
Speleological ones.

Some consequences are evident, such as: destruction of and
surface karst forms; pollution and change of regimes of
underground karst water; pollution and turning potholes
into landfills; destruction of the natural soil cover, followed
by accelerated erosion, trampling of soils, succession, etc.
These processes result into typological transformation of
karst (most often producing bear karst). They change not
only the karst landscape (often irreversibly). They reflect
both directly and indirectly upon the functioning of karst
geosystems. That is why attempts to apply the topical
principles of sustainable development disclose serious
problems (about some of them society is still not aware of).

Based on this generally negative background some good
educational practices concerning karst can be outlined, such
as: The group on karst at the University of South Florida,
USA (Brinkmann 2010); Ecological educational program
focusing on karst in Virginia, USA (Zokaites 2007;
http://www.dcr.virginia.gov/ underground.shtml); Karst
international schools (for students and young scientists) in
Poland (Faculty of Earth Sciences of the Silesian
University) and Slovenia (Karst Research Institute of the
Slovenian Academy of Sciences and Arts); Specialized
educational activities concerning karst mainly in Slovakia
(Slovak Caves Administration – Research, monitoring and
documentation department) and in the Czech Republic (The
Administrations of Moravský kras PLA and Český kras
PLA and the Cave Administration of the Czech Republic).
Very important, but less known is the experience in

Serious problems have been revealed in the management
and control of karst territories, the society not being aware
of it’s. A review of the legislation concerning business and
management practices shows that both in Bulgaria and in
the world problems still exists in large karst areas, away
from the attention and interests of government and society.
This alarming fact has been confirmed by specially
conducted surveys held by the authors in karst areas. More
than 60 % of the Bulgarian respondents do not know karst
as a phenomenon as well as its related natural features, even
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specialized training at the Akiyoshi karst park in Japan.
Their first step was to teach the locals about the nature of
karst. Further they created protected areas in karst regions.

based on selected representative model karst regions
(Stefanov 2004).
According to this concept karst processes have systemforming importance and organize the environmental
development in a specific way, creating territorially uniform
and complete functional entities, called Karst Geosystems.
They consist of mutually related and interacting elements,
structured in spatial, functional, dynamic and genetic
hierarchies (Voropay and Andreychuk 1985; Mikhova and
Stefanov 1993; Andreychuk and Stefanov 2005, 2006;
Andreychuk 2006).

Although the concept of Karst geosystems entered the
Geography curriculum for 8th Grade in 1994 and was
apprehensively explained in one of the approved textbooks
(Geography for grade 8, Publ. House “K & M”, Sofia,
1995), Bulgaria still lags far behind the active involvement
of karst issues in education. Serious attempt to produce
significant changes in this field has been declared in the
Final Document of the International Conference on Karst
research and management in Shumen (18–21 October
2005, http://karst.iit.bas.bg; Stefanov 2006). In this
document it is recommended that the Bulgarian Ministry
of Education and Science “reconsiders the topic of karst in
the curriculums of Geography and Biology, updating them
with studies of karst phenomena and objects, under
different forms such as free elective classes, green schools,
school trips and other extracurricular training. For this
purpose the use of wide opportunities offered by karst areas
was recommended, as well as modern information
technologies (ICTs and specifically GIS)”. Seven years
later these ideas were again raised, discussed and
developed at the Second International Karst Forum in
Shumen (16–20 September, 2012, www.prokarstterra.
bas.bg/forum 2012). One of the main topics was the role
and the importance of karst in the Education program
(Stefanov et al. 2013; Stefanova et al. 2013; Nakano and
Iwamoto 2013).

Karst geosystems are specific in that they have two main
components: surface and underground subsystems. Both
exist in paradynamic and paragenetic relations. Materialenergetic interactions between them build the nature of karst
systems’ functions and dynamics. This multilevel structure
and functional unity of karst subsystems has been taken into
account in creating the two basic principles in protection of
karst derived by V. Andreychuk and P. Stefanov (2005,
2006).
The special status of PKT presumably requires a high
degree of knowledge about them (including management
plans), but karst specificities impose the need of special
expertise and conducting of additional specialized research.
The practical value of the results obtained depends on their
organization into a specialized information system (Karst
cadaster) of PKT. More specifically it means skillful design
of this database structure and content; filling out the missing
information through inventory updates and additional
specialized studies; entering all this data into GIS
environment. Another important point is the need to carry
out specific monitoring which in the case of karst landscape
should be complex and consistent with the concrete
structural-functional features of the respective karst
geosystems of PKT.

These persistently proposed changes in the Bulgarian
Educational system have been based on serious long-term
research at some of the representative karst regions in this
country. Karst geosystems have been defined and described,
experiments have been held, as well as relevant
measurements and mapping. Original databases have been
developed, by using modern IT and GIS environment,
which lead to a serious base for specialized educational
programs. In the course of time serious professional
expertise has been acquired concerning karst research and
education. It involved work with pupils, students, young
researchers, as well as enthusiastic teachers with interests
in karst. An additional favorable condition has been the
growing international cooperation and specialized
educational initiatives held at the international Karstologic
forums in Bulgaria.

2. The proKARSTerra paradigm
Based on the experience gained along wide-range karst
studies, the paradigm of proKARSTerra for protected
karst territories (PKT) has been developed as a
methodological platform for their modern management. It
uses the Concept of Karst Geosystems, the specialized
Information system of Karst Cadastre in GIS environment
and the Complex Monitoring (Fig. 1). The concept of Karst
geosystems has been developed at the Institute of
Geography of the Bulgarian Academy of Sciences (now
Department of Geography, NIGGG, BAS) since 1980,

Figure 1. The proKARSTerra strategy.
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The pro proKARSTerra paradigm enables the
implementation of modern IT technologies for 4-D
modeling of karst geosystems, which has very important
practical significance to their management and sustainable
development. Therefore proKARSTerra is not only a
project, it is a strategy (Stefanov et al. 2009, 2013).

databases for model karst regions, the acquired expertise,
including pedagogical one, make that necessary base, on
which the proKARSTerra-Edu strategy has been developed.
It uses also rich international expertise through the
established contacts and the realization of international
initiatives such as scientific-practical forums, international
projects, original art competition for children and students.

It also involves extensive use of the Internet as a powerful
information and communication tool. As a first step a
specialized MSSQL “proKARSTerra” has been established
(Borisova et al. 2013). Its purpose is to: enable promotion,
discussion and practical realization of the experimental
results of the model for an integrated monitoring of PKT;
to offer information concerning various scientific and
practical issues in these areas.

Overall, the proKARSTerra-Edu strategy is based on
(Stefanova et al. 2013):
1. Maintenance and further development of the research
infrastructure and the modern information system for
complex monitoring of model karst geosystems in PKT,
aiming at modeling the contemporary karst genesis in
the conditions of clearly expressed global change
(fundamental, research direction).

A specialized open Internet network “proKARSTerra” has
been planned, aiming at coordination of the guidelines for
development of PKT, namely building up the “ScienceManagement-Education” relationships (Fig. 1). It is
expected that this network will become a scientific and
advisory center for administration of protected karst areas,
which will be linked with the appropriate karst specialists
(Stefanov et al. 2013). On the other hand, karst experts will
have the opportunity to receive feedback on the state of the
environment in PKT and the results of solving/or not
solving specific problems. This would form a virtual open
forum for all interested in karst protected areas. Moreover,
the network will compensate some karst-related
deficiencies (such as lack of information, political
insouciance, regulatory gaps, limited managerial experience
about karst specifics, inadequate practices in karst areas,
shortage of specialists, etc.) and will enable international
exchange and coordination of this type of activity. The
designed information network proKARSTerra can be
defined as a scientific and applied informational and
communication network, as “proKARSTerra-Edu” is one
of its important modules (Stefanov et al. 2009, 2013;
Stefanova et al. 2013).

2. Development of a multipurpose educational program
using the information resources from research held at
model karst geosystems; making available data from the
complex PKT monitoring, as well as the outlining trends
detected by this monitoring (applied, educational
direction) in real time.
Integrating these directions essentially means to integrate
the contemporary research concept of Karst geosystems
(Fig. 1) with the modern educational concept of “Life-long
learning”. The latter is well known both from a number of
EU educational documents (http://ec.europa.eu/education/
pub/pdf /general/eqf/broch_bg.pdf), and from the National
strategy of Republic of Bulgaria (http://www.nellii.
bg/docs/LLL_strategy_2008-2013.pdf).
Our experience, including also working with children
shows that no other scientific field is so attractive and
challenging for young people like Karstology. (Especially
caves with “white spots” – not studied yet). At the same
time as a typical interdisciplinary science it offers ground
for disclosure of cross-curricular links and raises awareness
of the need to apply the systematic approach of learning.
At this point the experimental integration of both concepts
in proKARSTerra educational model is based on
professional experience, developed research infrastructure
and specialized information systems in model karst
geosystems for PKT in Bulgaria (Stefanov et al. 2009,
2013), such as: 1) Natural park “Shumen plateau”; 2)
Natural landmark “Maarata” (the biggest calcareous tuff
cascade in Bulgaria); 3) Natural landmark “Saeva dupka”
(the most visited Bulgarian show-cave); 4) Protected area
“Trigrad Gorge” (with show-cave “Devil’s Throat”).
International professional exchange is also of great
importance and partners from the Moravsky Kras Protected
Landscape Area in the Czech Republic (Štefka 2007, 2011,
2013; Tůma 2013) and Quasi-National karst park Akiyoshi
of Japan (Mikhova 2004, 2013; Nakano 2013) participated
in the exchange of experience, good practices and
comparative experiments.

3. proKARSTerra-Edu as a strategy
3.1. Strategy development
The strategy of proKARSTerra-Edu which is being
experimentally developed in Bulgaria is one of the
important aspects of Karstology in this country. The active
research during the last 20 years as well as the experiments
in representative karst regions have been held within the
framework of a series of research projects funded by the
National Science Fund concerning (Petrov еt al. 1998;
Mikhova and Stefanov 1993, 1995 a,b; Mikhova and
Stefanov 1999; Stefanov and Mikhova 2000; Stefanov et
al. 2002; Stefanov 2004; Stefanov and Iliev 2004; Stefanov
et al. 2009):
• Contemporary karst genesis;
• Complex monitoring of karst geosystems;
• Karst cadaster.

The choice of model karst geosystems in PKT in the
proKARSTerra-Еdu strategy has several arguments: it will
help to promote specialization of PKT with their
attractiveness, representation, tourist infrastructure; in PKT
regulated protection, control and security has already been
established, which is important for caves with the show-cave

These research attempts always had educational purposes,
as in some cases this issue has been the leading one (for
example introduction of GIS in teaching Geography – “GIS
in the classroom”) (Stefanov 2004; Stefanov et al. 2005;
Mikhova et al. 2007). The created scientific base and
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infrastructure, educational and research centers of
Karstology, etc. On the other hand, specialization of PKT
supports and often provokes their effective management and
implementation of modern principals of sustainable
development. Performance feedback in this process has the
meaning of objective control over the PKT environmental
state and to improve the undertaken activities. Also, the
practical implementation of the Concept of karst geosystems
leads to the need for adjustments of PKT borders, which are
often not consistent with the karst features.
3.2. Main directions for development
“proKARSTerra-Еdu” strategy

of

of educational activities, concerning karst and nature);
the Natural reserve Moravsky kras (with its new House
of Nature, Štefka 2013) and show-caves in the Czech
Republic have been intensively discussed.
4. Dissemination of the results and opportunities for
establishing National/International scientific-educational
center of Karstology (based on the proKARSTerra
strategy), to generate and distribute international
initiatives and to involve wider circles of students,
researchers, policy-makers at various levels, stakeholders and local communities in the current problems
of karst.
• Preparation and publication of specialized scientific and
methodological electronic journal “е-proKARSTerra”
with international editorial board. Three sections can be
developed, such as: science, management, education
(materials will be published in several official
languages);
• Maintaining as traditional (2-year interval) the already
established international competition for students
“Karst under protection – a gift for future generations”
(organizer Bulgaria, international jury). The competition
is held in 5 categories: A) For pupils up to 12 years old
(Pictures, Art products with natural materials); B) For
students above 12 years of age (Posters/Post-cards,
Multi-media presentations, Video-clips); C) University
students (Research Essays, Multimedia presentations, Art
installations); D) Teachers (My unusual lesson); E)
Nature-loving photographers (Photo-composition).

the

1. Designing specialized information centers (including
virtual ones) in models PKT. Designing special
scientifically based educational path network for different
types of demonstrations and field training (“in situ”).
Establishing e-learning and dissemination of knowledge
and information from the complex karst monitoring in
real time (where it takes place).
2. Development and testing of specialized multipurpose
karst educational program based on the established
research infrastructure in the model karst geosystems and
the information system database.
• Development of a comprehensive concept of karst
educational program involving different groups of users –
students of different educational levels, teachers,
administrative and managerial staff (in karst areas), other
individuals (“Life-long learning”);
• Development of educational packages with
accompanying educational materials for the specialized
information centers in PKT; provision of designed
scientific-educational trails in them.
• Development, piloting and public presentation of specific
e-packages in GIS environment on various topics of
Karstology, which are applicable to existing educational
programs (“GIS in the classroom”);
• Organizing and conducting educational seminars and
field demonstration in PKT, involving teachers and
initiation of field lessons with students from different
schools. Analysis of the results obtained from previously
developed training packages;
• Arranging and conducting University students’ practices
in the PTK network (including international) and
attracting graduates in Karstology;
• Organizing and conducting special training course for
administrations of PTK and state administrations (“Lifelong education”);
• Designing, building, testing and maintaining of a special
module “proKARSTerra-Edu” within the organized
“proKARSTerra” network.

The first two editions of the competition (2005–2012 – in
five categories and the traveling exhibition of winning
works that sparked considerable interest and achieved
serious educational effects (Nakano 2006; Nakano and
Iwamoto 2013; Stefanov 2006, 2013). The competition has
become a tradition and its third edition is planned for 2014.
• Organizing and conducting (Bulgaria, 2014) an
International scientific forum “Protected karst territories
– training and education”, to present and discuss models
of integration between Karstology and current
educational programs world-wide.

4. Conclusions
The proKARSTerra-Еdu strategy aims at creating new
forms of linking the modern science and education in the
field of karst as unique natural phenomenon, resource and
living environment. The idea is to carry out this process in
the protected karst territories. For this purpose, the existing
and new experimental research infrastructure (underground
stations) for comprehensive monitoring of model karst
geosystems will be used, aiming at studying and modeling
the contemporary karst genesis in the conditions of
pronounced global change.

3. Organizing and building up an international network with
specialized multipurpose infrastructure (with use of
modern ICT and research equipment):“University of
Karst” (Karst-Uni). At this stage the possibility of
involving the already existing places and infrastructure
in partner-countries have been assessed. They include the
above-mentioned model PKT in Bulgaria; the AkiyoshiNational Karst Park in Japan (with its Natural Science
Museum and the Karst Eco-museum, which is a center

At this stage the proKARSTerra-Еdu strategy is being
developed and experimented on a national level, but it is
internationally open (including the planned e-network
database). It is also open for discussions and new partners.
It is clear that implementation of the ideas, set out in this
strategy is a difficult and lengthy process requiring a lot of
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expertise, broad international cooperation and coordination.
Therefore, it is largely supranational. The results of its
implementation will be felt in the future and will be
achieved by young people, interested in karst and having
obtained their education through proKARSTerra-Edu. Of
great help might be an eventual success in promoting the
idea raised in Bulgaria about declaration of an
International Year of Karst by UNESCO.
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1

During morphological investigation of a Martian surface a karst-like topography characterized by depressions of various
sizes and shapes and other karst-like features were detected in locations where evaporite minerals composed the surface.
According to OMEGA mineralogical data (OMEGA data orbit 531_3) and further studies the surfaces appears to consist
of magnesium sulphate (kieserite) and other evaporite minerals also found on the Earth. Here are presented karst
morphologies from three different locations on Mars: evaporite domes from Tithonium Chasma and Coprates Chasma of
Valles Marineris and plateau formed of horizontal bedded evaporite rocks from Sinus Meridian, part of the large area
known as Terra Meridiani, located near the southwestern margin of Arabia Terra, in the equatorial region of Mars. There
is a question are the karst-like features observed true (real) karst features formed due to solution and collapse processes
or are pseudo-karst features formed by non-karst processes. In fact, because the high resolution of the newer images
available of the Martian surface and precise morphological analyses, the processes formatting the features might be
hypothesized as solution and collapse (caused by dissolution of the sulphate rocks). Observations also clearly indicated
the presence of selective solution, highlighting that the Martian evaporite surfaces may be formed of different materials
(for instance: minerals, grain-size, textures, structures) with different solutional properties. The karst features detected
during our analyses were various karren, solution and collapse dolines and cave entrances.

1. Introduction

Camera (MOC), and Thermal Emission Imaging System
(THEMIS) data. The morphometric characteristics of the
structures were measured using a topographic map (50-m
contour interval) built from HRSC and Mars Orbiter Laser
Altimeter (MOLA) data.

During the morphological investigation of a Martian kieserite
(monohydrate magnesium sulphate) dome located on the
bottom of the Tithonium Chasma (TC) canyon a karst-like
topography characterized by depressions of various sizes and
shapes, solution valleys and other karst-like features were
detected (Baioni and Wezel 2008). The authors have chosen
to use the term karst-like because the landforms observed on
the dome surface strongly appear to be karst landforms but it
was not possible to establish clearly the nature of the
processes which were involved in their formation and
shaping. For some of the landforms observed the images
available were not useful to understand clearly if they were
made and shaped totally by solutional processes like the karst
landforms on the Earth or by other processes as happen in
the pseudo-karst landforms on the Earth.

Well expressed karst features were detected on evaporite
dome in Tithonium Chasma and Coprates Chasma of Valles
Marineris graben system and in the northern part of Sinus
Meridian a region of Meridiani Planum located at
southwestern margin of Arabia Terra.

Layered deposits of Mars were first observed on Mariner 9
images and have been reported as thick deposits with internal
layering, and a relative high albedo (Lucchitta et al. 1994).
Significant deposits occur in almost all deep canyons of the
Valles Marineris system where they are called interior layered
deposits (ILD). The ILDs have been widely studied in the
last few decades, but still they remain among the most
puzzling and controversial of the canyons’ features (Carr
2006). Recently, observations from the OMEGA
spectrometer, on board Mars Express have shown the
presence of hydrate minerals, in particular sulphates, in
association with ILDs.

Figure 1. Detected karst areas on Mars: A) Global map of Mars
with the areas (boxes) where karst landforms have been surveyed
(Image from www.spacedaily.com); B) Valles Mariners region with
the locations of the ETD (black box) and the NCD (white box); C)
Northern Sinus Meridiani region. (Images B and C are from
www.google.com/mars).

Morphological analysis of the available Mars
Reconnaissance Orbiter (MRO) High Resolution Imaging
Science Experiment (HiRISE) images were performed with
the aim of describing surface features and landforms, and,
where possible, morphogenetic processes. The
morphological features of the selected evaporite surfaces
were investigated through integrated analysis of HiRISE,
High Resolution Stereo Camera (HRSC), Mars Orbiter
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2. East Tithonium Dome (ETD)

landforms, which we named “grape-like” karren can be
observed. Patterns of grape-like forms are actually covering
the bottoms of the depressions in box-work form. The
elongated wide ridges display more or less smooth surfaces
and between two of the longest ridges stepped pavements
often covered by tracts of karren (grape-like and clint and
grikes) can be observed. The whole pattern was probably
formed by selective corrosion due to the different mineral
composition or their different sizes, or to the presence of
areas with a different porosity or textures.

On the floor at the eastern end of Tithonium Chasma (at about
latitude 5° S and longitude 280° E) spectra taken with the
OMEGA spectrometer provide evidence of sulphate minerals
associated with bright interior layered deposits. The unit
shows the dome shape morphology and it is now proven to
bear magnesium sulphate (Bibring et al. 2006). The dome
rises from the Chasma floor to an altitude of about 3,400 m
and shows an elongate, elliptical plane shape.

Figure 2. ETD with the locations (white circles) of the different
karst features described (Image from www.google.com/mars).

The dome shows the asymmetric flank topography, with the
longest axis of about 23.5 km in a NW-SE direction and
width between 10 and 14 km. The crestal region (2,550 m to
2,750 m) lies in the central part of a summit plateau which is
about 7 km long displays a very gentle slope of about 6 %,
and it is surrounded by steep slope flanks. The main flank
slopes range between 8 % and 33 %. The dome flanks are
characterized by deep from the margins of the summit
plateau.

Figure 3. Karst landforms on ETD; a) Long linear karren (white
arrows) located in the south-western upper slope (MRO HiRISE
PSP_004951_1745; north toward up); b) Doline located in the
north-eastern slope (MRO HiRISE PSP_004951_1745; north
toward up).

The mineralogical characteristics of the ETD have been
indicated by the OMEGA image spectrometer data that
mapped it as a sulphate deposit (OMEGA data orbit 531_3)
(Bibring et al. 2006). Studies (Popa 2006; Popa et al. 2007)
of the spectral characteristics show clear signatures of
kieserite (MgSO4·H2O). From morphological analyses it is
obvious that also minerals which originated from alteration
of kieserite are present on the surface (Baioni and Wezel
2008).

Rounded depressions of different sizes were also detected in
the ETD surface. There are small holes for which we are not
able to establish if they are dolines or pits. If they are pits,
they could be interpreted as rock-holes (Jennings 1985;
Neuendorf et al. 2005), or they can be just small solution
dolines. Larger depressions which we interpreted as solution
dolines are preset as scattered isolated individuals or as
densely packed groups. Some individual solution dolines in
the north-eastern part of dome display diameters up to 200
m. Dolines may be so dense packed that they can form typical
polygonal karst (Williams 1972; White 1988). Dolines are
especially dense in the parts of lower inclined ETD slopes,
like at: the north-western part, the down slope area in the
north-eastern part and in the summit plateau. In the northeastern part of the ETD sharply divided dolines with over
100 m diameters cover an area of about 2.5 km2. In the northwestern part the polygonal karst cover an area of about
1.5 km2. Here the depressions appear shallower and smaller,
from a few to about 10 m in diameter. In the central part of
summit plateau the polygonal karst can be observed in area
of about 4 square km. Depressions there are with diameters
between 200 m to over 500 m. In the summit plateau and in
the north-western areas the divides between adjoining
depressions form a cellular mesh pattern just as at the
evaporite terrains on the Earth (Ford and Williams 2007).

2.1. Karst features of ETD
Features formed by fluvio-erosional and solutional processes
are well visible on the ETD. The solutional surface is
characterized by landforms typical of the karst morphology
such as karren, dolines, collapse dolines and caves (entrances
to the shafts and outflow caves).
Various types of karren are well expressed on the dome
slopes. Long linear karren were detected on the western flank
of the dome, where long solution runnels of about 15 m are
visible also next to some shaft walls or deep depressions.
From their position and size we suppose that they were
formed as hydraulically controlled karren (in sense of Maire
et al. 2009).
On the western flank of the EDT some particular surface
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an embayment on the northern wall a mound of layered
material rises from the Chasma floor and displays a
characteristic dome-shaped morphology; referred as the
North Coprates Dome (NCD). The mineral kieserite at the
dome and its surroundings has been determined by analysis
of the CRISM (Compact Reconnaissance Imaging
Spectrometer for Mars) data (image HRL00003752) (Fueten
et al. 2010).

Collapse dolines of various sizes can be found mainly along
the flanks of the ETD. The depressions observed are bowlshaped or with an elongate shape, wide at the top and narrow
at the bottom, or mostly drop-like shaped.
On the ETD slopes we noticed also some entrances to the
probable caves; to the vertical shafts and to the outflow caves.
Of course, the interior of the caves and connections between
shafts and outflow caves cannot be seen and it will remain
unknown until the day the first Martian speleologists enter
these caves. In some cases it is also not obvious if there is
really entrance to the cave or it is just shadow in the bottom
of the deep depressions. In the upper part of the western flank
and in the southern flank of ETD shaft entrances can be
observed in the bottom of deep depressions. Depression
bottoms often cannot be seen, because of the shadow; but
erosional features (water channels) leading towards the
bottoms can be seen. The presence of the erosional features
on the depressions slopes, allow us to suppose that these deep
depressions in the ETD might end with vadose shafts, which
could be formed by sinking water probably due to ice
melting. The analysis of the cave entrances on the southern
flank of the ETD indicate due to their location and outflow
features on the dome slope below them, that they are
probably developed by flowing-water and that they are real
outflow caves. The cave entrances observed generally display
sizes up to 50 m in diameter. No cave entrances (outflow
caves) or ponors were detected at the base of the ETD in the
border line between the Chasma floor (basalt) and the ETD
unit (evaporites).

The dome rises from the Chasma floor to an altitude of about
200 m that is also the maximum elevation at which the
deposits can be identified within the embayment,
approximately 3.4 km below the elevation of the plateau
(Fueten et al. 2010). The body of the dome has an estimate
thickness of about 2,000 m. The dome shows an elongate
elliptical plane shape. Its longest axis displays a NNE–SSWelongated trend with a length of about 17 km, considering as
part of the deposits the layers that from its southern edge can
be seen extending southwards for several kilometers. Its
width varies from 10 to 15 km. The crestal region of the NCD
is the central part of the structure and consists of a nearly
horizontal summit plateau that is about 5 km long and has a
maximum width of about 1 km. It displays a very gentle slope
toward south and is surrounded by steeply sloping flanks.

2.2. Discussion on karst of ETD
The analysis carried out on ETD surface have shown that the
observed landforms clearly indicate the presence of solutional
processes which also acted in a selective way, highlighting
that the dome can be formed of various material (minerals,
grain-size, rock structure etc.) with different solutional
properties. The results of our observations also suggest that
on the dome liquid water (or other solvent) must have existed
in the past for enough long time that solution features could
be formed. On the Earth cave development in open evaporite
domes (salt or sulphate rocks exposed to the surface) is
characterized by the formation of linear or crudely dendritic
caves, which commonly carry sink streams (Klimchouk
2004). Where the vadose zone is thick, vertical shafts
continue as single sub-horizontal passages, leading to the
outlets at base level. The lack of karst springs or outlet caves
at the base of the ET dome might highlight that water was
able to penetrate trough whole ETD and flowed through the
roots of the ETD under the basalt covering of the Chasma
floor.

Figure 4. NCD with the locations (white circles) of the different
karst features described (Image from www.google.com/mars).

3.1. Karst features of NCD
Typical karst corrosional surfaces formed by sheet and/or
channeled water flow can be observed along the NCD flanks
such as karren and various depressions. In the southwestern
region of the dome slope, below the edge of leveled terrace
(cuesta like shape), complex giant solutional channels are
present down the slope; these channels can be evidence of
water flow down the slope.
Leveled surfaces controlled by bedding planes are present on
the western slope of the dome steps. The surfaces of the steps
and slopes between them are mostly smoothed, as if they
were dissolved by melting snow/ice waters; bowl shaped
shallow depressions are present on them in some places.
Many closed depressions of various sizes and shapes exist
on the dome flanks. The process of their formation is not easy
to be determined. We have no evidence if they are solution
or collapse dolines or some solution pans, but their shape is
not like of wind scallops at all. The depressions on the eastern
and western flanks are either bowl-shaped or rounded; they
have diameters up to 50 m, display asymmetrical walls and

3. North Coprates Dome (NCD)
Located next to the Martian equator, the Coprates Chasma is
the longest and deepest of the Valles Marineris system
troughs. The trough is about 1,000 km long, and ranges in
depth from 6 km in the eastern section to over 10.5 km in the
west. The main canyon has a floor that displays only a small
regional slope, which is relatively free of landslide debris and
layered sediments. In the westernmost part of the Chasma in
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concave-up or have flat floor geometry. In some cases, like
on the western flank, the floors are subdivided into smaller
and shallower depressions that have diameters ranging from
one to a few meters, highlighting a second generation of
solution depressions. Polygonal-like karst can be observed
on the parts of the NCD that have lower slope angles, such
as the down slope region of the southeastern part of the dome.
Here depressions entirely pock some parts of the surface and
occupy most of its area and have diameters from 30 m to over
100 m. This area has an irregular “egg-box-like” topography
and the divides between adjacent depressions form a cellular
mesh pattern.

The karst features on the NCD, which were most likely
formed by water during snow, ice or permafrost melting, can
be well correlated with the forms typical for high mountain
karst regions on Earth, such as, decantation runnels,
solutional bevels, tritkarren, and solution ripples.
The analysis shows that the landforms observed clearly
indicate the presence of solutional processes. But from extant
features we can assume that there was not enough available
water to shape more evident relief or that forms were already
eroded by some younger processes. The karst landforms
investigated at NCD exhibit an older erosional age or shorter
than the same landforms studied in a similar dome located
within Tithonium Chasma.

4. Northern Sinus Meridiani (NSM)
The Sinus Meridiani area is located near the south-western
margin of Arabia Terra in the equatorial region of Mars and
it is centered at 5° south and 0° east. In this area several
studies showed evidence of past aqueous activity preserved
in several distinct units that were identified and classified as
layered deposits with monohydrated and poly-hydrated
sulfate spectral signatures (Griffes et al. 2007). Further
studies on spectral analyses defined and mapped several
distinct stratigraphic units in which exposure of hydrate
sulfates and Fe/Mg smectites were recognized (Wiseman
2009).
Our studied region is located between 1°20’ N to 2° 20’ N
latitude and 2° 50’ W to 1°E longitude and extends about
200 km in east-west direction and about 100 km in northsouth direction, covering an area of about 20,000 square
kilometers. In the center of the study area on the floor of the
northwest-southeast trending valley layered deposits that
exhibit hydrated sulfate spectral signatures are mapped as
Layered Hydrated Sulfate (LHS) deposits (Wiseman et al.
2010). These deposits, that are about 50 m thick near their
northwestern margin and about 150 m thick near their
northeastern margin, are texturally and spectrally distinct
from the sulfate and hematite rich unit, exhibit spectra
indicative of mono- and poly-hydrated sulfates, and erosional
pits and grooves at small to intermediate spatial scales
(Wiseman et al. 2010).

Figure 5. Karst landforms on NCD; A) Doline located in the
south-eastern downslope (MRO HiRISE PSP_001456_1695;
north toward up); B) Polygonal karst landscape located in the
south-eastern slope (MRO HiRISE PSP_001456_1695; north
toward up).

3.2. Discussion on karst of NCD
The multiple forms indicate minimum two episodes of water
appearance (ice/permafrost melting) on the dome surface and
at least two-stage dissolution of evaporite rock during
depression formation. On the upper part of the southern flank,
where the incline of the slope is higher, depressions have an
elongated shape with a wide top and a narrow bottom.
We have no evidence that the water really penetrates into
evaporite rock, so the dolines may also be formed like huge
solution pans by standing or very slowly flowing water down
the inclined slope. Depressions at the edges of the dolines
were most likely also influenced by aeolian process, because
they are elongated in the wind blow direction and can be
compared to the direction of the dunes in the vicinity.
Elongated shape of depressions can be also interpreted as
hydroaeolian landforms (Maire et al. 2009) formed by
horizontal solution accelerated by wind deflection. That
means that during water existence on the surface of the NCD
strong and permanent winds facilitate laminar flow in
direction of wind blow and solution forms are elongated
along it.

Figure 6. Area of North Sinus Meridian region display all three
described
Morpho-Units
observed
(MRO
HiRISE
PSP_011712_1820; north toward up).
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4.1. Karst features of NSM

development there have had to be time with unfrozen
subsurface where water table and/or permafrost was not just
below or at surface.

The study area on hydrated sulfates displays mainly three
distinct surfaces, named morpho-units characterized by
different degree of karstification. The three morpho-units,
which are exposed almost in the whole area, from the
stratigraphic point of view can be classified as upper, middle
and lower morpho-units. The upper morpho-unit often can
be observed at the top of the mesas relief located within the
study area and displays light brown color in the HiRISE
images. At middle morpho-unit the HiRISE scale displays
polygonal cracking and light bright color. Lower morho-unit
the HiRISE displays multi level bottomed depressions and
light gray color.

Depressions at MU2 we can interpret as polygenetic: start as
big solution pans below water layer (sheet water flow or
standing water on the surface) and continuation by
developing of individual depressions as solution dolines;
where water with dissolved material penetrate into
underground. If there was present just sublimation/
evaporation of available water, the precipitation of minerals
would occur in the form of crusts or mineral grains.
Depressions in relief were formed in the places with better
vertical
permeability
or
with
more
suitable
mineralogy/texture. In some depressions sharp edges can be
observed but there is no evidence of collapse.

Upper morpho-unit (MU1) represents planated plateau with
pavements. Dolines occur as scattered or as isolated and have
mainly ellipse shape. They are often located along joints and
are connected or by channels that in some cases display a
sinuous trend or by straight lineaments. The depressions
ranging in length from 10 m to more than 80 m, and from
5 m to 50 m in width. They have steep or vertical walls and
flat bottoms. Most of the depressions are covered by dark
dust or sediments which often display dune morphology and
some of depressions are step sided with well expressed
deepest point.

The surface of MU3 is well etched; corrosion had to last the
longest time. Corroded surface can indicates the closeness of
water table or of permafrost/ice layer which caused that water
couldn’t penetrate underground; or indicates the multiple
melting of ice and/or permafrost followed with more events
of dissolution or inflows of not completely saturated water
from overlaying beds.
Generally the depressions with the sediments in their bottoms
are located at the higher elevations than those with bare
bottoms. The presence of the sediments in bottoms can be
interpreted at least in two ways: as that the dipper depressions
with no sediments are younger or that depression bottoms at
higher altitudes were more suitable (as sediment traps) for
sedimentation of material by wind.

Middle morpho-unit (MU2) pavement is covered by scattered
individual depressions along joints/fissures and where
textures are well seen in the bedrock. Dolines here are bowled
or rounded, or rarely with an elongate or drop-like shape.
Generally they have diameters up to 20 m and some to 50 m,
and display either asymmetrical or symmetrical steep walls
with concave-up or flat floor geometry. The depression
bottoms are without or with little of dust or sediment
accumulations. At this morpho-unit also small pits are
present. They are smaller than the other depressions and their
density is high.
Lower morpho-unit (MU3) represents multi-bottom and stepsided depressions. Overall impression is heavily etched
surface with many depressions. Dolines are of different
shapes; from rounded elongate and elliptical to bowl or
rounded shape and polygonal shape. The elongate shaped
depressions generally have size between 50 to 150 m in
length and between 30 to 100 m in width; while the rounded
and polygonal shaped dolines are in diameters from 20 m to
more than 50 m. In this lower unit step-sided dolines are very
common, indicating different level of ground water (perhaps
dropping water table) at which separate leveled bottoms were
formed. The highest steps represent the remains of older
bottoms of individual depressions. In some of the depressions
accumulation of dust or sediments completely buried their
bottoms.

Figure 7. Detail of the Morpho-Unit 3 (MU3) in Northern Sinus
Meridiani (MRO HiRISE 008152_1825; north toward up).

5. Discussion and Conclusions
There are many existing definitions of karst from which it
can be concluded, that three fundamental conditions must be
present for karst formation: soluble rock, water and
development of subsurface water drainage. We have to
emphasize that karst will only evolve if water can get
underground and dissolve caves, which provide conduits for
the evacuation of dissolved material in the solution.

4.2. Discussion on karst of NSM
Dolines at MU1 might be developed as thermo-karst features
with collapses caused by seasonal permafrost melting like in
the cold regions on the Earth; or they were formed as solution
depressions developed along master joints on rocky
pavement. Surface represents no well expressed karren what
gives an idea that available water penetrated underground
very fast at the points of maximum vertical permeability
along joints and formed solution dolines. For karst

The existence of karst forms on Martian surface is result of
availability of soluble rocks and water during its geological
history. At present time a variety of soluble evaporite rocks
which are partly covered by dust or dunes are exposed on
Martian surface; there is no liquid water or other solvent; but
we can observe morphologies which strongly resembles karst
319

Karst and Caves: Social Aspects and Other Topics – oral

2013 ICS Proceedings

forms on the Earth. Observed landforms on the study areas
appear to be formed as a result of flowing water and solution
processes as do similar landforms on evaporites on the Earth
and that they are typical karst forms. The presence of dolines
indicates intense surface dissolution and runoff along the
whole area. On Mars the occurrence of rainwater has been
only proposed in Noachian and partially in the Hesperian age
(Baker et al. 1991) and locally in the early Amazonian (Gulik
and Baker 1989). After the early Amazonian there was no
rainwater, from that we suppose that the necessary liquid
water for stimulating the dissolution processes was probably
provided by the melting of frozen groundwater (permafrost),
snow cover or ice. So the development of the karst in
different Martian evaporite surfaces is triggered by the
melting of ice and/or permafrost what provided the necessary
liquid water (Baioni and Wezel 2010; Grindrod and Balme
2010; Baioni et al. 2011). We have also to consider that the
velocity of dissolution and the formation of the karst features
in evaporite rocks are very high; it is not necessary that the
amount of available water involved in the solution is big. For
instance the solubility of kieserite, which was detected on
ETD, is up to 2.5 higher than of halite. The evaporite rocks
may dissolve at very high rates if they are in the contact with
non-saturated water.

Grindrod PM, Balme MR, 2010. Groundwater processes in Hebes
Chasma, Mars. Geophysical Research Letters, 37, L13202.
Gulik VC, Baker VR, 1989. Fluvial valleys and Martian
paleoclimates. Nature, 341, London, 514–516.
Griffes JL, Arvidson RE, Poulet F, Gendrin A, 2007. Geologic and
spectral mapping of etched terrain deposits in northern Meridiani
Planum. Journal of Geophysical Research, 112, E08S09.
Jennings JN, 1985. Cave and Karst Terminology. In: Matthews P.G.
(Eds.). Australian Karst Index. Australian Speleological
Federation Inc, Melbourne, 14-1 to 14-13.
Jernsletten JA, 2004. A topographic test for the existence of ground
ice in the walls of Coprates Chasma, Mars. Journal of
Geophysical Research, 109, E12004, doi:10.1029/2004
JE002272.
Johnson KS, 2008. Evaporite-karst problems and studies in the
USA. Environmental Geology, Vol 53, 937–943.
Klimchouk A, 2004. Evaporite karst. In: Gunn J. (Ed.).
Encyclopedia of caves and karst science. Fitzroy Dearborn, New
York, London, 343–347.
Lucchitta BK, Isbell NK, Howington-Kraus A, 1994. Topography
of Valles Marineris: implications for erosional and structural
history. Journal of Geophysical Research, 99, 3783–98.
Maire R, Jaillet S, Hobléa F, 2009. Karren in Patagonia, a natural
laboratory for hydroaeolian dissolution. In Ginés et al. (Eds.).
Karst rock features karren: sculpturing. ZRC Publishing,
Postojna, Ljubljana, 329–348.

The karst morphologies observed on Mars highlight the
significant contribution of karst processes, as they lack
evidence of wind action and do not display erosional features
that would be associated with the evolution of impact craters.

Neuendorf KKE, Mehl JP, Jackson JA, 2005. Glossary of Geology.
American Geological Institute, Alexandria,Virginia.
Popa CI, 2006. Spectral analysis of Martian evaporite environments
and implications to geological processes. Ph.D Thesis, “G.
D’Annunzio” University, Chieti-Pescara.
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The first spaceflight was several decades ago, and yet extraterrestrial exploration is only at the beginning and has mainly
been carried out by robotic probes and rovers sent to extraterrestrial planets and deep space. In the future human extraterrestrial
exploration will take place and to get ready for long periods of permanence in space, astronauts are trained during long
duration missions on the International Space Station (ISS). To prepare for such endeavours, team training activities are
performed in extreme environments on Earth, as isolated deserts, base camps on Antarctica, or stations built on the bottom
of the sea, trying to simulate the conditions and operations of space. Space agencies are also particularly interested in the
search of signs of life forms in past or present extreme natural environments, such as salt lakes in remote deserts, very deep
ocean habitats, submarine volcanic areas, sulphuric acid caves, and lava tubes. One natural environment that very realistically
mimics an extraterrestrial exploration habitat is the cave. Caves are dark, remote places, with constant temperature, many
logistic problems and stressors (isolation, communication and supply difficulties, physical barriers), and their exploration
requires discipline, teamwork, technical skills and a great deal of behavioural adaptation. For this reason, since 2008 the
European Space Agency has carried out training activities in the subterranean environment and the CAVES project is one of
those training courses, probably the most realistic one. CAVES stands for Cooperative Adventure for Valuing and Exercising
human behaviour and performance Skills, and is meant as a multidisciplinary multicultural team exploration mission in a
cave. It has been developed by ESA in the past few years (2008–2011) and is open for training of astronauts of the ISS Partner
Space Agencies (USA, Russia, Japan, Canada, and Europe). Astronauts are first trained for 5 days to explore, document and
survey a karst system, then take on a cave exploration mission for 6 days underground. A team of expert cave instructors, a
Human Behaviour and Performance facilitator, scientists and video reporters, ensure that all tasks are performed in complete
safety and guides all these astronauts’ activities. During the underground mission the astronauts’ technical competences are
challenged (exploring, surveying, taking pictures), their human behaviour and decision-making skills are debriefed, and they
are required to carry out an operational programme which entails performing scientific tasks and testing equipment, similarly
to what they are required to do on the ISS. The science program includes environmental and air circulation monitoring,
mineralogy, microbiology, chemical composition of waters, and search for life forms adapted to the cavern environment. The
CAVES 2012 Course will be explained and the first interesting scientific results will be presented.

1. Introduction

September 2011 and September 2012 CAVES courses, held
in Sardinia (Italy).

Space agencies are concerned with the training of their
astronauts for future extraterrestrial exploration. Preparing
for expeditions to other planets and deep space requires the
individuation of space analogue environments in which
extreme conditions are encountered, and which replicate
stressors similar to those encountered in long duration
spaceflight (Morphew 2011).

2. The “CAVES” course concept
Long-duration spaceflight mission crews should spend time
together in high-fidelity analogues (Raymond 2011). The
need to find relevant terrestrial analogues to prepare teams
operating in extraterrestrial environments is driven by
extraordinary demands for safety and mission success
(Bishop 2011). Space agencies have long struggled to
identify best analogues.

CAVES (Cooperative Adventure for Valuing and Exercising
human behaviour and performance Skills) is the name of a
multidisciplinary exploration mission in a cave environment.
Developed by the European Space Agency (ESA) since 2008,
this course puts together technical challenges, human
behaviour and teamwork skills, and a complex scientific
programme, run according to space operation protocols.
Besides the description of the course concept, this article
relates on the first scientific results obtained during the

Caves are a hostile and dangerous environment that must be
dealt with acquired competences on progression techniques
and clear operational safety rules. The environment is
however just a “container”: analogies should be based on
similarities in experiences, not just in environment (Bishop
2011).
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During CAVES astronauts are trained to use simple rope
ascending and descending tools and to negotiate difficult and
long traverses rigged with iron cables (Marbach and Rocourt
1980). This technical training resembles skills and protocols
that are required to move and operate in extravehicular
activity, with reduced field of view, shadows, tri-dimensional
progression through viable paths, confused perception of
obstacles and distances, and no-touch zones (Figs. 1–2).

Figure 1. Spacewalking (Credit NASA).

This preparatory training is propedeutical to an extended
caves exploration phase, where the astronauts autonomously
perform an expedition as a multicultural and
multidisciplinary team. For safety, astronauts are followed
by instructors and experienced cavers, but they are trained to
use a buddy system and to maintain team situational
awareness through briefings and debriefings in order to
maintain control on the safety of the whole group, to allow
informed decision making for each member of the team, and
to enable team learning through analysis of failures and
successes.

Figure 2. Cavewalking (Credit ESA – V. Crobu).

3. Methods
3.1. Exploration and survey

Analogue team training needs to be based on the concept of
operations (Raymond 2011), and provide real challenges,
stressors and a credible programme. During the CAVES
mission, astronauts will explore new branches of the cave,
and are required to survey all explored areas, as well as
provide photographic documentation of all activities
performed.

Astronauts are asked to make a survey of the areas they
explore (Fig. 3). Normal Grade 5 cave mapping techniques
with Leica DistoX, handheld Suunto Compass and
Clinometer for in cave measurements have been used, with
map detail grades 2 and using Compass software for
restitution (with loop adjustment and closure) (Grade UISv1
5-2-B, cfr. Haüselmann 2011).

As for space missions, astronauts are trained to carry out a
scientific programme, according to a flexible operational
timeline and space-like procedures. Twice/day the astronauts
hold planning conferences with a “ground” control team to
report on daily achievements and confirm plans ahead.
The scientific tasks that the astronauts are asked to carry out
are numerous: microbiological sampling of air, water, and
solid material, monitoring of cave air temperature, relative
humidity, and wind speed and direction, sampling of waters
and minerals for successive laboratory analyses, and
monitoring (and, in some cases, sampling) of cave dwelling
fauna (mainly troglobites).
Equipment testing is also a common task during space
missions. To increase safety of cave exploration operations,
a new digital wireless underground radio communication
system was also tested.

Figure 3. Astronauts surveying the cave (Credit ESA – S. Sechi).
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3.2. Mineralogy and Water chemistry

at the lake level, the safe haven (mid height) and close to the
roof above the Camp site.

Mineral samples have been taken making use of a steel spoon
or a geological hammer (normally scratching of secondary
minerals crusts or coatings), placing a few grams of material
in a small plastic cylindrical container. A detailed analysis of
all the samples under stereoscopic microscope was
performed to distinguish and to separate the different
mineralogical phases present. Single phases were analyzed
by an X-ray diffractometer (Philips PW 1050/25) or in a
Gandolfi camera (Ø: 114.6 mm, exposition: 24/48 hrs).
Experimental conditions were a 40 Kv and 20 mA tube and
CuKα Ni filtered radiation (λ = 1.5418 Å). Chemical
qualitative analyses were carried out through an electron
scanning microscope (ESEM Philips XL40) with an
electronic microprobe (EDS-EDAX 9900) at the C.I.G.S.
(Centro Interdipartimentale Grandi Strumenti) of the Modena
and Reggio Emilia University.

A CR200 Data logger of Campbell Scientific Inc. equipped
with an MP100A Temperature/RH sensor (accuracy
0.5 ºC / 2 % RH) and a Windsonic ultrasonic wind sensor
(accuracy 3º wind direction and 2 % of reading in wind
speed) has been installed in a windy passage in the summer
of 2011 (Fig. 4). Reading interval was set at twice an hour
and data were downloaded every 3 months. During the
missions astronauts have programmed the station to take
measures every minute for 4 to 5 days consecutively, and data
were downloaded at the end of this test period, switching the
readings back to twice an hour.
3.4. Microbiology
To investigate if humans change the microbial environment
by their presence, astronauts were equipped with agar plates
containing different nutrient media (Fig 5). At selected places
(e.g., camp kitchen area) plates were exposed to cave air for
30 min. For each sample site, temperature and humidity were
determined.

Water samples were composed of two bottles: a cylindrical
one of 250 ml containing unfiltered and unacidified water,
and a square one of 100 ml of filtered (0.45 μm) water
acidified with 1 ml of concentrated HNO3. Two water
samples are collected at each site (250 ml of normal water
and 100 ml of water filtered with a 0.45 µm sterile filter and
acidified with 1 ml of concentrated HNO3). At each sampling
site pH, temperature (T), Electrical Conductivity (EC) and
Total Dissolved Salts (TDS) are measured in situ with a
Hanna HI 991301 portable sensor. Fundamental metals (Na+,
K+, Mg2+ and Ca2+) were analysed with an Atomic Absorption
Spectrophotometer (AAS), minor and trace metals and
semimetals (Pb, As (tot.), Cu, Zn, Cd etc.) with ICP-OES
instead. Major anions (SO42+, Cl-, F-, Br- and NO3-) were
analysed with Ionic Chromatography, the nitrogen species
(NH4+, NO2-) by Colorimetry, Chemical Oxygen Demand
(COD) through a return titration after oxidation with
Potassium dichromate.
3.3. Cave meteorology

Figure 5. Agar plates exposed to cave air (Credit ESA – V. Crobu).

Three Onset HOBO U23 Pro v2 Temperature/Relative
Humidity (RH) data loggers have been placed in several spots
in the cave during both 2011 and 2012 missions. Sensors
have an accuracy of 0.2 °C and 5 % RH and measurements
were set at 30 minute intervals. The 2011 mission
investigated the camp area, with data loggers placed far away
or close to the tents and kitchen on a horizontal plane, while
in 2012 a vertical log has been made placing the data loggers

For follow-up molecular studies, astronauts were asked to
collect soil and water samples using special sterile Falcon
tubes (Fig. 6). They selected appropriate sampling sites and
collected soil or dirt by scrapping the surface with a sterile
metal spatula. Genomic DNA was extracted from soil
samples using the XS buffer method as previously described
(Tillett and Neilan 2000). A nested PCR approach using the

Figure 4. The wind station in the narrow squeeze. (Credit ESA –
V. Crobu).

Figure 6. Sampling of soil for molecular analysis (Credit ESA –
V. Crobu).
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for wet and muddy substrates), cables for connecting the
electronic unit and electrodes (two 25-metres cables) and a
“push to talk” microphone/speaker.

primer combinations E27F / 1492R and 340F/1000R were
used to screen for archaeal diversity in the samples.
Furthermore, soil samples were plated in the laboratory as
well to identify soil associated organisms.

Thanks to CNSAS cave rescue, who has provided the
equipment, one TEDRATM-S1 communication unit has been
tested in a variety of in-outside locations and configurations
(stake and mesh electrodes, different electrodes distances and
orientations, vertical and horizontal lines) during the CAVES
2012 mission.

3.5. Biology
Terrestrial and aquatic cave dwelling fauna were attracted
using baits composed of liver and/or cheese and placed in
plastic containers. Animals were free to enter and exit the
containers at all times.

4. Results and discussion

To position the baits, the astronauts have looked out for a wet
area, if possible with organic material. Baits have been placed
underneath stones and rocks, and the aquatic ones on the
bottom of a pool or a lake. Baits have been checked each day,
if possible, looking for animals inside the bait, close by and
under stones near the station. Species were collected using
tweezers or a paintbrush, and put in a bowl for counting,
photography, or, in some cases, final sampling.

4.1. Exploration and survey
The survey from the entrance to the Camp area inside the
cave, and the area around the Camp site up to the start of the
Lake Branch and the Wind Station have been mapped by the
instructors for a total length of 600 metres. Starting from
these known parts, astronauts explored over 3 km of cave
passages in the expeditions of September 2011 and 2012. The
first team of 5 astronauts surveyed a total of 700 m of cave,
exploring several hundreds of metres without mapping. The
2012 team, composed of 6 astronauts and having one more
day underground, surveyed a total of 1.3 km of passages,
exploring several hundreds of metres especially in the lake
branch. A total of 120 survey shots have been carried out and
registered in the Compass software. The 3D model of the
mapped cave areas is shown in Figure 8.

Also direct sampling has been carried out by astronauts,
checking for cave-dwelling animals under stones and
pebbles, but also on walls and in protected niches close to
organic material (animals often “hide” after lunch). All
observation and sampling stations have been localised on a
map and linked to the nearest survey station.
Known animals were recognised using a photographic manual
and counted, while unknown species were sampled in 100%
or 70% alcohol in small plastic cylindrical probes (Fig. 7).
Samples have been sent to specialists for determination.

Figure 8. Three-dimensional view of the mapped cave passages.

4.2. Mineralogy and Water chemistry
A total of 6 mineral samples have been collected from the
cave, 5 in 2011 and only 1 in 2012. All collected minerals
were composed of the common carbonates calcite, aragonite
and hydromagnesite. These two last minerals indicate the
presence of certain amounts of Mg in the drip waters.

Figure 7. Biological sampling (credit ESA – V. Crobu).

3.6. TEDRA communication system test
TEDRATM-S1 (Through Earth Digital Radio Appliance)
system is a ground transmission radio device constituted of
two units by which voice is carried as electric signal from the
emission point to the reception one (Villarroel et al. 2007;
Muñoz et al. 2011). This system fed with a 12V power source
is able to inject an electric current in the ground in emit mode
and to reconstruct the signal of this small voltage variation
in receive mode using a LF (70 kHz) carrier wave and single
side-band modulation. The amplified signal is transmitted in
the ground by electrodes and the electric current lines follow
their underground path crossing the whole surrounding
medium. Each TEDRATM-S1 unit contains an electronic
emission/ reception apparatus, two pair of stainless steel
electrodes (2 stakes for thick ground and 2 contact meshes

Water samples have been taken in the lakes and in small
ponds along the explored cave branches. Most are
characterised by the typical calcium bicarbonate chemistry,
slightly undersaturated with respect to both calcite and
aragonite.
4.3. Cave meteorology
The Temperature and RH measurements on a horizontal and
vertical profile have shown the influence of the Camp site to
be very minimal and localised.
The wind station, instead, has measured some very
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interesting data that are still being elaborated (Fig. 9). Wind
speed ranges from 0 to 10 m/s in a 0.5 m2 squeeze. The
airflow changes direction when outside temperature becomes
close to that of the cave (around 16 ºC), becoming colder or
warmer. During winter a temporary sump located some
metres further in the cave can fill with water closing the
passage completely. These flooding episodes are well
recorded by the wind station with a complete stop of all
airflows inside the squeeze. The sump lowers and allows
airflow to reestablish in less than 2 days time.

Alpioniscus (some of which were also sampled), 67
Ovobathysciola majori and 5 larval stages of this species, and
12 Patrizicampa sardoa.
The Crustacea belong to the Order Isopoda, Suborder
Oniscidea, Family Trichoniscidae, and have revealed to be
very interesting from the beginning, because of their different
morphology, compared to already known species belonging
to the genus Alpioniscus. The ancestors of these terrestrial
isopods seem to have evolved from the aquatic habitat to the
terrestrial one. Surprisingly, the astronauts found a species
that has returned living in water, completing an evolutionary
full circle (Fig. 11). This discovery is very important because
the few aquatic woodlice we know of were thought to be
primitive forms primarily living in subterranean waters
(Vandel 1965). Now it is clear that these animals are
specialised forms which have evolved to live in water again.
This is demonstrated by the presence of a water conducting
system on their 7th pair of legs, a structure that is typical of
terrestrial species. This is changing in part the point of view
of the specialists on evolutionary processes concerning
terrestrial isopods living in an aquatic environment. It also
confirms the theory that evolution is not a one-way process
but that species can evolve to live in previously forgotten
habitats.

Figure 9. Wind flow in the period 18–20 September 2011, during
the astronaut’s permanence in the cave. Negative values represent
inverted airflow.

4.4. Microbiology
After evaluating the exposed plates, we found that 58 % of
all identified bacteria were environmental and 42 % of them
were associated with humans (Fig. 10). Species identified
belong to the genus Staphylococcus and Micrococcus. In
sharp contrast to these results, plated soil samples showed
only 4 % human associated organisms.
The overall bacterial burden in this environment was with
104–106 cells per milligram of soil lower than normal soil,
however, this is not unexpected due to the lack of nutrients.
Molecular analysis thus far suggests that there is a diverse
pool of archaea present within the cave, however, further
analysis is necessary to better characterise the findings.

Figure 11. The new species of Isopoda discovered in the lake
gallery (credit: ESA – M. Fincke).

4.6. TEDRA communications system test
CAVES 2012 extended exploration phase allowed to perform
four different TEDRATM-S1 communication tests between
underground participants (at the Camp area, Survey Point VE
23 and Survey Point FR 6) and surface support team (at the
Mountain peak, a point on the surface that was approximately
above the Camp site, and at the Refuge Sa Oche (close to the
cave entrance). Subsurface and surface stations distances
were 200 metres in depth from the cave to the Mountain peak
and around 500 metres at the same altitude from inside to
outside. Each test was planned during daily DPC and also
arranged in progress during TEDRA communication, after
the first contact, in function of the cave exploration (Fig. 12).

Figure 10. Diagram showing the distribution and association of
recovered bacteria.

4.5. Biology
During their stay in the cave, the astronauts have observed,
counted and sometimes sampled various specimens
belonging to different groups of invertebrates, in particular,
Insecta Diplura, Coleoptera and Crustacea.

The surface antenna length was 10 metres at the Mountain
peak and 15 metres at the Refuge Sa Oche, whereas the
subsurface antenna length varied from 50 to 25 metres. Both
the stakes and the contact meshes were used as electrodes
within the cave, while only the stakes were used outside. To

In each station of sampling, the astronauts have taken note
of the kind of substrate, the temperature, and the number of
specimens observed. Throughout the whole expedition they
have monitored 12 specimens of the crustacean genus
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optimise the electrical contact with the dry substrate, some
water was poured to moisten the electrodes. The electrodes
have been placed within the cave grounds in large and flat
bedrock covered by several centimetres of loose but moist
dust and soil at the Camp site, in a wide field of boulders
cemented together with thick mud, with significant vertical
height changes and uneven terrain at the Survey Point VE 23
and in loose gravel of various size, extending to a
considerable depth at the Survey Point FR 6.

established from cave to the Refuge Sa Oche too, using
antenna lengths of both 50 m and 25 m.

5. Conclusions
CAVES has been recognized by all participant astronauts and,
in particular, by experienced spacefares as a very realistic
spaceflight analogue, providing a unique ISS-representative
multicultural operational team training opportunity, where
experienced flown astronauts can share their knowledge with
younger crewmates.
The cave environment requires adaptation and induces stress
and fatigue, requiring constant attention to operational safety
procedures. Exploration and documentation tasks and
scientific activities provide a realistic set of technical
challenges, which carried out in spaceflight-like format,
allow the build-up of spaceflight operationally relevant
expertise. Behavioural briefings and debriefings enable an
invaluable team learning experience, carried out in an
environment where the effects of mistaken decisions can
have severe impact on safety and mission goals.
The scientific programme not only offers a set of realistic
tasks and objectives, but it also provides really interesting
scientific results. Multidisciplinary researches allow a
continuative and detailed study on the caves visited during
the course. The environmental monitoring and the geological
and geochemical studies are giving important information
about the cave environment in this karst area of Sardinia.
Moreover systematic microbiological and biological
researches provide new information on these peculiar
ecosystems, even discovering previously unknown species.
All these important scientific goals were achieved thanks to
the careful astronauts’ performance of strict scientific
protocols and delicate procedures.
In addition CAVES represent an opportunity to test new cavededicated technologies, like for the TEDRATM-S1
communications test.

Figure 12. Using the TEDRA communication system (credit: ESA
– V. Crobu).
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STUDY OF PULMONARY FUNCTIONS OF TOURIST GUIDES
IN THE CAVES
Vanja Debevec1, Peter Jovanovič2
Park Škocjanske jame, Slovenija, Škocjan 2, SI – 6215 Divača, Slovenija, vanja.debevec@psj.gov.si
2
Institute for Occupational Safety, Chengdujska 25, SI – 1000 Ljubljana, Slovenija, peter.jovanovic@zvd.si
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Park Škocjan Caves is located in South Eastern part of Slovenia. Due to their exceptional significance for cultural and
natural heritage, the Škocjan Caves were entered on UNESCO’s list of natural and cultural world heritage sites in
1986.Caves have always been special places for people all over the world. There has been a lot of research done in the
field of speleology and also in medicine in relation to speleotherapy. There is still one field left partial unexplored and its
main issue covers the interaction between special ecosystems as caves and human activities and living.Implementing the
Slovene legislation in the field of radiation protection, we are obligated to perform special measurements in the caves and
also having our guides and workers in the caves regularly examined according to established procedure. The medical
exams are performed at Institution of Occupational Safety, Ljubljana in order to monitor the influence of Radon to the
workers in the cave. Park Škocjan Caves established research monitoring projects such as caves microclimate parameters,
quality of the water, every day’s data from our meteorological station useful tool in public awareness related to pollution
and climate change. Last year a special study was started in order to evaluate pulmonary functions of persons who work
in the caves and those who work mostly in offices. Two groups of tourist guides from Škocjan Caves and Postojna Cave
were included in the study. The promising results will highlight the need of medical survey of people working in the caves
and help managers of the caves to adopt reactive management process. In order to facilitate decision process related to
protection of people and caves environment, special recommendation in form of index of environment’s use will be
proposed after the study.

1. Introduction

2. Methods

Caves have always been special places for people all over
the world. There has been a lot of research done in the field
of speleology and also in medicine in relation to
speleotherapy. There is still one field left partial unexplored
and its main issue covers the interaction between special
ecosystems as caves and human activities inside and around
them. The aim of this study is to present the broad field of
interactions between man and nature strictly related to the
ecosystem services and evaluation of encumbrance caused
by human activities. Caves microclimate is special and
important unit of caves ecosystem and it encompasses
several parameters which are distinguished by its own
biological activity. The complexity of joint action of these
several factors represents a challenge in searching for
methods and explanations of effects, which by endogenous
and exogenous factors influence the response of people to
specific environment. The study is focused on pulmonary
functions of tourist guides in the caves, who are daily
exposed to microclimate parameters and radon as a specific
factor in environment. According to the Slovene legislation,
established by the Ministry of Health and Office for
Radiation Protection, Official Gazette RS, No. 05/03, 48/04
tourist guides are registered as people working with sources
of radiation (1,2). The study was designed as a proposal for
detailed epidemiological studies for larger population of
workers in the cave in order to estimate the positive and
negative effects of special working conditions. In this
project institutions with main activities in caves tourism,
speleotherapy and pulmology and occupational safety, have
joined their knowledge, experiences and good will, Turizem
Kras Postojna Cave, Park Skocjan Caves, Hospital Sezana
and Institute of Occupational Safety.

The sample consisted of tourist guides from Skocjan Caves
and Postojna Cave, the control group was presented by
persons who work in the same place but in the management
of both sites. In the group from Skocjan Caves there were
15 guides, 15 directorate personnel. There were 7 man and
8 women in first group and 6 men and 9 women in second
group. Average age of the guides was 35.1 and directorate
personnel 37.7. In the group of Postojna Cave there were
15 guides and 13 directorate personnel, 13 man and 2
women in first group, average age 37.5, and 4 man and 9
women in second group, average age 45,6. There were 45
smokers and 13 non-smokers included in spiro metrical
testing. It was performed in Hospital Sezana on spirometer
Ganshorn PowerCube LF8, 5E Release 3.
Pulmonary functions were estimated by following
parameters,VC vital capacity, FVCex forced expiratory vita
capacity, FEV1 forsed expiratory volume in first second,
PEF peak expiratory flow and FEV1/FVCex, FEV1/VCin,
FEV1/VCmax (3). Regarding the Decree Uv2 and Rule Sv5
radiation monitoring in two caves in Slovenia, Skocjan
Caves and Postojna Cave, is going on. In the period from
January to December 2007 measurements of radon and
radon daughter concentrations on different locations on the
route for visitors in Skocjan Caves and Postojna Cave have
been investigated. For long term radon concentration,
exposure period of one month or more, track etch detectors
from Gammadata, Sweden, were used. Short term radon
concentrations, several days, were performed quarterly by
electronic devices, Alphaguard, Genitron, Germany, RAD7,
USA, System30, Scintrex, Canada, working level monitor
WLM 30, Scintrex, Canada and Doseman Pro, Sarad,
Germany.
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For the estimation of effective doses the model ICRP32 was
adopted. Data obtainde by the spirometrical testing, time
spent in caves and effective doses were then statistically
analysed in Excell and SPSS. Levens test, ANOVA, t test
and HocPic tests were used.
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Figures No.1 and No.2 show radon concentrations in
Skocjan cave and Postojna cave. Radon concentration is
different on different locations through cave and it depends
on the period of the year. In winter radon concentrations are
much lower than in summer. The reason is changing of
temperature in outside air. Higher temperatures in summer
time prevent air to flow from the cave and radon
concentrations are high. During winter the opposite
phenomena occur. Cave air can easily flow from the cave
and radon concentrations are lower. Radon daughter
concentration in caves changes through the year because
different air exchange in different periods of the year.
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Figure 3. Arithmetical average and 95 % confidence interval for
annual effective dose in guides and people employed at
directorate.
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Figure 2. Average concentration of Rn at different locations in
Postojna Cave.

Equilibrium factor F between radon daughter and radon
concentrations changes from 0.10 up to 0.81. Our dose
calculation is based on Jacobi Eisfeld Model. For attached
radon progeny concentration we take into account values,
measured on different locations in caves. Annual dose for
workers in caves are going up to 12 mSv per year. About
25 % of workers reach effective dose higher than 6 mSv per
year. Pulmonary functions are decreasing with age as seen
in FVCex, FEV1/VCmx and in FEV1, which is increasing
with body mass index. Also PEF is increasing with BMI,
slightly shown also positive effect of hours spent in the cave
(p < 0.1). With 10 % of risk we can confirm that PEF is
different among the groups (F=2.197, p < 0,1).The values
of pulmonary functions are slightly higher in group of
guides but cannot be statistically significant. We can
confirm that positive connection exist among PEF and time
spent in caves and thus also the effective dose (r 0.39,
p < 0.05) as seen in table 3 and figure 3 and 4. For all other
functions we cannot confirm that are related to time spent
in caves, though in SVC, FVCex, IVC, FEV1 slight positive
connection is observed, but Pearsons coefficient is lower
than 0.3.
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Figure 1. Average concentration of Rn at different locations in
Škocjan Caves.

Figure 4. Arithmetical average and 95 % confidence interval for
annual effective dose in guides in Škocjan Caves (PŠJ) and guides
in Postojna Cave (TKPJ).
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4. Conclusions

Acknowledgments

The guides in the caves are submitted to special legislation
in terms of medical exams and education as stated in the
law for radiation protection. Due to the radon in the caves
chromosome aberrations were evaluated in guides. This test
is now used only exceptionally when effective dose is
exceeded. Our study gives an insight in pulmonary function
of healthy people working in caves and can not confirm
harmful effect of special climate condition. PEF values that
are higher in guides but might be further investigated due
to higher level of physical activity in comparison to group
of persons who work in office. Any how detailed
epidemiological studies might be done in future to establish
the adaptation of man to special working condition and to
help managers of the site with proper arrangement of
working process. The carrying capacity that is crucial for
nature protection, especially in vulnerable environment as
caves are, should on the other hand include also the impact
of radon to man and not only the impact of human activity
to the natural site. We propose the continuation of the study
with a larger sample in away that tourism carrying capacity
in caves should include also the health hazards for guides
that might be presented as Cave Use Index, showing the
relationship among ecological carrying capacity, radon
concentration and effective dose specific for a cave.
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A VIRTUAL DISTRIBUTED CAVING LIBRARY
Graziano Ferrari
via Vignati 18, I-20161, Milano, Italy, gwferrari@gwferrari.it

Thanks to recent developments in Internet editorial information sharing, a prototype of a caving reference bibliography
and virtual library for the Lombardia region (Northern Italy) is proposed. It relies on the following components: 1) the
Google Earth© tool as a user interface, in order to position caves on the land and as a starting point toward bibliographic
queries; 2) static generation of web pages representing single caves bibliography and references to titles; 3) Internet
references (URL) pointing to specific titles available in the Internet, so as to quickly browse them. Presently, the Lombardy
caving bibliography collects 4,800 references related to 4,200 caves. Books or magazines related to 1,150 references are
freely available in the Internet. Problems and potential developments are discussed.

1. Introduction

2.1. Bibliographic references

A specific bibliographic collection is essential to every
serious researcher. In speleology, the BBS is an extremely
powerful tool to gain knowledge about specific disciplines,
areas or keywords at a worldwide level.

Plain bibliographic references from several sources are
collected and added to the data-base. Books and magazine
papers are considered as sources. Some 400 newspaper
articles are inserted too. Most of them show an historical
relevance: they were published before WWII. Web pages
are not considered. A flag is used to mark references review
status: green for reviewed ones vs. red for unchecked ones.
Presently, title references are 4,800. Reviewed ones are
2,800 (58 %). However, more than 100 titles await insertion
and of course new publications appear continuously.

A detailed caving bibliographic system would require a
review of the publications content in order to collect and
arrange information about referenced caves and their
specific data. In the past, some printed catalogues were
produced. In Lombardia (Northern Italy) Pavan and Tirini
Pavan (1954) collected 746 references about 695 caves,
with detailed listings of specific references. Of course, a
digital data-base is much more powerful: specific queries
can be run, to get the list of papers in which a specific cave
is referenced, its survey is published, palaeontological data
are provided, etc.

Table 1. Cave references categories.
Category
Cave Register
Access Route
Description
Survey
Picture
Bibliography
Exploration
Rigging Chart
History
Archeology
Biology
Folklore
Geology
Hydrology
Meteorology
Paleontology
Paletnology
Cave Rescue
Tourism
Cave Diving
Simple or undetermined reference

Furthermore, researchers can presently find a huge amount
of books and magazines in the World Wide Web. Older,
public domain publication were scanned and freely
provided by several virtual or real libraries. On the other
side, many scientific and caving club magazines are
presently published on-line, mainly in order to spare money.
This means that a fair percentage of references can be
perused directly on-line.

2. Materials and methods
A prototype of virtual distributed caving library is
presented. The prototype is: virtual, that is the system is
fully digital; distributed: the library contents are provided
by several kinds of publishers: large real libraries, virtual
library systems, commercial publishers, research
institutions, mountain clubs, caving clubs, etc. The single
content is hosted in the provider web site.

2.2. Cave references
A list of caves is maintained. Each reviewed title is checked
against specific references to caves. Table 1 lists the
reference categories. Each cave reference is represented by
a triple: Cave ID – category – pages. In Italy, registered
caves are identified by a regional abbreviation, Lo for
Lombardia, and by a progressive number. Referenced caves
could miss the cave register number. Possible reasons are:
cave is not registered yet, register number is unknown, cave
cannot be registered, due to too small size or to intervening
destruction. In order to cope with unidentified caves, a small
trick is employed: negative integer numbers are

The prototype contains data about caves in Lombardia, a
region in Northern Italy where caving started in the XIX
century. Gruppo Grotte Milano, the first caving club in
Lombardia, was established in 1897. Presently, about 4,000
caves are registered.
The system relied on the seminal work by Pavan and Tirini
Pavan (1954) and on unpublished collections of references
by Alfredo Bini and Alberto Buzio. The system builds on
four data layers.
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Figure 1. Lombardia with 3,600 cave placemarks.

However, the whole virtual distributed library power is
exploited by a three-layered system.

provisionally assigned. So an example of registered cave
reference is: Lo2000 – D(escription) – 34. Presently,
collected caves are 4,200; 725 of them are provided with a
negative ID. The collected triples are more than 41,000.

3.1. Google Earth ® placemark file
Cave positions can be used to produce a KML (Keyhole
Markup Language) file with a placemark for each cave. The
file can be loaded into Google Earth to generate a map with
the cave positions (Fig. 1). As usual, the user can navigate
and zoom in the map.

2.3. Web links
Each bibliographic reference which is freely available on
the Web is provided with the link (URL – Uniform
Resource Locator) of the relevant web resource. Presently,
1,150 references are linked to their resource (24 % of the
total references).

3.2. Cave bibliography web pages
Clicking on a placemark opens a cave specific caption
(Fig. 2). Its contents are defined in the KML file. In the
present version, just the cave name and number are inserted,
together with a link to a bibliography web page. Clicking
on the link opens the page in a browser embedded in Google
Earth. The web page is a statically generated one with the
list of titles in which the selected cave is referenced. The
page is hosted on a protected server and it cannot be
accessed in other ways. Titles are arranged by reference
category. Since 3,600 caves are positioned, 3,600 cave
bibliography web pages were produced (Fig. 3).

2.4. Cave positions
Finally, published cave positions are collected. Unfortunately,
they are expressed in several different geographic reference
systems and formats. A little public domain conversion
program is employed to automatically translate cave
positions into a single system and format. Presently, 3,600
caves are provided with position out of 4,200 total.

3. Results
The whole data-base can be locally consulted and queried
by a custom-made application designed on Windows
systems. A similar application is employed for data insertion
and update.

3.3. Titles web pages
Each title entry in a cave bibliography page contains a link
to the title web page. This one contains the full
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Figure 4. A title web page embedded into Google Earth.
Figure 2. A cave caption in Google Earth.

Large part of the data, both in the titles and in the caves
areas, is to be checked and updated.

bibliographic reference of the publication and the list of
referenced caves (Fig. 4). 4,800 web pages were produced.
If the publication is freely available on the Web, the link is
inserted in the page, so the user can directly jump at the
content (Fig. 5).

Reference categories are not neatly defined.
Data structure in the Google Earth interface provides just a
very simple geographical model. Complex queries must be
performed with the local Windows application.

A system excerpt was presented in 2007 (Buzio and Ferrari
2010), limited to the bibliographical components (sections
2.1. and 2.2) and to titles with archaeological references. A
detailed description (in Italian) of the whole system was
presented in 2011 (Ferrari 2011). Recently, the KML file
was loaded in a Google Earth version on tablet. This means
that, provided a mobile internet connection is present, the
virtual library can be searched just in front of a cave
entrance.

Static web pages generation is an out-of-date process. A
dynamical generation should be provided, via real-time
queries to the data-base.
Persistency: links to web librarian resources could broke
when the resources are moved or removed.
Copyright and Privacy: all data in the system are public
domain, but publication of the KML file on the web means
freely distributing the positions of 3,600 caves. Often this
is a potentially dangerous actions.

Figure 3. A cave web page embedded into Google Earth.
Figure 5. A survey published in 1897, embedded into Google
Earth.

4. Discussion
The prototype is quite a powerful tool designed to enhance
data mining procedures in the bibliographic data base.

5. Conclusions
The system is just a prototypical one, but it proved to be
very useful in search and in exploration too. However many
improvements are needed to improve the system and the
underlying data. The Google Earth interface enables people,
who are not confident with full-featured Geographic
Information Systems, to get a dramatic insight into
geographic information. Georeferentiation applied to

However, several issues are far from optimal. The following
list points out the most important ones.
The bibliographic management component is custom-made.
Presently, several commercial bibliographic systems are anthe-shelf. A defined standard could be adopted and
introduced.
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HALOTHERAPY AND HALO HEALTH IMPROVEMENT
Pavel Gorbenko1, Konstantin Gorbenko2
National Institute of Health, L’va Tolstogo 10, 197101 St-Petersburg Russian Federation, info.nih@yandex.ru
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1

The halotherapy technology was developed by Professor P. Gorbenko in 1984 and was the first in the world. Halotherapy
is developed on the basis of our own experience in building and managing one of the world’s best Speleological Therapeutic
Hospital (240 beds) – Allergic Republican Hospital of the Ministry of Health of the Ukrainian SSR, based in the salt mines
of the village Solotvyno Transcarpathian region, Ukraine.
High effect speleotherapy (significant improvement and improvement) was observed in 87–95 % of adults and 95–98 % of
children and limited access to the hospital raised the issue of creating an artificial climate of salt mines microclimate and
its widespread use. Curative therapeutic microclimate of underground salt mines was re-established in 1985 in the world’s
first experimental Halocamera, at the Scientific Research Institute of Pulmonology, Department of Health, Soviet Union.
In 1989, the Ministry of Health has approved for widespread use of halotherapy methods developed by Prof. P. Gorbenko
and of the device for its implementation – Halocamera: Guidelines “Halotherapy in the prevention and treatment of
respiratory diseases. Leningrad, 1989.”
In 1991, the General Directorate of Health approved the quidelines “Halotherapy in the treatment of allergic respiratory
diseases in children. L., 1991”, authorizing the use of techniques of halotherapy on children.
Also in 1991, the Ministry of Health of the RSFSR letter № 1004/21-03 “On the order of implementation of halotherapy
methods and technical means for its implementation” obliged to use the technique of halotherapy with Halocamera salt
chamber and with the drug “AEROGALIT” ® that meet the health relevant and technical requirements.
Long experience of the St. Petersburg Institute of Preventive Medicine for halotherapy use in patients with the lung diseases
and other respiratory diseases, allergies and skin diseases, reduction of general and local immunity of the body, as well as
the development of the modern halotherapy technology allowed to create a more expanded list of indications for
halotherapy use in the medical and health purposes.
Technology of halotherapy and halo health improvement whose creation began twenty-five years ago are actively being
developed by professor P. P. Gorbenko and K. P. Gorbenko and is now been universally recognized and distributed in
many European countries and in the rest of the world. Nowadays it is difficult to imagine a modern health spa, clinic,
wellness center, recreation and wellness center without a halochamber.
Halotherapy technology was developed by Professor P.
Gorbenko in 1989 and was the first in the world. The work
was based on his own experience in building and managing
one of the world’s best Speleological Therapeutic hospitals –
Republican Allergic Hospital with 240 beds in the salt mines
of the village Solotvino Transcarpathian region, Ukraine
(Ministry of Health of the Ukrainian SSR, P.P. Gorbenko,
chief medical officer of the Republican Allergic Hospital
1975–1981) and development of technology of speleotherapy
patients with bronchial asthma, chronic bronchitis, chronic
obstructive pulmonary disease, psoriasis, eczema, etc.

In 1989, the USSR Ministry of Health has approved a broad
application of halotherapy method and apparatus for its
implementation – halochamber, developed by Professor P.
Gorbenko, in guidelines “Halotherapy in prevention and
treatment of respiratory diseases. L., 1989”.

High speleotherapy effect (a significant improvement and
improvement) was observed in 87–95 % of adults and
95–98% of children. A limited patient capacity in the hospital
raised the question of creating an artificial climate, similar to
microclimate of salt mines and its wide application.
Therapeutic climate of medical chambers in an underground
salt mine has been recreated in the world’s first experimental
halochamber in 1985, the All-Union Scientific Research
Institute of Pulmonology of the Ministry of Health (Professor
P. Gorbenko – Deputy Director for Science 1981–1991).

Figure 1. Halochamber for kids.

In 1991, the General Directorate of Health adopted a
Guidelines “Halotherapy in the treatment of allergic
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respiratory diseases in children. L., 1991”, authorizing
additionally the use of halotherapy for children.

gas, smoke, chemicals, temperature of the ambient air,
small doses of radiation)
3. Individuals who smoke tobacco or smoked in the past.
Facilitating smoking cessation

In the same 1991 letter from the Ministry of Health (RSFSR
№ 1004/21-03 “On the order of implementation techniques
halotherapy and technical means for its implementation” tied
the use of halotherapy technique with halochambers and
preparation “AEROGALIT” ®, answering to the medical and
technical requirements.

St. Petersburg Institute of Preventive Medicine, established
by the Ministry of Health of the Russian Federation in 1989,
is the leading organization in the country to introduce
techniques of halotherapy (in accordance with the decree of
the Ministry of Health of the Russian Federation № 1004/2103 on 13.2.1991).
Founder of the institute, Doctor of Medical Sciences,
Professor P. Gorbenko is an author of halotherapy technology
and a creater of the world’s first halochamber (Author’s
certificate number 1225569, 1984).
St. Petersburg Institute of Preventive Medicine has been
continuously developing and improving the technology of
halotherapy for twenty years and has accumulated a unique
research and production experience. There have been created
halochambers of three generations, the total number of which
in Russia is more than three thousand.
Based on the high medical and health-effectiveness of the
technology, we have developed the technology of
halotherapy and halo health improvement, which is highly
appreciated by patients and professionals around the world.

Figure 2. Halochamber.

Many years of experience in the St. Petersburg Institute of
Preventive Medicine with application of halotherapy in
patients with lung diseases and other respiratory diseases,
allergies and skin diseases, reduction of general and local
immunity, as well as development og third generation
halotherapy technology, helped to create an expanded list of
indications for halotherapy use in medical and recreational
purposes.

Today, St. Petersburg Institute of Preventive Medicine under
the direct supervision of P. Gorbenko is developing and
manufacturing the innovative quantum energy halochamber
halogenerators of third generation and has created technology
halotherapy and halo health improvement that is suitable for
almost everybody. Institute is managed by Gorbenko
Konstantin Pavlovich.

Indications for the halotherapy are:

Halochamber “Standard” is a second generation complex,
which creates a therapeutic climate. It is implementing the
standard halotherapy technology and creates standard microclimatic conditions. The main curative factor of halochamber
“Standard” is a standard aerodispersed environment, rich
with highly ionized dry aerosol of sodium chloride in an
amount of 1–5 mg / m ł of air and having a stable humidity
(45–55 %) and temperature (from +20 to +23 °C). This
distinguishes it from first generation halochamber, where an
expensive set of controlled therapeutic microclimate and
aerodisperse environment was used.

I. Respiratory diseases
1. Bronchial asthma
2. Chronic obstructive pulmonary disease
3. Chronic asthmatic bronchitis
4. Chronic obstructive bronchitis
5. Nonobstructive chronic bronchitis
6. Recurrent bronchitis
7. Acute bronchitis is a protracted
II. Diseases of the cardiovascular system
1. Neurocirculatory dystonia (hypotonic and hypertonic
types)

Salt aerosol is produced by halogenerator. From
halogenerator via “fluidized bed” the flow of dried air,
saturated with highly ionized aerosol of sodium chloride,
comes into the halochamber room. To clear the air and to
maintain the normal pressure in the halochamber, when the
halogenerator is working, the exhaust ventilation is installed
in halochamber. Ventilation operates in the active (airing
between sessions) and passive (during the session
halotherapy) modes.

III. Upper respiratory
1. Allergic rhinitis, hay fever
2. Subacute or chronic sinusitis.
3. Subacute or chronic tonsillitis.
IV. Skin diseases
1. Psoriasis
2. Atopic dermatosis, diffuse and exudative form of the
stabilization stage
3. Eczema
4. Pustular skin lesions, acne
5. Baldness

Halogenerator is working on a natural product called
“AEROGALIT” ®.
The relaxation chairs are used to accommodate patients in
halochamber. For one patient there should be at least 6 m ł
of air volume in halochamber. A range of specially developed
psychotherapy and audiovisual programs has an additional
psycho suggestive effect on the patients.

V. Reduction of general and local immunity
1. Individuals often and / or long-term ill acute respiratory
infections
2. Persons working in hazardous working conditions (dust,
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Halochamber “Quantum Energy” The third generation
halochamber allows you to fully reproduce the distinct
therapeutic and healing effect of the best underground salt
clinics.

This is the ionized aerosol that has a pronounced therapeutic
effect, in contrast to hydro aerosel or to simply spraying of
pre-shredded salt.
Also, the principal feature of halogenerator “AGG-03” is the
existence of a special air purification systems. As a result, the
aerosol undergoes a special bactericidal treatment while
being transferred from the operator in a medical room. Thus,
we achieve the maximum effect due to the concentration
ionized aerosol in complete sterility in the treatment room.

This innovative halochamber created by opening the effect
of “How to maintain the energy balance of rights (patent RF
No. 2288751, 2003) and identifying the leading medical
factor in underground salt hospitals polarized infrared
radiation from a wide range, reaching from the Earth’s core”
In the third generation halochamber – Quantum Energy
halochamber P. Gorbenko (patent RF № 31961, № 45085,
№ 291317), along with an aerosol of sodium chloride, the
main acting factor of the microclimate is the quantum energy
in the form of polarized infrared radiation.

Bacterization air supply system and an improved highefficiency aerosol delivery “fluidized bed” ™ technology and
are copyright protected by patent RF № 97870.
Benefits of innovation halogenerator “AGG - 03”:
• Production of high-performance medical aerosol
• Cleaning mode the supply air
• Quiet Operation – 35 dB
• Low power consumption – 70 Watts
• Serviceability
• Automatic control system
• Compact size
• Reliable Performance ®
• Modern design
“AEROGALIT” ® is a quality product, designed for creating
of dry fine ionized sodium chloride aerosol by using
Halogenerator AGG - 03.
The drug “AEROGALIT” ® manufactured by special
technology of the natural salt from salt mines in Solotvyno
(Ukraine), sterilized and packed in a sealed container – a
glass bottle of 10 ml. The size of the main share (90 %) of
particles is particles less than 5 microns.

Figure 3. Halochamber in Spa.

“Quantum Energy halochamber PP Gorbenko” is a
recreational and therapeutic room with walls covered with a
special multi-salt-coating, a halogenerator of third generation,
ventilation and air conditioning system, as well as sources of
quantum energy – the special long-wavelength emitters (RF
Patent No. 64463).

With high fractional-disperse composition, “AEROGALIT”®
allows you to quickly re-establish halochamber therapeutic
atmosphere of underground salt hospitals and retains its high
efficiency throughout the entire period of storage.

Wellness and curative effect in halochamber achieved by
creating a microclimate similar to the microclimate of
underground clinics in salt mines, which is characterized by
the presence of concentrated quantum energy in the range of
infrared radiation the average wavelengths, by highly ionized
dry sodium chloride aerosol, energized quantum energy, by
aeroionization, enhanced by quantum stream, and by
hypoallergenic and hypobacterial air environment.

Long-term clinical and laboratory studies confirmed the high
efficiency of halotherapy using the drug “AEROGALIT”®,
and allow them to prove the mechanism of its therapeutic
action in an artificial therapeutic microclimate created by a
halochamber.
Technology halotherapy and halo health improvement whose
creation began twenty-five years ago, which are actively
being developed by Professor P. Gorbenko and K. P.
Gorbenko, at present, have been universally recognized and
distributed in Russia and many countries worldwide. Now it
is difficult to imagine modern clinic, health center, spa center,
a recreation and wellness center without halochamber.

Halogenerator “AGG-03” contains a modernized system of
production of highly ionized sodium chloride aerosol
“Fluidized bed” which allows you to receive medical ionized
aerosol of the necessary fractional-disperse composition and
mass concentration.

338

Karst and Caves: Social Aspects and Other Topics – oral

2013 ICS Proceedings

INN VALLEY UNDERGROUNDS: THE FIRST
ANTHROPOSPELEOLOGICAL CONCEPT OF SHOW CAVES
Peter Hofmann
VHM (registered speleology association of Munich), Sudelfeldstr. 18, D-83080 Oberaudorf, Germany,
peterhofmann@t-online.de
Abstract. The project “inn valley undergrounds” about local cave routes was realised with EU fundings in the years from
2008 to 2012 in the border area between Bavaria (Germany) and Tyrol (Austria). In order to create a common walking
experience, four places were connected: the well-known Wendelstein Show Cave at the summit of 1834 m above the town
of Brannenburg in the Inn valley, the highly medieval cave castle Grafenloch, located spectacularly above the town of
Oberaudorf, the prehistorically significant Tischofer Cave in the famous Kaisertal Valley near Ebbs-Kufstein as well as
the fairly elevated and spectacular Hundalm Ice Cave above Wörgl-Angerberg, which was also reconstructed into a show
cave.
“Man & Cave” is the general topic. Different aspects such as “experience caves”, caves as living places, caves as prehistoric
places of discovery or caves as the difficult-to-conquer-wildness below the ground are being addressed. A uniform signpost
and visitor guidance system was developed. Innovative and new kinds of media were used wherever possible. For example,
on their way through the Wendelstein Cave, visitors have access to four interactive touch screens, which inform them in
several languages about the four unusual topics psychology, biology, geology and philosophy.
So far the response has been overwhelmingly positive. Visitors show interest in unusual kinds of information as well, so
this demonstrates their long-lasting fascination with cave-related topics. For show cave operators and speleologists alike,
this should be understood as a driving force for breaking fresh ground in public relations.
Abstrakt. Das Höhlenwegprojekt inntaler unterwelten wurde zwischen 2008 und 2012 in der Grenzregion zwischen
Bayern (Deutschland) und Tirol (Österreich) mit Förderung durch EU-Gelder realisiert. Vier Objekte wurden zu einem
Erlebnisweg verbunden, die altbekannte Schauhöhle Wendelsteinhöhle in der Gipfelregion des 1834m hohen Wendelsteins
oberhalb Brannenburg im Inntal, die hochmittelalterliche Höhlenburg Grafenloch, in spektakulärer Lage oberhalb
Oberaudorf, die prähistorisch bedeutsame Tischoferhöhle im berühmten Kaisertal bei Ebbs-Kufstein sowie die
hochgelegene, spektakuläre Hundalm-Eishöhle oberhalb Wörgl-Angerberg, ebenfalls schon als Schauhöhle ausgebaut.
Das Generalthema lautet dabei Mensch & Höhle, verschiedene Aspekte wie “Erlebnis Höhle” an sich, die Höhle als
Wohnstätte, die Höhle als prähistorische Fundstätte, die Höhle als schwer zu erobernde Wildnis unter der Erde, werden
thematisiert. Ein einheitliches Beschilderungssystem und Besucherleitsystem wurde erarbeitet. Wo möglich wurden
innovative, neuartige Medien eingesetzt, in der selbständig durchwanderbaren Wendelsteinhöhle etwa informieren vier
interaktive Touch-Screens die Besucher mehrsprachig zu den vier ungewöhnlichen Themen Psychologie, Biologie,
Geologie und Philosophie.
Die bislang ausgezeichnete Resonanz zeigt, dass Besucher vom Thema Höhle unvermindert fasziniert sind, sie nehmen
auch ungewöhnliche Informationen interessiert auf. Das sollte Schauhöhlenbetreiber und alle Speläologen in der
Öffentlichkeitsarbeit ermuntern, neue Wege zu gehen.

1. The Project Inn Valley Undergrounds

fact, that at least three of these four caves are unique for
these aspects. Additionally, the Wendelstein Cave, as a high
alpine chasm cave, needs explanations for the visitor
(without dripstones it seems to be “uninteresting” for lay
people, but it may be visited alone and is therefore
predestined to realise an exceptional concept).

The project inn valley undergrounds about local cave routes
in the border area between Bavaria and Tyrol from
Rosenheim to Kufstein and Wörgl was realised from 2008
to 2012 and considerably supported with EU fundings. The
idea was born already in 2005, when the author cooperated
with the cog railway Wendelsteinbahn GmbH, the operating
company of the Wendelstein show cave, to present his book
about the inn valley caves. This company wished to
modernise the show cave with a didactical concept.

As a result the inn valley undergrounds now are four caves
in the Bavarian Tyrolean inn valley, inviting the visitor to
an exciting anthropological and speleological experience
trip which, in the author’s opinion, is unique so far…

Searching for financing opportunities, the cooperating
partners discovered the EU Interreg funding programme,
which supports cross-border projects and inspired them to
connect four unique single caves under one concept.

2. An Impressive Quartette
The Wendelstein Cave in the Wendelstein peak area is the
beginning of the “journey of discovery into darkness”,
the claim for this logo. Four stops with interactive screens
do not only explain this cave’s characteristics. The visitor,
moreover, experiences the various perspectives of the

The focus on the general topic man & cave, on the one
hand, was due to the author’s and initiator’s field of interest
and major research. On the other hand, it resulted from the
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museum of local history with the archeological findings
may complete the family hike.
An excursion to the Tischofer Cave leads to one of the
most beautiful valleys of the Alps, and you are directly “on
the traces of prehistoric times”. The impressive huge hall
is one of Tyrol’s most important fossil sites. More than three
hundred cave bears must have died there in the course of
time. The visitor is fascinated from the place, where his
Bronze Age ancestors made tools about 1,800 before Christ.

Figure 2. The Tischofer Cave (HDR-Photo P. Hofmann).

The last excursion is the Hundalm Ice Cave, which leaves
the impression of an archaic “wilderness of rock and ice”
for the mountain loving people. Indeed, you need two and
a half hours to reach the cave, but it is worth being visited.
Simply by its trails, the tour in the origin of the earth, guided
by experienced speleologists, may be an exciting
experience. Certainly, the efforts and idealism of the
explorers and first explorers of this underground desert in
everlasting darkness will be more respected.

3. Realisation and Partners
This project was funded within the scope of the EU
programme Interreg Euregio Inn Valley. 60 % of the
projected total expenses of approximately 650,000 € were
subsidised. Having completed the project and made the
final settlement in November 2012, we stated that the costs
were in fact lower than expected. About 100,000 € were
used for marketing, the remaining funds for path
constructions and renovations.

Figure 1. View from the rear part of the Wendelstein Cave with the
new LED-lighting-system (Photo P. Hofmann).

underground. The rather unusual topics of “biology”,
“psychology”, “geology” and “philosophy” offer surprising
points of view. The visitor will undoubtedly leave the cave
with the knowledge that this topic is more comprehensive
than he or she could ever imagine and that he or she would
like to get more information.

Four project partners have founded a partnership for its
realisation.
The Wendelsteinbahn GmbH, represented by Florian Vogt,
is the the project’s managing partner, the Audorf project was
realised by the community of Oberaudorf with its first
mayor Hubert Wildgruber, the hiking trail to the Tischofer
Cave is supervised by the community of Ebbs, which is
represented by its mayor Josef Ritzer, and Renate Tobitsch,
female speleologist and chairlady of the registered
speleology association of Tyrol, is responsible for the
Hundalm Ice Cave.

The Grafenloch Cave is a culture-historical attraction of
the community of Oberaudorf, particularly since the cave
house Weber an der Wand is on the hiking trail – another
exceptional historical place. The visitor may be inspired by
“monks and knights”. The latter once lived in the cave
castle Grafenloch. Recent archeological studies have
shown, that it dates back to the 10th up to the early 13th
century, and it is far more significant than has been
supposed until now – many historical details will certainly
still remain undiscovered. The history of the Weber an der
Wand, however, was completely established in recent times.
Nevertheless, there are still some legends about the hermit
monk, one of the first people, who lived there. A visit to the

Realisation was characterised by different activities.
The steep path to the Tischofer Cave was thoroughly
renovated to enable, that the cave may be reached again
safely by everybody. The visitors are mainly guided by
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means of panels with local information – and most detailed
directly in front of the cave. The latest scientific results were
integrated, and a chronological table with archeological
findings was updated, which was supported by the
speleologist Prof. Dr. Ch. Spötl, Innsbruck. Certainly, a
project has sometimes to cope with setbacks. So, we did not
succeed in motivating the people responsible for the fortress
museum of Kufstein, which shows the cave’s findings, to
join our project.

advanced technology, which is currently available. The cave
has one stop, where the visitor, in certain submenus of the
touch screens, may even adjust the cave’s lighting
conditions.
Finally, the screens were the major challenge. Up to now,
they seem to resist the weather – though a large part of the
cave freezes completely during winter! The user interface’s
design enables a very easy handling, also with gloves. It is
not too comprehensive to avoid that the visitor will stay
more than 5 minutes with a screen which is not desirable.
So we tried to present different ideas as exactly as possible.
Each of the four topic screens is subdivided into five topics
(again with various subscreens), e.g., the major topic
psychology into:

The Hundalm Ice Cave’s paths were renovated, and
particularly the interior trails, which led to a high financial
expenditure. Besides, the hiking trails had to be
reconstructed to a considerable extent under difficult
circumstances and against the resistance of the land owning
farmers. The renovation of the area directly in front of the
cave completes the works. We wish the speleologists of the
National Speleology Association of Tyrol every success,
since they have been taking all efforts for this show cave
for many years and, independent of that, have not been able
so far to stop the dramatic declining number of visitors.

FASCINATION
“Cave” means emotions for most people, they have certain
feelings and attitudes in this respect. What’s the reason?
Visitors‘ associations for a cave are presented.
SENSES

The access to Grafenloch and its ladder with a length of 6
m directly in front of the cave had to be secured as well and
in parts to be renovated, and suitable route signs were
realised, which start in the village centre. The local museum
was involved, and the people responsible used the
opportunity to instal an interactive screen with information
about the museum and the cave path as well. Thus, the
Audorf cave path is presented as a really consistent circular
route of approximately 3 hours, ideal for families. On the
way you may visit the local museum, two natural caves, a
cave castle and a spectacular cave house – a probably
unique combination. Unfortunately, we did not succeed in
motivating the cave house’s private owner to open the
interior rooms with the small natural cave behind.

Our six senses: our means of communication with social
environment, essential in each second of our existence.
What is our senses‘ response in a cave: visual sense, hearing
sense, smelling sense, sense of taste, sense of touch, sense
of balance?
DISCOVERY
One of a cave’s most fascinating aspects is the discovery of
new territory. Where can you still find unexplored terrain
throughout our world? Pictures of recently discovered cave
parts are shown which will remain inaccessible to the
visitor.
LANGUAGE

The cog railway Wendelsteinbahn GmbH, operating
company of the Wendelstein Show Cave, had to deal with
the most extensive investments.

The two most ancient archetypes of the language, the most
ancient words humans were able to pronounce, are BA and
KALL: cellar (Keller), cave (Höhle), hole (Loch), scuttle
(Luke): It has been demonstrated for more than 200
languages, that derivations of the archetype word kal mean
something round, hollow, deepened – just something
cavernous!

The cave is situated on the Wendelstein peak area at an
altitude of 1711 m above sea level. The visitable
Wendelstein Cave’s part, 170 m long, got a new LEDillumination. After longer tests the products of GermTec
GmbH & Co. KG, Herborn, were used for realisation
(www.cavelighting.com) – without doubt the best and most

PERCEPTION
In what way do humans intuitively perceive the cave
interior? What is the most essential aspect of a cave?
Children are versed in abstraction. Therefore, childrens’
drawings are presented, which were all made in caves!

4. Communication Concepts
Nevertheless, decisive for the visitor is the overall
communication concept, which he sees, which attracts him
and is of interest. It was created just from the beginning by
Hans W. Lehmann, Munich, speleologist, now free-lancer,
at the project’s start still creative director of the Munich
advertising agency idee & concept, which was responsible
for realisation.
In addition to a common marketing (very comprehensive
and informative flyer and website) a layout for information
system was created which guides and accompanies the

Figure 3. One of the four touch-screen-stations of the Wendelstein
Show Cave, situated in the last room of the public part called dome
(Photo P. Hofmann).
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Figure 4. The Logo of the whole project.

visitor on his way. The specific name and a suitable logo
are the communication concept’s basis, and certain graphic
elements appear repeatedly – on the internet, the flyer, the
information panels outside or the interactive screens, which
guarantees to easily identify the topic.
After a development period of approximately three years,
the modernised Wendelstein Cave and Tischofer Cave were
reopened ceremoniously in 2010. In spring 2011 the
Grafenloch Cave followed, and the Hundalm Ice Cave was
inaugurated on Pentecost 2012 with a mass celebration.
Our successes have been encouraging so far. The visitors
of the Wendelstein Cave increased from approximately
23,000–25,000 in the years before its renovation to 28,000
in the year of reopening and to 34,000 in 2011, the first year
thereafter. Lots of visitors are registered in the Grafenloch
and Tischofer Caves. They are not counted, since the access
is free. Up to now, the Hundalm Ice Cave is not as
successful as desired. The press response was
overwhelming with more than 100 reports.
It is obvious, that the topic of a cave attracts visitors as an
experience and with respect to culture historical findings.
The visitors’ response is generally positive – a questionnaire
at Wendelstein demonstrates this fact.

Figure 5. Example of the information system: one of the many
panels, here at the entrance to the cave house “Weber an der
Wand”, part of the cave-walk of Oberaudorf on the way to the
Grafenloch Cave (Photo P. Hofmann).

Further information (only in German language):
www.unterwelten.de
www.tropfstein.de
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vier Erlebnisse: Das Höhlenbuch als Wegbegleiter. BODVerlag, Norderstedt.
Hofmann P, 2005. Wege im Inntal – Ein anthropospeläologischer
Exkursionsführer zu den Höhlen des unteren Inntales zwischen
Rosenheim und Kufstein. BOD-Verlag, Norderstedt.
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BIOLOGICAL EVALUATION OF THERAPEUTIC PROPERTIES OF SALT
MINES

1

Constantin Munteanu1, Diana Munteanu1, Iuri Simionca2, Mihai Hoteteu1, Delia Cinteza3, Horia Lazarescu1
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Union Internationale de Spéléologie (UIS), Commission de speleotherapy
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To solve the existing problems in allergy, pulmonology and medical recovery field and for use of natural therapeutic factors
in patient treatement with different pathologies, international scientific community reviewed the therapeutic properties of
caves and salt mines. Our objective was to explore the effects of speleotherapy on cellular morphology and physiology of
pulmonary and dermal fibroblasts obtained from tissues of Wistar rats, in normal and Ovalbumin challenged, “asthmatic”
conditions. 60 Wistar rats of 75–100 g weight were divided in two lots: control and ovalbumin challenged animals. Ten
animals of each lot were send to Cacica, Turda and Dej Salt Mine for 14 days and maintained in the salt mine medium, as
in speleotherapy treatment. Pulmonary and dermal fibroblasts cultures were prepared from Wistar rat lung and respectively
dermal tissue. The complex picture of results was analysed and explained through biological mechanisms comparing to
the control cell cultures obtained from healthy, untreated Wistar rats. In this article we describe the supposed biological
mechanisms that explain the protective effects of speleotherapy. Speleotherapy induces changes on the morphology and
protein expression of pulmonary and dermal fibroblasts in vitro, and these changes – by comparing with ovalbumin
sensitised animals, supports the beneficial effects of speleotherapy.

1. Introduction

and caves. This therapy method was name speleotharapy
from greece “spelaion”-cave, gap and “therapy”-treatment.

Speleotherapy – a special kind of climatotherapy, uses the
certain conditions of caves and salt mines to cure several
diseases, especially respiratory and skin diseases. The cave
air is very low on dust, which could cause allergic reactions
or asthmatic attacks. This fact reduces any kind of irritation;
the symptoms of the diseases are reduced or eliminated
completely, while the patient is in the cave. But that does not
explain how it should have a longer lasting effect. Curing
asthma involves spending 2–3 hours a day underground in
subterranean caves or salt mines over a 1–2 month period.
An old study describes a speleotherapy course, which was 4
hours a day for 6–8 weeks, with 100 COPD (Chronic
Obstructive Pulmonary Disease) and asthma patients and
reported improvement that lasted 6 months to 7 years
(Skulimowski 1965).

Today the speleotherapy is regognized as therapy in
underground of salt mines and caves with natural theraoeutic
factors for many deseases (Iu.Simionca şi al. 2005, 2008).
Primary cell cultures can readily be obtained from human
and animal skin using the explant method or trypsynisation.
Full thickness skin, also called the integument, is a
composite of three tissues (epidermis, dermis and
subcutaneous tissue), none of which constitutes a
homogenous entity. Epidermis normally is composed of
keratinocytes, which represent the largest population
numerically, and lesser numbers of melanocytes,
Langerhans’cells, and occasional cells of the lymphoreticular system, which are, however, transient members of
the community.
Although the bulk of the dermis is noncellular (collagen and
ground substance), within this compartment is also a variety
of cell types, including fibroblasts, histicytes, mast cells,
macrophages, lymphocytes and Schwann cells, endothelial
cells of blood vessels and lymphatics, striated muscle cells
of erector pili muscles, and smooth muscle of blood vessels.
The subcutaneous tissue includes most of the dermal cell
types and fat cells as well (Flaxman, 1974).

Asthma is a disorder characterized by chronic inflammation
of the airways, airways hyper-responsiveness, and changes
in airway architecture, termed remodeling. The cells
responsible for maintenance of lung structure are the
parenchymal cells of the lung, including epithelial cells,
mesenchymal cells, and endothelial cells. Recent studies
have suggested that the function of epithelial cells, smooth
muscle cells, and fibroblasts cultured from lungs of
individuals with asthma differs from the function of cells
similarly cultured from individuals without asthma. These
functional differences, particularly as they relate to repair
and remodeling, could contribute to airway structural
alterations (Sugiura et al. 2007).

The current study was designed to investigate the influence
of salt mine medium from Cacica, Turda and Dej Salt Mines
upon the cell morphology and electrophoretic expression of
pulmonary and dermal fibroblasts in vitro obtained from
Wistar rats tissues, in normal and Ovalbumin – “asthmatic”
conditions.

Therapy with bronchodilators, corticosteroids, leukotriene
inhibitors, mastoid cells stabilizers and recent with IgE
receptor antagonists have been shown an improvement of
asthma symptoms. The new scientific and practical
directions in therapy of the most severe allergic deseases –
bronchial asthma – use underground medium of salt mines

Fibroblasts were cultured from lung and dermal parenchyma
of control, ovalbumin-sensitized, and speleotherapy treated
rats after ovalbumin-sensitization. Fibroblasts shape in
culture can vary in accordance with the substrate, which on
they is growing, and the space they have for movement.
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hammer of the miners that ones worked here left real works
of art, that bear the seal of the talent access stairs cut in the
salt massif, vaulted ceilings or huge galleries. The real
measure of the craftsmanship of those who dug the salt with
the hammer is given by the small church built in salt at a
depth of 27 metres and the dance hall located at a depth of
37 metres. The Catholic chapel sanctified in 1,800 has been
gathering all the inhabitants, for the last two centuries, on
the feast of Sf. Varvara protector saint of the miners.

Using pulmonary and dermal fibroblasts cultures to verify
the therapeutic properties of saline mines medium represents
an innovative and scientific new way to establish the medical
methodology of preventing, treating and recovery of patients
with various skin and pulmonary problems.

2. Geography and geology
TURDA SALT MINE is one of the historical monuments of
Romania, from Cluj and a touristic attraction at national and
international level especially for Bai Sarate Turda, Durgau
salted lakes and the ruins of Potaissa roman castrum where
was stationed the Vth Macedonica Legion 2000 years ago.

OCNA DEJ SALT MINE is located in Romania, in the
iddle of the Transylvanian Basin 3 km from the city of Dej
and 60 km from Cluj-Napoca. Importance of salt in the
development of human civilization and the exceptional
quality of the salt deposit made the salt to be exploited since
antiquity in Ocna Dej. The first statement concerning the
Ocna Dej salt exploitation dating from Roman times can be
observed today in the form of excavation remains clogged.

The exploitation of salt from Turda in current
microdepression of Baile Sarate has a special interest during
the roman occupation in Dacia. The first documentary of
mine attestation dating from XII century when avid rocks,
minerals and fossils collector – Joanne Fridvaldscky says –
“is so famous that has no equal in all eastern”.

Today, Ocna Dej salt mine is part of National Salt Company
SA and its main activity is extraction, preparation and
marketing of gemstones salt. The Ocna Dej salt mine is
characterised by: temperature: 12.4–14.5 °C, pressure:
1,018–1,020 hPa, humidity: 65–71 %, the presence of saline
aerosols, lighting artificial and own ventilation system. A
higher concentration of NaCl is ensured by continuous
operation of the mine. These environmental conditions
provided by the Ocna Dej salt mine led researchers to
undertake studies on evaluating the possibility of using this
mine, not only for salt extraction, but also for the
development of the radon therapy and speleotherapy in
Romania (Calin and Calin 2010)

Turda Salt Mine joined to touristic circuit in 1992 (Ov. Mera
si al. 2010) and benefit from EU funding under PHARE
CES Programme 2005 through “Improving the
attractiveness of the tourist potential of the balneray resort
Lacurile Sãrate-Zona Durgãu-Valea Sãratã and Turda Salt
Mine” project; modernization works of Turda Salt Mine has
start in 2008 and have lasted two years.
Turda Salt Mine has legally all prerequisites, for therapeutic
use: mines with furhished rooms, tailored for both tourists
and sick persons, including disabled persons, mines rooms
are large space, isolated rooms; no exploition activities; in
Terezia Mine there are a salin lake adapted for recereation.

3. Methods

Official opening of modernized Turda Salt Mine took place
on 22 January 2010.

Materials: Phosphate Buffer Solution (PBS: NaCl 0.13 M +
KCl 2.6 mM + Na2HPO4 x12 H2O 8 mM + KH2PO4 1.4
mM); HAM-F12 culture medium (Sigma); penicillin
100 U/ml, streptomycin 100 μg/ml; neomycin 50 μg/ml,
fetal bovine serum (Sigma). Rat Wistar Model of Allergic
Asthma – Wistar rats of 75–100 g weights were sensitized
to Ovalbumin by i.m. injections.

Figure 1. Turda Salt Mine.

CACICA SALT MINE – it is situated in the locality with
the same name, in the N-E part of the Romania, at 42 km W
from Suceava Town and the 17 km N from Gura Humorului.
The air strongly ozonized, the purity and beauty of nature,
make from this place an attractive destination in any season,
both for rest, pleasure and the treatment of respiratory
disorders.

Figure 2. Experimental Design.

3.1. Primary pulmonary fibroblasts culture
After anaesthesia with chloroform, rats were killed. The
thorax was opened and then the lungs were removed en bloc
in a laminar flow hood using sterile technique and put into

The entrance into the salt mine is made on fir tree stairs that
are over 200 years old, mineralized by the salty water that
penetrated the wood. The work by chisel gab and sledge
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4. Resuls

ice-cold sterile Phosphate Buffer Solution (PBS: NaCl
0.13M + KCl 2,6mM + Na2HPO4 x12 H2O 8 mM + KH2PO4
1.4 mM). 1mm tissue pieces were suspended in 0.125 %
trypsin and 0.001 % DNase and repeatedly stirred for 6
minutes and centrifuged at 1,000 g. The pellet was
resuspended in HAM-F12 medium with 4,500 mg/l glucose,
25 mM HEPES, 100 U/ml penicillin, 100 μg/ml
streptomycin and 50 μg/ml neomycin and 10 % fetal bovine
serum (Sugiura et al. 2007; Foster et al. 1990; Nunez et al.
1995).

4.1. Speleotherapy results on dermal fibroblasts
Control skin cells culture of 7 days has a heterogenic aspect
with a high pre-confluence level. The cell division is to a
high level and the cell morphology shows a typical
microscopic view, described in the specific literature. There
are two types of cells: epithelial and fibroblastic.
Skin cells cultures of 7 days obtained from Ovalbumin
sensitized rats presents many morphological changes from
the control skin cell culture, being observed an sensible
number reducing of dermal fibroblasts in culture, the
diminished cellular dividing frequency and an accentuated
cellular morphopathology of the cells in culture. After 7 days
of culturing, the pre-confluence level is much lower than in
the control case.

3.2. Primary dermal fibroblasts culture
After anaesthesia with chloroform, rats were killed. Skin
sampels were removed en bloc in a laminar flow hood using
sterile technique and put into ice-cold sterile Phosphate
Buffer Solution (PBS: NaCl 0,13M + KCl 2,6mM +
Na2HPO4 x12 H2O 8 mM + KH2PO4 1,4mM). 1 mm tissue
pieces were suspended in 0.125 % trypsin and 0.001 %
DNase and repeatedly stirred for 6 minutes and centrifuged
at 1,000 g. The pellet was resuspended in HAM-F12
medium with 4,500 mg/l glucose, 25 mM HEPES, 100 U/ml
penicillin, 100 μg/ml streptomycin and 50 μg/ml neomycin
and 10 % fetal bovine serum (Sugiura et al, 2007; Foster et
al, 1990; Nunez et al, 1995).

Skin cells cultures of 7 days obtained from Ovalbumin
sensitized rats and treated by speleotherapy in Cacica Salt
Mine shows an improvement of the morphological
parameters of the cells comparative with the cultures
obtained from Ovalbumin-challenged rats. By phase contrast
microscopy, it is possible to observe a rising of the cells
number.
Skin cells cultures of 7 days obtained from Ovalbumin
sensitized and treated by speleotherapy in Dej Salt Mine
shows also an improvement of the morphological parameters
of the cells comparative with the cultures obtained from
Ovalbumin-challenged rats. It is observed the rising of the
cell population density and that of cell viability.

Phase contrast microscopy, first described in 1934 by Dutch
physicist Frits Zernike, is a contrast-enhancing optical
technique that can be utilized to produce high-contrast
images of transparent specimens, such as living cells
(usually in culture), microorganisms, thin tissue slices,
lithographic patterns, fibers, latex dispersions, glass
fragments, and subcellular particles (including nuclei and
other organelles).

Skin cells cultures were homogenized with Laemmli buffer
pH 6.8, and the proteins of the obtained homogenate were
separated by 10 % SDS polyacrylamide gel electrophoresis
that maintains polypeptides in a denatured state once they
have been treated with strong reducing agents to remove
secondary and tertiary structure.

3.3. SDS-PAGE Electrophoresis
The proteins electrophoresis from the total homogenate has
as the purpose to establish the changes, which are revealed
at the proteic level of fibroblasts cultures obtained from rats
held on saline mine medium for the speleotherapy.

4.2. Speleotherapy results on pulmonary fibroblasts
Control pulmonary fibroblasts culture of 9 days has a
homogenic aspect with a high pre-confluence level. The cell
division is to a high level and the cell morphology shows a
typical microscopic view, described in the specific literature.

The proteins electrophoresis in gel of polyacrylamide was
done in the denaturated conditions in the conformity with
the techniques described by Laemmli (1979). The cultures
have been washed with PBS, curetted from the culture plate
and lyzed in buffer containing 0,5M Tris-HCl, pH 6,8 +
0,05 % BPB + 10 % glycerol + SDS 10 %.

Pulmonary fibroblasts cultures of 9 days obtained from
Ovalbumin sensitized rats presents many morphological
changes from the control pulmonary fibroblasts culture,
being observed an sensible number reducing of pulmonary
fibroblasts in culture, the diminished cellular dividing
frequency and an accentuated cellular morphopathology of
the cells in culture. After 9 days of culturing, the preconfluence level is much lower than in the control case.

Samples of 10µl were loaded into wells in the gel. One lane
was reserved for Sigma molecular markers mixture of 205;
116; 97; 66; 55; 45; 36; 29; 24; 20,1; 14,2 and 6,5 KDa
Following electrophoresis, the gel was stained with
Coomassie Brilliant Blue R-250, that allowed visualization
of the separated proteins. After staining, different proteins
appeared as distinct bands within the gel (Towbin et al.
1979).

Pulmonary fibroblasts cultures of 9 days obtained from
Ovalbumin sensitized rats and treated by speleotherapy in
Cacica Salt Mine shows an improvement of the
morphological parameters of the cells comparative with the
cultures obtained from Ovalbumin-challenged asthmatic
rats. By phase contrast microscopy, it is possible to observe
a rising of the cells number.

Analysis with GeneTools version 4 software from SynGene
of each track of the electrophoresis, allowed us to compare
the profiles of the total proteins expression.

Pulmonary fibroblasts cultures of 9 days obtained from
Ovalbumin sensitized and treated by speleotherapy in Dej
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The morphological observations are confirmed by the
electrophoretic analyses, which demonstrate through rising
of the expression of many proteins and of total protein
amount that the exposure of Ovalbumin-sensitized animals
to the saline medium from Cacica and Dej Salt Mines is
reversing the cells morphopathology of pulmonary
fibroblasts in cultures;

Salt Mine shows also an improvement of the morphological
parameters of the cells comparative with the cultures
obtained from Ovalbumin-challenged asthmatic rats. It is
observed the rising of the cell population density and that of
cell viability.

5. Discussion

Wistar rats sensitized with Ovalbumin have a low number
pulmonary fibroblasts output cultures, with a more sensitive
morphopatologic level.

The present study evaluated morphological phenotypes
related to repair and remodeling in fibroblasts and epithelial
cells obtained from control Wistar rats and from Ovalbuminsensitized and -challenged rats.
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1. Geographical settings

record varies for each station; the springs and wells located
in the Baile Herculane area were

Baile Herculane is located in the Cerna Valley in the Southwestern part of Romania, near the border with Serbia.
Thirty-one thermal springs and wells are near the Cerna
River as a result of a geothermal anomaly developed along
a narrow graben (Simion et al. 1979).

sampled with the same frequency. The table represents the
most comprehensive data set available for that period of
time. The location of the sampling points is shown on
Figure 2.

2. History
In late 1970s the Romanian government began the
construction of a hydro-power system on the Cerna-MotruTismana. On each of those rivers, including their main
tributaries, dams were built and the waters from Cerna Lake
were funnelled through tunnels to Motru Lake and then to
Tismana Lake, where the power station is located (Ponta et
al. 2006, 2013).

Figure 2. Neptun (right) and Venera Springs (left in the Cerna
River).

To comply with the congress publication guidelines, only a
shorter version of the table is part of this article. The digital
version of the proceedings includes the complete table as
shown in the 1979 report.
The paper provides previously unpublished water quality
data for the thermal water reservoir at Baile Herculane. This
data, collected in the 1960s and 1970s, is now available for
use by students and researchers working in the area.
Figure 1. Hygeia Spring.

The volume of water in the recharge area for the thermal
water reservoir was substantially diminished. A study was
requested by the government, to determine the effects of
water withdrawal from the Cerna River on the thermal
water reservoir and to evaluate potential hydrogeologic
connections between the Cerna River, its tributaries, and
thermal water reservoirs. The project was conducted by the
Intreprinderea Geologica de Prospectiuni pentru Substante
Minerale Solide/Geological and Geophysical Prospecting
Company (I.G.P.S.M.S.), Romania (Ponta et al. 2006).
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3. Water sampling and results
The activities related to this study included a karst
inventory, dye studies and water sampling. The results of
the water samples collected in the sixties and seventies from
thirty-one springs (Figures 1 and 2) and wells located along
the Cerna Valley are presented in Table 1. The period of
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Figure 3. Location of the study is within the Baile Herculane/Cerna Valley, Romania.
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Table 1. Summary of Water Quality Data in Cerna Valley – Baile Herculane, Romania.
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NATURAL AND CULTURAL HERITAGE VALUES OF THE YONGCHEON
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The Yongcheon Cave (lava tube cave) was explored and investigated to understand the total length, origin of lavas and
microtopographic features, distribution and origin of carbonate speleothems, distribution and cultural significance of
archaeological remains, distribution and meaning of animal bones, distribution of cave fauna and the monitoring of cave
atmosphere. The total length of the cave was mapped and is ca. 3 km but it can be longer after mapping the submerged
passage. The cave shows typical microtopographic features of lava tube caves decorated with carbonate speleothems only
within the passages underlain by overlying carbonate sand dunes. Archaological remains can provide very significant
historical evidence that was not known from historical documents about 1,200 years ago. Only 19 species of cave fauna
are discovered. Many animal bones were found and they were accidental visitors. Recently blind fish was found at the
end of the submerged passage which is the first discovery of blind fish in Korean caves.

1. Introduction

future. One longitudinal cross section and 85 transverse
cross sections were measured. Based on the re-survey of the
cave, total length of the Yongcheondonggul Lava Tube is
about 2,960 m, including 2,590 m long main passage and
about 370 m long branches. Only 100 m long submerged
passage is included in the total length because it was the
only partly measured. It is expected that over the 3,000 m
long passage will be mapped after the completion of
underwater survey.

The objectives of this study are to explore the total passage
of the cave including submerged passage, to investigate the
origin of carbonate speleothems related to overlying
carbonate sand dunes, archaeological remains, cave fauna,
animal bones and to infer scientific and cultural heritage
values of the Yongcheon Cave.

2. Location
3.2. Cave atmosphere

Jeju Island is located about 100 km south of Korean
Peninsula. Jeju Island is a volcanic island with an elliptical
shape (74 km from east to west and 41 km from north to
south). The island lies on continental shelf and was formed
by volcanic activities during the Quaternary, thus the
surface of the island mostly consists of volcanic rocks such
as basalt and trachyte. Yongcheon Cave is located in the
northeast part of Jeju Island. It is a typical lava tube cave
formed by lava flows which are between 200,000 and
300,000 years. The cave that is about 2,960 m long was
accidently discovered during driving the electrical pole into
the ground. Various micromorphological forms and lava
speleothems are present throughout the cave. Of special is
carbonate speleothems distributed in two parts of the
passage on which carbonate dune sediments are present.
Carbonate sediments have been transported by wind since
ca. 5,000 yr BP (Ji et al., 2008). Carbonate speleothems
started to grow from the supply of calcium and carbonate
ions dissolved from carbonate sands by meteoric water
(e.g., Woo et al., 2008b).

Cave temperature ranges from 15 to 21 °C and it is relatively
a narrow range considering that this is a lava tube cave.
Especially, the upstream passage is less susceptible to the
outside than the downstream passage. Humidity in the cave
tends to be higher during summer, however temporary
abrupt increase was observed after rain. Partial pressure of
carbon dioxide is always much higher than that of the
outside atmosphere and it is also higher during summer. The
temperature of cave water ranges from 16 to 19 °C and
seasonal variation is very little. Cave water pH tends to be
higher during summer when the input rate of groundwater
is high due to less buffering time with overlying carbonate
sands. Stable isotope compositions of oxygen and hydrogen
and trace element contents of lake water suggest that the lake
water is slightly mixed with seawater. Salinity tends to
become higher toward the bottom of the lake.
3.3. Microtopography and speleothems
Various microtopographic features are found. These
features include various lava-coated features as well as
thermally eroded features. Microtopographic features on
the floor include pahoehoe lava, aa lava, rockfalls, lava
falls, lava benches, gutters, levees, tube-in-tubes and lava
benches. Lava flowline is prominent on the wall. In
addition, false floor, anastomosing branches, lava bridges,
multiple leveled floors, and lakes are special morphological

3. Results and discussion
3.1. Cave mapping
Cave map was significantly modified from the initial
version (ca. 2.4 km). Cave diving was carried out to explore
new passage and ca. 600 m long passage was discovered.
Detailed mapping of the submerged part is necessary in the
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4. Conclusions

features. Beautiful carbonate speleothems are growing in
the cave. They are soda straws, stalagmites, columns, cave
corals, draperies, flowstone, rimstone, moonmilk and so on.
Some soda straws, stalactites and stalagmites have erratic
forms because they are just the coating of calcite over plant
roots.

The Yongcheon Cave includes numerous invaluable
geological and archaeological heritage values. It is strongly
suggested that this cave should be more thoroughly
investigated in the near future and should be monitored
continuously for protection of natural cave environments.

3.4. Cave fauna and animal skeletons

References

Only 19 species of cave animals are found during this study.
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Archaeological remains are present, and they include
numerous charcoal fragments, mollusks, potteries, animal
bones, steel rods and a stone tower. It is suggested that most
potteries were used for religious services. It is also very
noteworthy that numerous potteries are present in the lake.
Radiocarbon dating indicates that the age of charcoal
fragments, mollusks and tree fragments is between 1,290
and 1550±40 yr BP, between 1,670 and 1,690 yrs BP, and
between 1,310 and 1,390 yr BP, respectively.
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TEMPERATURE AND AIR HUMIDITY IN THE ICE PASSAGE OF THE
PIKOVÁ DÁMA CAVE, MORAVIAN KARST (CZECH REPUBLIC)
Václav Ždímal
Department of Applied and Landscape Ecology, Faculty of Agronomy, Mendel University in Brno, Zemědělská 1,
613 00 Brno, Czech Republic, zdimal@mendelu.cz
Air temperature and relative humidity were measured in the Ice Passage of the Piková dáma Cave (Moravian Karst, Czech
Republic). This cave is solitary in the Czech Republic, representing probably the only karst ice cave. Air temperature and
air humidity were measured due to character of the cave during winter season. The HOBO U10 Data Logger was used.
The highest air temperature was 2.7 °C and the lowest -1.0 °C, and air humidity ranged between 67 % and 100 % in the
Ice Passage. The monitoring period, based on temperature and humidity measurements in the cave, was divided into five
periods characterized by values and changes of measured parameters. The first period, when climatic parameters in the
cave do not change, can be regarded static. The change of temperature on the surface is caused by beginning of dynamic
air exchange in the cave. The second period characterized by slow decrease of air temperature and constant air humidity
in the cave begun on November 22, 2011. External temperatures in the beginning of period decreased below -2 °C for the
whole day and dropped down to -5 °C. In the third period both air temperature and air humidity in Ice passage rapidly
decreased. In the beginning of period external temperature dropped below -10 °C and did not rise above zero. The length
of such a period can be regarded as the decisive factor of the overall decrease of temperature and humidity in the cave.
During the fourth period, air temperature mildly decreased and air humidity rapidly increased. This period was shortest
and lasted only 12 days. External air temperature varied near zero, from +5 °C to -12 °C. During the last fifth period, the
temperature in cave did not decrease, but, in contrast, increased. This increase was small, however continuous and it can
be assumed, that temperature kept rising after the end of measurement too. During the fifth period in the beginning of
April temperature surpassed 0 °C and since this date the ice decoration practically could not form. If a decoration had
appeared prior to this date, it begun to melt. During the fifth period air humidity increased to 100 % and more changes
have not been recorded. External air temperature in this interval only exceptionally decreased bellow zero, however it
reached up to +30 °C. During the measurement, 19 accessions into the Ice Passage were registered. The small temperature
increases could be related to influence of the visitors.

1. Introduction

altitudes. There are contrasting directions of circulation in
summer and in winter. In the summer season the rock is
heated and humidity increases, in winter season cooling and
drying proceeds.

Microclimate of caves is an important element of their
formation and existence and it influences many karst
processes. Air circulation, temperature and humidity
influence the creation and corrosion of speleothems. Yet
greater is the importance of microclimate in caves with ice
decoration, where the temperature smaller than 0 °C is the
condition for decoration’s existence. In the Czech Republic,
there are no caves with permanent ice, however parts of
some caves are ice-covered seasonally. Just in these caves,
the length of period with temperature smaller than 0 °C is
the decisive condition for ice formation. Climatic change
can change this temperature in caves (Badino 2004).

Also combination of abovementioned cave types may exist,
namely the statodynamic cave. It is virtually a dynamic
cave, which has during a part of the year closed the
connection between the upper and lower entry. Some
authors use different division, and it depends on the
concrete cave, which never represents ideal type.
Whether the cave is static or dynamic, the circulation has
not one beginning and one end with constant flow. It may
change in dependence on external conditions. The air
circulation may oscillate in the range from several seconds
(Faimon et al. 2012) to days. Suitably selected measurement
methodic is a condition to obtain such oscillations.

Microclimate has been one of the criteria for classification
of caves. Classification after cave temperatures and their
development is today replaced by classification according
to air circulation (Jančařík in Přibyl et al. 1992). This
division is not unambiguous, and various authors
understand it differently. Historically, caves were ideally
divided into static with one entry and dynamic with more
entries. Static caves with one entry or more entries in little
different heights can be cold (ice caves), drawing external
cold air and cooling in the winter season. Inversely work
the warm static caves, lying above the entry level and
warming up in the summer season. Jančařík (in Přibyl et al.
1992) characterizes static caves by air exchange only during
one half of the year and stagnation during the second one.

Measurement of microclimate in cave is no easy issue. The
cave climate is frequently regarded as constant, because its
changes are small compared to the outer temperature. Thus
measurements inside the cave require adequate equipment
with necessary precision and long time, because the
changes may occur in an unexpected moment too.

2. Study site
Temperature and air humidity were measured in the Ice
Passage of the Piková dáma Cave (“The Queen of Spades”).
The Piková dáma Cave lies in northeastern part of the

Dynamic caves have two or more entries with different
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Moravian Karst, which belongs to the geomorphological
unit Drahanská vrchovina Highland (Štogr and Kučera
1997; Vít 1998). The cave system was created in Devonian
limestone of the Macocha Formation. The cave entry
formed by a shaft with a centering lies near the village
Holštejn in the Hradský valley in altitude 462 m a. s. l. The
70 m deep cave is interconnected with a nearby Spirálka
Cave. These two caves form a large labyrinth of several
levels, connected with the central Studna Abyss on a
expressive joint, and with an old stream bed. The entry into
the Ice Passage, where the measurement proceeded, is
located above the bottom of the Studna. Beginning of the
Ice passage has the form of a wide water channel with
numerous facets. In the walls and roof are located openings
of corridors and shafts leading from adjacent parts of the
cave. The bottom is covered by little lakes, and an
intermittent stream flows there. The Ice Passage ascends,
at the beginning slightly, then in cascade stages. It is
terminated by a labyrinth of small phreatic tunnels and a
stack of blocks leading into the half-blind Holštejn Valley
near the ponor of the Bílá voda River. The Holštejn Valley
near Stará Rasovna Cave belongs to the coldest sites of the
Moravian Karst, which is determined by forest stand in the
surroundings and by the valley orientation. Into this valley
flows the cold air and snow accumulates here, which lies
here significantly longer time than in the surroundings. The
Ice Passage of the Stará Rasovna Cave, as the entry for the
cold air, directly links up the Ice Passage of the Piková
dáma Cave. Cold air flows through the Ice Passage, firstly
of the Stará Rasovna Cave and then of Piková dáma Cave,
to the central abyss, through which the already warmed air
flows up and is blown out by an entry situated by 20 m
higher and by the nearby blower Křížový kluk. This
arrangement in connection with form of the cave enables
cooling of the Ice passage and formation of ice decoration
in the spring, when water begins to flow into the cave as a
consequence of spring thawing. The greatest ice decoration
is here usually during the end of April and beginning of
May. This cave is solitary in the Czech Republic, where it
is probably the only karst ice cave. Faimon et al. (2012) and
Litschman (2012) studied microclimate in nearby caves.

HOBO U23 Pro v2 Data Logger (Onset Computer
Corporation, Inc., Massachusetts; Range: Temperature: -20
to 70 °C, RH: 25 % to 95 % RH, Accuracy: Temp: ± 0.53 °C
from 0 to 50 °C, RH: ± 3.5 % from 25 % to 85 % over the
range of 15 to 45 °C, ± 5 % from 25 % to 95 % over the
range of 5 to 55 °C). The HOBO U10 Data Logger of the
same producer, placed near the cave entry, was used for
measurement of external air temperature and relative
humidity. For specification of the measurement methods,
the Methodic of monitoring of microclimatic conditions in
cave systems (Hebelka et al. 2011) was used.
Data processing was performed by softwares: HOBOware
lite, Microsoft Excel and STATISTICA.

4. Results
Temperature and air humidity measurements have proven
great influence of seasonality. External air temperature
ranged between -18.5 °C and 32 °C, external air humidity
between 34 % and 99 %. In Ice passage the highest air
temperature was 2.7 °C and the lowest -1.0 °C, and air
humidity ranged between 67 % and 100 %.
Based on temperature and humidity measurements in the
cave, the monitoring period was divided into five periods
characterized by values and changes of measured
parameters. Between these periods there were yet four
transitional periods, when characteristics of temperature and
air humidity were changing.
1st Period: constant temperature and air humidity. This
period lasted from the onset of measurement to November
18, 2011. During this time interval there was constant air
temperature 2.6 °C and constant air humidity 100 %.
2nd Period: slow decrease of air temperature, constant air
humidity. This period lasted from November 21, 2011 to
January 24, 2012, in total of 65 days. Air temperature during
this period decreased by 0.97 °C from 2.6 °C to 1.6 °C, the
mean daily decrease being 0.015 °C. In the whole period
air humidity was 100 %.
3rd Period: rapid decrease of both air temperature and air
humidity. This period lasted from January 28, 2012 to
February 12, 2012, in total of 16 days. Air temperature
decreased during this period by 1.9 °C from 1.5 °C
to -0.4 °C, the mean daily decrease being 0.12 °C. Air
humidity decreased by 31 % from 100 % to 69 %. Mean
daily decrease of humidity was 1.95 %.
4th Period: medium decrease of air temperature, rapid
increase of air humidity. This period lasted from Februray
13, to 24, 2012, in total of 12 days. Air temperature
decreased during this period by 0.6 °C from -0.4 °C to
-1.0 °C, the mean daily decrease being 0.06 °C. Air
humidity increased from 68 % to 85 %. Mean daily increase
of humidity was 0.8 %.

Figure 1. Scheme of air circulation in the Stará Rasovna – Piková
dáma cave system (winter). +, - describe plus and minus
temperatures in the cave (section after Vít 1998).

5th Period: it is characterized by a long and slow increase of
air temperature and four different changes of air humidity.
This period lasted at least until the end of measurement, i. e.
75 days. Temperature increased from 1.0 to 1.1 °C, the
mean daily increase being 0.03 °C. From the viewpoint of
air humidity, this period can be further divided into four
parts. The first one lasted one day, February 25, 2012, when

3. Methods
Air temperature and relative humidity were measured due
to character of the cave during winter season from
November 13, 2011 to May 9, 2012. Measurement interval
was set on 15 minutes. In the Ice Passage was located
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air humidity increased by more than 5 %. The second part
lasted 19 days from February 26 to March 15, 2012, when
air humidity increased from 88 % to 95 %, on average by
0.3 % daily. The third part lasted 32 days from March 16 to
April 16, 2012, air humidity increased from 95 % to 100 %,
on average by 0.2 % daily. In addition to slow increase,
regular daily cyclical variation of air humidity by approx.
1 % is characteristic for the third part. The fourth part started
on April 17, 2012, when air humidity 100 was measured,
which has not changed.

The lowest temperature measured in our study was -1.01 °C
(Feb. 23, 2012). Vít (1998) presents minimum temperatures
most frequently during February and March with values
-5 °C to -6 °C. Krbeček (in Vít ed. 1998) presents lowest
measured temperature -7.1 °C in 1985, -4.1 °C in 1986,
-6.1 °C in 1987 and 1.4 °C in 1988. Such low temperatures
have not been measured in the year 2012. The main causes
may include too short duration of low external air
temperatures. It cannot be excluded, that some of the floods
in past years has also changed the situation in air
circulation.

These five periods were separated by four transitional
periods, which were short-term and they have no key
importance from the viewpoint of total measurement
duration. Parameters of temperature and air humidity were
changing during these periods and they cannot be
unequivocally described. Duration of the first period was
two days and duration of the second period was three days.
The third and fourth transitional periods were shorter than
one day and they were included into major periods.

The lowest air humidity of 67 % was measured on Feb. 13,
2012. Krbeček (in Vít ed. 1998) documents lowest air
humidity of 50 % (Jan. 6, 1985), in following years he
measured lowest humidity values of 85 %, 69 % and 94 %.
It is possible, due to short duration of the lower humidity,
that in case of measurement only in certain interval the
lowest value of air humidity is not recorded.
The most important factor influencing temperature and air
humidity in the cave is the external air temperature. The
first period, when climatic parameters in the cave do not
change, can be regarded static. For the dynamic air
exchange in the cave to happen, temperature on the surface
must change. Then, besides low temperature also works
together inertia of the air mass flowing through the cave,
and surface air temperature is not the only criterion of air
exchange.
The second period characterized by slow decrease of air
temperature and constant air humidity in the cave begun
November 22, 2011. External temperatures in the beginning
of period decreased below -2 °C for the whole day and
dropped down to -5 °C. In course of the second period
temperatures ranged between +8 and -9 °C, but most of the
time varied around zero. The external air humidity in this
period ranged between 70 % and 100 %. These conditions
led to intensive air circulation in the cave and changed the
cave character to the dynamic one.

Figure 2. Relative humidity in the cave.

In the third period both air temperature and air humidity in
Ice passage rapidly decreased. In the beginning of period
external temperature dropped below -10 °C and did not rise
above zero. In following days the lowest diurnal
temperatures ranged between -14 and -18 °C and the highest
ones between -4 and -11 °C. This period and its length 16
days had the major influence on the temperature and
humidity decrease. Vít (1998) states, that “During a
common winter the space of the Ice Passage begins to
freeze after roughly one-week lasting nocturnal frost
stronger than -10 °C.” The length of such a period can be
regarded as the decisive factor of the overall decrease of
temperature and humidity in the cave.

Figure 3. Temperature in the cave.

5. Discussion

During the fourth period occurred medium decrease of air
temperature and rapid increase of air humidity. This period
was shortest and lasted only 12 days. External air temperature
varied near zero, from +5 °C to -12 °C. The external air
humidity rose and ranged between 60 and 100 %.

The Ice Passage of the Piková dáma Cave was objected to
temperature and humidity measurements already in the past
(Štogr and Kučera 1997; Vít 1998). Common thermometers
and Assman aspiration psychrometer were used,
measurements were not continual, nevertheless they give
good material for comparison. Based on these
measurements authors assumed, that the Ice passage begins
to freeze, when the frost stronger than -10 °C occurs daily
for ca. one week.

During the last fifth period, the temperature in cave did not
decrease, but, in contrast, increased. This increase was
small, however continuous and it can be assumed, that
temperature kept rising after the end of measurement too.
Another measurement continues, however it has not been
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evaluated until submission of this paper. During the fifth
period in the beginning of April (4, 2012) temperature
surpassed 0 °C and since this date the ice decoration
practically could not form. If a decoration had appeared
prior to this date, it begun to melt.

increases determined in this way corresponded to the
records in excursion day book, these small temperature
increases can be related to influence of the visitors. If the
opened cave entrance should have impact, the temperature
should probably decrease. No influence of visitors on air
humidity in the cave was realized.

Although the fifth period was homogenous from the
viewpoint of air temperature, it can be divided into four
parts from the viewpoint of air humidity. In the first part,
lasting one day, air humidity steeply rose by 5 %. Due to
the fact that this day temperature as well as humidity was
similar to previous days, the cause of this “jump” cannot be
unequivocally determined.

6. Conclusions
The Piková dáma Cave is a cold static cave, which probably
as the only karst one in the Czech Republic has ice
decoration in certain part of the year. From that reason it
became object of humidity – and air temperature
measurements in its coldest part, the Ice passage. These
measurements operated in the past already, however they
were not continual due to the technical equipment. Today’s
equipment is able to measure temperature with step 0.02 °C
and to record all changes. Measurements processed in this
article proceeded in the winter season from November 13,
2011 to May 9, 2012 with interval of 15 minutes.

The second interval of the fifth period is characterized by
gently increase of temperature and air humidity in the cave.
Within 19 days, nearly regular increase of measured values
begun. Temperature of external air in this period was mostly
above zero, ranging between -10 °C and +10 °C.
In third part of the fifth period besides gradual rising of
temperature and general increase of humidity also regular
diurnal variation of humidity roughly by on percent
occurred. This variation exactly corresponded to the
variation of external air humidity, which varied between 20
and 100 %. Based on these simultaneous changes it can be
assumed, that during this period air in Ice passage was
influenced by the air from surface too. External air
temperature in this period was above zero, on average
around 5 °C. It decreased rarely down to -5 °C and
increased above +20 °C.

Authors, who measured temperature and humidity in the
locality of interest earlier, assumed that for freezing of the
Ice Passage, external temperatures dropping bellow -10 °C
each night for at least one week are necessary. This
assumption has been confirmed, however it is not the only
one. In the monitoring period as low temperatures as in the
years 1985–1987 (down to -7.1 °C) were not reached. The
lowest temperature measured was only -1.0 °C. In addition
past measurements recorded lower minimum values of air
humidity: 50 % compared to 67 % measured in this study.
Two causes of this fact can be assumed: shorter period of
low temperatures and change of the situation in air
circulation as a consequence of some of past floods.

During the fourth part of the fifth period air humidity
increased to 100 % and more changes have not been
recorded. External air temperature in this interval only
exceptionally decreased bellow zero, however it reached up
to +30 °C.

Five different periods were identified in the Ice passage. The
first one, when climatic parameters in the cave do not change,
can be considered static. As soon as the external temperature
decreased bellow -2 °C for the whole day, the second period
started, characterized by slow decrease of air temperature and
by constant air humidity. Third period is the most important
for freezing of the cave. After external temperature dropped
bellow -10 °C, rapid decrease of both air temperature and air
humidity started. In the course of fourth period the decrease
of air temperature slowed down and a rapid increase of air
humidity begun. External air temperature varied around zero.
In the fifth period temperature slowly increased and humidity
increased to 100 %.

The Piková dáma – Spirálka cave system is relatively
frequently visited. Thus the question suggests itself, what
influence do the visits in cave have on the temperature and
air humidity. The study of the Excursion day books and
evidence of all visits in the cave represented the first step
to evaluate the influence of visits in the Ice Passage.
Sudden, short-term and uncommon temperature increases
were identified in the temperature data. The interest was
concentrated mainly on non-working days, when the most
of visits happen. The influence on temperature and humidity
changes in the cave can be assumed by the presence of
persons in limited cave room as well as by opening the
entrance, when the port is enlarged from the the size of
25 × 45 cm to the whole diameter (1 m) of the entrance and
enables easier air flow.

In the monitored period the conditions suitable for the
appearance of ice decoration existed for relatively short
time and finished in the beginning of April. At rare visits in
the cave, ice decoration has not been recorded. The visits
had only small and short-term influence on changes of
humidity and air temperature in the cave.

During the measurement, 19 accesses into the Ice Passage
were registered, only three accesses happened in working
days. The greatest temperature increase of 1.09 °C, occurred
on November 20, 2011 and lasted for 1.5 hour. This
measurement, however, was intentionally influenced by
visitors, who increased temperature of the sensor by their
breath. Mean increase of air temperature caused by visitors
in other 18 cases was 0.13 °C. The smallest measured
temperature increase was 0.05 °C and the largest one
0.31 °C. The observable temperature alteration lasted on
average 1.2 hour, the shortest one lasting 0.5 and the longest
one 2.25 hours. Due to the fact, that most of temperature

The measurements described enabled a continual
monitoring of temperature and humidity in Ice passage of
the Piková dáma Cave. Due to close dependence on external
conditions it is possible, that in other years lower
temperature and humidity will be reached. In connection
with other parameters, only further measurements may
answer that.
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1

Abstract. Costa Rica is a country of high seismicity and several earthquakes affected the caves of the country, particularly
the event of September 5, 2012 of 7.6 in the seismologic scale of magnitude/moment hit the country and has had effects
in the caves of Barra Honda National Park. The earthquake originated at 08:42 local time (UTC-6) and its epicenter was
located 8 kilometers from Sámara in the province of Guanacaste (about 33 km from Barra Honda). It is considered the
second largest earthquake in the history of Costa Rica and with the inspection fractures were observed in stalactites, the
collapse of part of the roof, the “bombardment” of the walls, that can all be clearly attributed to the earthquake. The purpose
of the study was to observe the effects of the earthquake in the Terciopelo Cave, to determine whether there is a risk to
tourist visitation and the recommendation has given to close part of the sections of the tour where structures were seriously
affected. Glass platelets have been installed to control fractures and the basis for future studies and monitoring of affected
speleothems has been established.
Resumen. Costa Rica es un país de alta sismicidad y varios terremotos registrados han afectado las cuevas del país, en
particular el evento del 5 de septiembre del 2012 de 7,6 grados en la escala sismológica de magnitud de momento que
golpeó al país y que ha tenido efectos en las cuevas del Parque Nacional Barra Honda. El sismo se originó a las 08:42
hora local (UTC-6) y su epicentro se localizó a 8 kilómetros de Sámara en la provincia de Guanacaste (a unos 33 km de
Barra Honda). Es considerado el segundo terremoto más fuerte en la historia de Costa Rica y con la inspección se han
observado fracturas en estalactitas, el colapso de partes del techo, el “bombardeo” de las paredes que se pueden claramente
atribuir al evento sísmico. La finalidad del estudio ha sido observar los efectos del sismo en la caverna Terciopelo, para
definir si existe riesgo para la visitación de turistas y se ha dado la recomendación de cerrar parte de las secciones del
recorrido donde se encontraron estructuras seriamente afectadas. Se han instalado plaquetas de vidrio para control de
fracturas y se han establecido las base para futuros estudios y un monitoreo de los espeleotemas afectados.

1. Introduction

height reached by the waves was between 2 and 4 m. There
are stories from locals and those who lived near the river
mouths about the impact of the tsunami on coastal daily
activities.

The Barra Honda National Park (PNBH) was created by
Law No. 5558 of August 20, 1974; it consists of a large
limestone cave system, located in the Barra Honda and
adjoining hills, with a maximum altitude of 423 m, located
22 km northeast of Nicoya, in the province of Guanacaste.
The protected land has an area of 2,295.5 hectares. At least
40 caves have been identified in it, among them Santa Ana,
La Trampa, Pozo Hediondo, Nicoa, Terciopelo and La
Cuevita caves. The latter two are used for the entry of
tourists.

2. Background
Most of the recognized karst phenomena that occur in the
Tempisque area of the province of Guanacaste developed
in the limestone of the Barra Honda Formation, consisting
of “platform limestones” (Mora 1981; Calvo 1987), to
which Bandini et al (2008) assigned an Upper Paleocene
age. The karst of this area is characterized by the presence
of “Mogotes”, which stand isolated on the immediate plains
and have significant colluvial deposits that smooth their
morphology. Also present are lapiaz fields, conical karst,
travertine waterfalls, sinkholes, Resurgences or springs,
blind streams and caves (Wells 1974; Mora 1978 1981;
Rivier 1983; Hempel 1989; Goicoechea 1989).

On October 5, 1950 took place an earthquake in the Nicoya
Peninsula, as a result of the subduction of Cocos Plate
beneath the Caribbean Plate, which reached a magnitude of
7.7 on the Richter scale. It is the largest magnitude
earthquake recorded in Costa Rica in the twentieth century.
Events like this had happened in the years 1853 and 1900,
in periods of about every 50 years.
This earthquake caused a sharp rise along the west coast of
the Nicoya Peninsula, between Cabo Velas to the north and
Cabo Blanco to the south. In this subject there are stories
of neighbors indicating the lifting the coast at about one
meter between Samara and Nosara (Marshall and Brenes
1989; Marshall and Anderson 1995, cited by Protti 2001, p.
48, p. 73). Another effect that characterized this earthquake
the generation of a small tsunami, observed on the west
coast of the peninsula; it is estimated that the maximum

In this karst area, 40 caves have been recognized and
registered in the National Karst Registry (RKN), which is
run by the Anthros Speleological Group (GEA). The caves
of Barra Honda present a significant vertical development,
with a large number of pits and are mostly controlled by
fractures and faults (Mora 1981). The wells are
characteristic of the vadose zone and usually are blocked
by mud and rocks at depth and so far the water table has not
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been reached (Hempel 1989). The deepest well registered
is the “Santa Ana-Pozo 110” System, with -125 m (Hapka
et al. 1992). There’s presence of stalactites, stalagmites –
(usually white, but colors range from orange to red) – large
flowstone columns, pillars and calcareous pearls, among
other speleothems (Mora 1981; Hempel 1989).
The “Terciopelo” Cave (RKN registration number CR009)
is located in the south-eastern highlands of “Cerro Barra
Honda”, in the National Park of the same name. This cave
was discovered by the Speleological Group of the
Mountaineers Club of Costa Rica (GE.CMCR) on February
23, 1968. Currently “Terciopelo” and another small cave,
“La Cuevita”, are the only two whose tour is authorized by
the National Park’s Administration.
During March 2003, the Anthros Speleological Group
(GEA) conducted a study of the conditions of this cave,
constructing also the trails through which the visitors must
travel. The work was complemented by the design and
installation of a metal ladder that helps to descend the
entrance pit of -17.40 m. They also generated and delivered
the respective “Use and Maintenance Guide” for the
facilities. In March 2004, the GEA visited the cave in order
to inspect the staircase; this visit revealed an inadequate
maintenance of the structure and a detailed report was given
to the PNBH administration. In May 2006, the GEA
elaborated the “Study of the Supporting Capacity of
Terciopelo Cave”. They have also produced several
Inspection Reports of the facilities constructed, besides
giving Training Courses to the authorized Park Guides.

Figure 1. Map of seisms posterior to the Nicoya 05 September,
2012 earthquake (Source: OVSICORI, September 20, 2012).

3. Justification
To ensure the safety of tourists and the staff of the PNBH
after the strong earthquake of September 5, 2012 in the
Nicoya Peninsula, the Park’s Administration requested
Anthros Speleological Group to conduct a preliminary
visual inspection of the area and of the caves subject to
visitation and their facilities, in order to identify potential
risks in the structure of the cave, make safety
recommendations and other elements considered relevant.

2.1. Earthquake of September 5

4. Methodology

On September 5, 2012 there was an earthquake of = 7.6 Mw
on a portion of the fault that lies beneath the Nicoya
Peninsula. The quake struck at 8:42 local time and was felt
throughout the country, with reports of the earthquake
reaching even as far as Nicaragua. The Nicoya peninsula
had been recognized as a “seismic gap” in which since
October 5, 1950 there was no release of energy in the form
of a large earthquake, as occurred on September 5, 2012.
Much of the work of recognition of the Nicoya seismic gap
was conducted by scientists of the Volcanological and
Seismological Observatory of Costa Rica National
University (OVSICORI-UNA) in the early nineties and
since then a follow-up of its development over the Nicoya
peninsula has been conducted.

A specific study methodology was designed, consisting of
10 consecutive and independent steps, in order to guide the
analysis and start monitoring (Didonna 2013). The overall
focus of the inspection was the direct observation and
measurement of various parameters at different points
inside and outside the cave. Also evaluated was the current
status of the cave’s entrance ladder. To do this we used the
following tools and supplies: altimeter, GPS, clinometer,
topographic tape, digital camera, topographic map of the
cave, area map, glass platelets 2,6 × 7,6 cm and contact
cement, field notebooks and of course, full caving
equipment.
The field team, composed of cavers Gustavo Quesada,
Antonio Paz, Mariángela Vargas and Esteban Zárate entered
Terciopelo cave on September 23 at 8:30 am, accompanied
also by Dorian Méndez (Park Manager) and Yow Cardenas,
a guide member of the Park’s Guides Association. The team
split into two: Team 1, composed by G. Quesada and M.
Vargas inspected the cave, starting with Room No. 1,
establishing a security zone in case of earthquake and venue
and then proceeded to inspect the cave’s morphology.
Dorian and Yow joined this team, showing some findings
obtained in their visit a couple of days before. Team Nr. 2,
composed of A. Paz and E. Zárate made an inspection of
the structure and anchors of the entrance ladder. They all
came out of the cave at 13:30, being notified of an
earthquake that was felt very strongly in the foothills at
9 am. None of the participants felt this quake; it is

At 5:30 pm on Wednesday, September 5 the number of
registered aftershocks with magnitudes greater than 2.0 was
230. A greater magnitude replica was recorded at 9:12 am,
with a magnitude of 4.7. At 4:11 pm there was another
aftershock of magnitude 4.6. Five days after the earthquake
the seismic network (OVSICORI-UNA) had registered a
total of 1,450 aftershocks. From 4:00 pm on September 8
to 10:00 am on Sunday, September 9, 2012 the automatic
earthquake system had registered a total of 200 movements,
most of them with magnitudes between 2 and 3 degrees,
located mainly in the province of Guanacaste. The replica
of greatest magnitude occurred on Saturday September 8 at
2:29 pm, with a magnitude of 5.6 degrees, 14 miles
southwest
of
Sámara
(Source:
OVSICORI,
http://www.ovsicori.una.ac.cr/ – Amended by the authors).
361

Karst and Caves: Social Aspects and Other Topics – poster

2013 ICS Proceedings

considered relevant to include this data, because apparently
there was a decrease in the energy that allowed this shock
to be isolated in the core of the mountain.

Figure 3. Map of the cave with the location of the findings (Source:
Anthros Speleological Group).
Figure 2. Examples of speleothems affected during the tectonic
movements. Legend: From A to D, “a” indicates rupture by seism
or displacement of speleothems by fracture and “b” indicates new
formations growing around old fallen speleothems (Source: Forti,
2001).

5.1. Surface Inspection
During the climb to the cave there was no significant
alteration in the surface morphology that could be related
to recent seismic activity. Team 1 conducted an inspection
around the entrance of the cave for possible landslides,
boulders, unstable rocks or other hazards. There was a zone
of instability located at coordinates N 1139988 and 1561200
E (WGS 84, error of ± 4). The area corresponds to an
opening on the cave’s roof, through which were introduced
cables from a solar panel placed near the site to provide
illumination to the cave. Near the said opening there are
loose rocks 30 to 40 cm in diameter that could eventually
fall into the cave. Furthermore, a relatively unstable rock
was found in the middle of the opening. Also noted was an
unstable rock, which could be a risk to people entering the
cave. The possibility of moving it with levers was
discussed, but it could destroy the ladder when falling (see
Fig. 4).

4.1. “Terciopelo” Cave
The cave was entered by a means of a rope placed next to
the entrance stairs. During the vertical descent, we verified
for the possible presence of cracks or unstable blocks, and
made a quick inspection of the state of the ladder itself.
Once inside the cave a preview tour was conducted to
determine a security zone in case of an earthquake during
the inspection and to define the most relevant sites.
Afterwards a more detailed inspection was carried out,
looking for formations such as stalactites, stalagmites,
curtains or others presenting obvious fractures or
differences in their alignment to determine possible shifting
or landslips (see Fig. 2).
In addition, observations were made of blocks, rocks and
other items that might have recently fallen. Particular
interest was given to the presence of fragments, powder or
white surfaces that would indicate the recent breaking of
the block, rock or formation. For very obvious cracks a
description was made (location on map and size) and a glass
plate of 2,6 × 7,6 cm was installed, using an epoxy resin.
The plate was installed perpendicular to the direction of the
crack, so that it can detect any movement of the blocks
separated by the crack, if the plate is broken. Topography
tape was placed with the platelet number to identify it. Each
relevant point observed or where a plate had been placed
was marked in the map and photographed.

Figure 4. Zone of instability in the surface near the cave entrance:
unstable rock that may fall inside the cave (Photo: G. Quesada).

5. Results
The Terciopelo Cave reaches a depth of -41 m and its
longitudinal development is 134.60 m. It extends along two
main axes, one with an east / west direction and the
secondary with an N 45° E azimuth. It has two main Rooms
and another which is an apophysis of the first; the cave
contains a profusion of varied speleothems of a wide range
of form and style (Source: National Karst Registry, GEA).

5.2. Internal inspection
A traverse through the three rooms that make up the cave
was done, looking for cracks, fissures, recent changes in
morphology, landslides and collapses, among others.
Additionally speleothems were observed in search of fresh
fractures. We identified a total of six sites within the cave
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Fractures in a column. On location Nr. 6, in Room No. 3, a
recent crack in the base of one of the columns of the well
known formation called “The Organ” was located. This crack
in its base is 2.5 mm wide and a glass plate was placed to
monitor future changes. Additionally, a crack was observed
in the upper section of the same column, which endangers
the total detachment of the column (see Figs. 7, 8).

6. Comments
According to Gilli (Gilli 1994) in Barra Honda recent
movements are observed due to:
Figure 5. Evidence of collapse from the roof in Room No. 1
(Photo: G. Quesada).

Figure 6. Evidence of collapse from the roof in Room No. 1:
Broken rock surface located on the floor of the cave (Photo: M.
Vargas).

that definitely show recent changes that can be attributed to
the effects of the earthquake. The places where these sites
are located are identified in the cave’s planimetric map (see
Fig. 3).
Fallen rocks were observed on the floor of the eastern
section of the Hall 1, near the foot of the staircase (Location
No. 1, Fig. 3), due to the impact of a stalactite that fell off
the roof, crashing to the ground. Nearby, in the Location
Nr. 2 (Fig. 3) a broken rock of recent aspect was located;
this type of damage is considered minor but should be
quantified and taken into account in the final report.

Figure 8. Complete details of the cracked column on both sides of
the formation known as “The Organ” (Photo: G. Quesada).

• The tilting of stalagmites, falling of stalactites, the
collapse of parts of the roof and the “bombardment” of the
walls are all attributed to seismic events.
• A quick collapse of the circulation reflects a regional
uplift.

Fractures in the walls: there is a 30 mm crack in the wall in
Location Nr. 3. At this location a glass was installed to
monitor any future changes in the crack. In the Location
Nr. 4 (Fig. 3) a 4 mm crack was found in a formation and a
glass plate was installed to monitor any future changes.

• Changes in the direction of the axis of growth of stalactites
and stalagmites or changes in flow direction may reflect
a regional tilt.
• Fault movements result in the fracturing of the
speleothems and changes in the sections of the galleries.
In this study a purely qualitative analysis of Terciopelo cave
has been performed, which was done at the request of the
Park’s Administration, without any retribution for Anthros,
to give a general idea of the overall condition of the cave
and of the existing staircase. Indeed part of the phenomena
mentioned by Gilli has been observed and this inspection
is a starting point for future specific studies. The comments,
conclusions and observations are made based on the

Figure 7. Left: Fissures in one of the columns of “The Organ”, in
Room Nr 3. Right: Marking of the inferior fissure in a column of
“The Organ”.
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The religious use of caves is an integral part of Buddhist culture. Seeking refugee in the interior of caverns for meditation
is an ancient practice, dating back to the life of Siddartha Gautama. This paper focuses on studying some aspects of the
geographical distribution of Buddhist cave-temples, especially in Asia, exploring its association with dominant schools
and geological features. Results reveal an uneven geographical distribution, not accounted for by the size of countries,
nor their population, much less by the historical dispersal of Buddhism. Physical feautes, in turn, play a major role in the
geography of Buddhist cave-temples.

1. Introduction

up to millions of peoples spread throughout the world, but
with a very strong presence on the Asian continent.
Buddhism is not a monolithic entity, but a family of
religions and philosophies. As it spread geographically it
incorporated many aspects of local cultures, thus producing
a vast array of schools and sects.

There are many historical evidences of caves being used for
contemplation, meditation and spiritual elevation
worldwide. In fact important religious figures spent crucial
moments of their personal lives, marking the history their
religions, inside caves giving rise to a rich and colorful
tradition of religious use of caverns.

Estimates on the number of Buddhists worldwide range
between 230 and 500 million people (Adherents 2012), fact
that makes Buddhism one of the most expressive religions,
congregating not less than 6 % of the world population,
falling short of Christianity (32 %), Islamism (19 %) and
Hinduism (13 %) (Religious Tolerance 2012). Nonetheless,
Buddhists are not evenly distributed as the largest
populations are found in China, Japan, Thailand and
Vietnam.

Zoroaster during the 7th Century B.C. developed the habit
of seeking refugee inside certain caverns of ancient Persia
in order to meditate, and many of these reflections were
recorded in the holy book of Avesta (Cervantes 2011).
Caves were also relevant in the development of the JudaicChristian tradition, as the Dead Sea scrolls, for instance,
were found inside the caves of Qumran. It is also worth
pointing out that in response to the Roman persecution
many of the first Christians sought refuge inside the caves
of Cappadocia (Travassos 2011).

The historical figure of Siddhatta Gautama, also known as
the Buda, did not registered its ideas, but its teachings were
passed on orally for many centuries, being formally recorded
by some of his followers at least four hundred years after its
physical passing. His teachings contemplate psychological,
philosophical and moral aspects and the Buda is customarily
portrayed as a master, a thinker, a wise man and sometimes
even as a scientist (Silva & Homenko 1978).

Mohamed also developed the habit of meditating inside the
cave of mount Hira, where he received from angel Gabriel
the first verses of Koran as vastly registered in the literature
and by Cervantes (2011) and Travassos (2011).
There are also strong historical evidences that Siddhartha
Gautama, the founder of Buddhism, spent decisive
moments of his live inside the caves of NW India, where
he meditated about the nature of human suffering (Fig.1).
The practice of meditation inside caves became a relevant
aspect of Buddhism, giving rise to the construction of
numerous the cave-temples throughout the past 2,500 years
in various parts of the world. This paper brings preliminary
results of a survey of the most relevant Buddhist cavetemples seeking to map their location and classify them
with respect to predominant geological features and
associated Buddhist schools.

The three major schools of Buddhism are Theravada,
Mahayana and Tibetan. These schools represent different
expressions of the teaching of Buddha. The separation of
schools can be traced back to the year 383 B.C. when the
second Buddhist council took place in India demanded by
the growing conflict about the interpretations of Buddha’s
teachings, in which a group of monks demanded the
relaxation of monastic rules. For the traditional group, the
Theravadins, Buddha was a human being who achieved
enlightenment – a deed possible as long as monks followed
the monastic rules established during the first Buddhist
council. Thus, the Theravada school, also known as the
Teachings of the Elders and Hinayana, is associated with
Southeast Asia, being found especially in Sri Lanka,
Cambodia, Laos, Burma, and Thailand. This is the eldest
and probably the closest to Buddha’s original teachings
(Humphreys 1990).

2. Geography of Buddhism
Buddhism is a religion developed in Northeast India
approximately 2,500 years ago. Nowadays its adherents add
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Figure 1. Location map of some Buddhist caves in Asia.

On the other hand, a dissident group named
Mahasamghikas understood the traditional monastic ways
as individualistic and selfish, proposing monastic rules less
rigid and accessible to a larger group of people (Humphreys
1990). The Mahayana school, also known as the Great
Vehicle encompasses a vast array of sub-groups ranging
from the Pure Land sect, whose essential teaching is that
salvation can be attained only through absolute trust in the
saving power of Amitabha, longing to be reborn in his
paradise through his grace, which are found in China, Korea
and Japan, to the Ch’an and Zen Buddhism of China and
Japan, which are basic meditation schools. According to
these schools, to look inward and not to look outwards is
the only way to achieve enlightenment, which to the human
mind is ultimately the same as Buddhahood.

a location map was produced and superimposed upon
geological maps in order to collect data on the predominant
types of rocks upon which cave-temples were erected.
Results are presented in table and cartographic formats.

Although some consider it as part of the Mahayana
tradition, Tibetan Buddhism includes elements of the
Buddhist doctrine and preexisting shamanism and
indigenous animism that is practiced in the Himalayas of
Tibet, Bhutan, Nepal and northern India (particularly in
Arunachal Pradesh, Ladakh, Dharamsala, Lahaul and Spiti
in Himachal Pradesh, and Sikkim), but it is also present in
Mongolia and certain parts of China and Russia.

Table 1. Number of Buddhist caves by country.

4. Results
Results indicate a tremendous variation in the spatial
distribution of Buddhist caves. Overall, Thailand holds the
largest number of cave-temples, comprising 27 of such
religious features; followed by India with 20 cave-temples.
China holds 14 cave-temples; Laos counts on 12; while
Burma and South Korea hold 9 each; Sri Lanka 2; and
Taiwan one single cave-temple (Table 1).

Country
Thailand
India
China
Laos
Burma
South Korea
Tibet
Nepal
Sri Lanka
Taiwan
Total

3. Methods
In order to accomplish the goals of this paper a thorough
search was conducted in the web and Buddhist publications
in order to identify major cave-temples worldwide.
Throughout this process geographical location and Buddhist
affiliation of each cave-temple were recorded. Eventually,

Total of caves
27
20
14
12
09
09
03
03
02
01
100

Curiously, the vast majority of cave-temples were
developed in carbonate rocks (78), followed by basaltic
rocks (9), granitic rocks (6); sandstones (4), and
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conglomerates (1). We were also able to identify at least one
major artificial cave (Table 2).

Based on this historical account it would be expected that
India, Sri-Lanka and Central Asia, more specifically what
is today known as Afghanistan, to hold the largest number
of Buddhist cave-temples. Nonetheless, Thailand once
again overshadows the other nations.

Table 2. Number of Buddhist caves by rock type.
Rock type
Sandstone
Limestone
Basalt
Carbonate
Granite
Conglomerate
Not applicable
(man made)
Total

Total of caves
04
73
09
06
06
01

When we turn to the types of rocks upon which Buddhist
cave temples were erected one gains an important
perspective on understanding why Thailand, with much
smaller population and territory and a much younger
Buddhist tradition displays such a prominent role in the
geographical distribution of cave-temples. As the vast
majority of such caves fall in carbonate areas, southern
Thailand has the vast majority of its territory under the
influence of Karst features, partially explaining why the
country has such a noticeable concentration of cave
temples.

01
100

It is also worth mentioning that among the predominant
Buddhist schools, 53 were devoted to Therevada; 27 to
Mahayana; and 12 to its Tibetan version (Table 3).

This overall understanding is amplified when we add the
results on predominant schools of Buddhism associated
with surveyed cave-temples. As Theravada is the
predominant form of the Buddhism in Thailand, and since
Thailand holds the largest number of cave-temples it is
natural that most Buddhist caves follow the Theravada
tradition.

Table 3. Number of Buddhist caves by Buddhist Tradidion or School.
Buddhist tradition
Therevada
Mahayana
Tibetan
Ajivaka
Nyingma
Zen
Various types
Total

Total of caves
55
28
12
01
01
02
01
100

6. Conclusions
Preliminary results indicate that Buddhist cave-temples are
unevenly spread throughout the Earth, being heavily
concentrated in the Asian continent, most specifically in its
southeastern corner. This uneven geographical distribution
cannot be explained by country size or population, much
less by the history of Buddhism and its dispersion. Instead,
this distribution is associated with two important features:
the presence of karstifiable rocks and the Theravada
Buddhist tradition.

5. Discussion
Preliminary results suggest that total population and the
cheer size of countries are not determinant factors in the
geographical distribution of Buddhist cave-temples.
China and India, although displaying considerable amounts
of such features are overshadowed by Thailand, a country
with much more modest population and territory.

This unequivocal association adds empirical evidence to the
Geographical Possibilist approach, which faces nature as a
provider of innumerous possibilities and stimuli for human
populations. According to the approach these possibilities,
in turn, will be explored by social groups depending on their
own culture, values, and technology.

Another aspect which seems to play a secondary role in this
distribution is the history of Buddhism and its diffusion
throughout the world. Buddhism spread slowly from
Northeast India, first penetrating the neighboring territories
of south-central India between the 5th and 2nd centuries B.C.
With Emperor Asoka’s proselytism Buddhism reached Sri
Lanka in the years 200 B.C. Following the Silk Road the
religion reached the Bamiyan valley during the same time
(Diniz 2010).

Karst landscapes and their associated physical features offer
Buddhists a vast array of opportunities to exercise an
important aspect of their religious tradition, initiated by
Lord Buddha himself millennia ago: that of meditating
inside caves.

From then on two important eradiating centers were
developed. One in Central Asia from which Buddhism
spread to China in the 1st century A.D., and from there
reached Vietnam in the 2nd century A.D., Korea in the 4th
century A.D., and from Korea it arrived in Japan in the 6th
Century A.D. Tibet experienced Buddhist influence only
during the 7th century A.D.

It is also important to mention that in this brief paper, many
cave-temples are still missing and some of them needing
confirmation of their location, especially in Southeast Asia
and China.

The second important eradiating zone was developed in SriLanka from where the Hinayana tradition reached Myanmar
during the 5th century A.D. and Indonesia, during the 6th
Century A.D. Thailand and Cambodia were only influenced
by Buddhism much latter, respectively during the 9th and
13th century of the Christian Era (Diniz 2010).
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Figure 2. Location map of some Buddhist caves by Tradition or School.
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IMPROVEMENT OF CAVING AS A FORM OF PHYSICAL ACTIVITY
Natalija Mihajlović
Serbian speleological sports federation, st. Zmaja od Noćaja, N◦ 9, Belgrade, office@ssss.org.rs

Caving is an interdisciplinary science – sport discipline that deals with research of various underground facilities (caves,
catacombs…). Recognized as specific sports skills and complex belongs to the so-called extreme sports, and a prerequisite
for practicing this skill the appropriate level of general fitness. In the literature there is little information about spelunking
in terms of physical activity, and physical condition of cavers should be improved through various training models.
In this research we used the method of theoretical analysis, which includes search available literature dealing with the
analysis of caving in terms of physical activity.
Theoretical analysis of the available literature shows that the caving team sports skills, in which respect the sport and the
rules and principles of caving, and where there is competition with nature and with ourselves. Dealing with caving involves
knowledge of various techniques and submission prolonged physical exertion, which is not typical of many sports. Since
physical abilities is the most important cardiovascular endurance, but come to the fore strength, flexibility, coordination,
balance, agility, quickness. These physical abilities can be developed outside the field conditions, ie. simulation in terms
of characteristic ways of moving at various gyms. During the last decade developing caving – tourism, which opens the
possibility of practicing in recreational caving.
Given the small amount of information that indicate physical activity spelunking, this skill provides the ability to research
different aspects of sports, which could be favorable physical preparation methods, and led to the development of model
training. In this way, these skills will bring a number of future athletes, and increase number for recreation.
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CAVES AND PROTECTED AREAS IN SARDINIA (IT): THE EXAMPLE OF
THE GROTTA DEL PAPA CAVE SYSTEM IN THE ISLE OF TAVOLARA

1

Daniela Pani1, Selena Montinaro2, Egidio Trainito3, Giacomo Cao2
Italian Speleological Society (SSI)-FSS, Via G. d. Notti 13, 09121 Cagliari, Sardinia (Italy), daniela.pani@gmail.com
2
Centro Interdipartimentale di Ingegneria e Scienze Ambientali (CINSA), Via San Giorgio 12, 09123 Cagliari,
Sardinia (Italy), giacomo.cao@dimcm.unica.it, selenamontinaro@gmail.com
3
Egidio Trainito, Villaggio i Fari, 07020 Porto San Paolo, Sardinia (Italy), et@egidiotrainito.it

Some preliminary results of analysis of the Grotta del Papa Cave are summarised. The cave is located on the Isle of Tavolara,
a peculiar small island off the northeast coast of Sardinia (Italy). Amongst the numerous caves that noticeably characterise
the carbonate massif of the island, the Grotta del Papa Cave (GdP Cave), although still poorly studied and documented,
certainly represents the most scientifically and archaeologically valuable karst site of all Tavolara. The GdP Cave is one of
the most important Mediterranean sites for the Neolithic culture, boasting precious cave paintings; for nesting the most
important breeding Manx Shearwater population in the world and other vertebrate and invertebrate species; for the geological
and paleontological content, for the speleological features. Due to the complex accessibility to the cave (only by boat and
under favourable weather conditions), and due to the strict management policies issued by both the Marine Protected Area,
established in 1997, and the military district, since the early ‘60s, this cave has been subjected to very incomplete studies,
and its scientific and archaeological content has yet to reveal all its features. The natural frame of GdP Cave has, however,
never in the past prevented this valuable site from destruction of any sort, that over time have devastated its biological,
geological and archaeological contents. As a result of the recent military and institutional settlements, heavily limiting the
cave fruition, the damage activity is ceased, however resulting into a critical stop of all scientific activities.
The current research project, here briefly documented, is framed within the context of a systematic scientific exploration
and measurement survey, originally commissioned by the Marine Protected Area and currently carried out by a
multidisciplinary team of experts from the University of Cagliari, the CINSA, SSI and FSS, the Archaeological
Superintendence, with the valuable contribution of the laboratory of the ENEA Marine Environment Research Centre,
and the patronage of the UNESCO Italian Commission (CNI).

1. Introduction

Most of the Tavolara inhabitants were displaced in 1962,
when the NATO radio goniometric station was built on the
easternmost side of the island. The aerials are visible from
quite a distance, and that entire half of the island is currently
restricted to military personnel.

Located nearby the northeaster coast of Sardinia (Italy), the
Isle of Tavolara represents the main features of this
astonishing Mediterranean area.
Amongst the numerous caves that characterise the carbonate
massif of the Isle of Tavolara, the Grotta del Papa Cave,
although still poorly studied and documented, certainly
represents the most scientifically and archaeologically
valuable karst site of all island: a real natural speleological
laboratory. The lack of knowledge of this potentially rich
scientific natural laboratory could be only apparently
attributed to two main reasons, the first being the complexity
of accessing the cave, as it is reachable only by boat.
Moreover, as a result of the geographical configuration of
the main entrance, continually exposed to winds and sea
storms, accessing the cave is allowed only under the most
favourable local weather conditions. The second reason
relates to the fact that the cave is cartographically and
administratively included into the full protection zone
boundaries (ZONA A, in Figure 1) of the Isle of Tavolara
and Coda Cavallo Cape Marine Protected Area
classification, also including the relevance territory of the
NATO Joint Military District area, which oversees the island
since the early ‘60s of last century.
The Marine Protected Area, established in 1997, extends
from Ceraso Cape to Coda Cavallo Cape, boasting several
inlets, beaches, bays, and promontories of unrivalled natural
value (Fig. 1).

Figure 1. The Tavolara – Coda Cavallo Cape Marine Protected
Area was established on December the 12th 1997, by means of the
Italian Ministry of Environment. The area encompasses about
15,000 hectares and is divided into three zones, each with different
level of protection (from http://www.amptavolara.com).
370

Karst and Caves: Social Aspects and Other Topics – poster

2013 ICS Proceedings

The GdP Cave natural frame and its exposure to strong
winds have, however, never in the past prevented this
valuable site from destruction of any sort, that over time
have obliterated its biological, geological and
archaeological contents. As an important result of the recent
military and institutional settlements, heavily limiting the
cave fruition, the damage activity is ceased, yet resulting
into a significant stop of any scientific research.

Whilst protecting the Gulf, the Tavolara is itself very
exposed to wind: there are often strong surf and dangerous
wind vortices between Punta Timone and the Papa Cape
(Figs. 1, 2, 7).
The Tavolara island represents a proper limestone massif 5
km long and 1 km wide, with spectacular steep cliffs all
along the whole coastline, with the exception of its far
western edge. The limestone lies on a granitic-pegmatitic
bed, aged about 225 million years (Fig. 7).

The current research project is framed within the context of
an almost unprecedented systematic scientific exploration
and geophysical measurement survey, originally
commissioned by the Marine Protected Area, and at present
undertaken by a multidisciplinary team of experts from the
University of Cagliari, the Interdepartmental Centre for
Environmental Science and Engineering (CINSA), Italian
Speleological Society (SSI) and Sardinian Speleological
Federation (FSS), the Sassari-Olbia Archaeological
Superintendence, with the valuable contribution of the
laboratory of the ENEA Marine Environment Research
Centre, and the patronage of the UNESCO Italian
Commission (CNI).

The highest point, the Cannone Mount, is almost 600 m
a.s.l. Little bays and a beach occurs at each tail of the island,
Spalmatore di Fuori to the northeast, and Spalmatore di
Terra to the southwest.
The Papa Cape is the south-east head of the island.
The gigantic limestone spire on the south-easternmost part
of the island, resembling a human figure, is known as “the
Stone Sentry” or “Pope Rock.”

3. Cave description and exploration

The very first and solely scientific investigation of the
numerous Tavolara Island caves, specifically the GdP Cave
limited to its outer part, was carried out during the late 50’s
by a speleological working group managed by a keystone
person of the Sardinian speleological history, the canonical
scientist Father A. Furreddu (Furreddu et al. 1964).

The GdP Cave is located on the north-eastern coast of
Tavolara; the toponym refers to the huge limestone spire
that marks the south-eastern cape of the island, whose
double pinned shape of the top evokes the papal mitre.

Figure 2. Geographical location of the Isle of Tavolara and the Grotta del Papa Cave.

2. Geography and geomorphology

Already in the early nineteenth century this point was quite
well known and visited by foreign.

The northern most part of Sardinia, the Gallura region
encompassing the Island of Tavolara, is geomorphologically
vast and diversified, and is mainly characterised by the
occurrence of pinkish granite outcrops, quartz-feldspar
beaches, and carbonate (limestone-dolostone) reliefs of the
Tavolara and the promontory of the Figari Cape. These
reliefs represent the only limestone rock formations
occurring in the Gulf of Olbia and, together with the granitic
Ceraso Cape, form a big natural barrier protecting the gulf
against marine storms and winds, except those blowing
from the East.

The main entrance is about 100 m apart from the Papa
Cape, to the North (Fig. 2); it is currently at sea level, and
it is only accessible by boat. During the Palaeolithic period,
the sea level was approximately -15 m lower than present
(Antonioli et al. 2005), and even though during the
prehistoric phase the cave entrance certainly lied several
metres apart from the current shore line, accessing to the
cave was still a difficult task.
The up-to-now known cave development includes 5 main
settings (Fig. 3): a fairly high and peculiar portal and a wide
corridor quickly open towards the first room, which leads
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through a narrow and low corridor, to the second room.
Passing by through the corridor is made complicated by a
shallow freshwater dripping lake. Ancient pottery fragments
are spread all over nearby lake while, in the first room, a
fireplace and other Nuragic and Phoenician pottery remains
are still visible. Moreover, fragments of crushed burned
bones, as well as skeletal remains of the Sardinian pika
(Prolagus sardus), occur in several areas of the cave,
sometimes embedded into the calcite concretions. A small
entrance leads to the second room, characterised by a large
deposits of pure clay (Fig. 4).
Towards the end of the “red clay room”, to the north, a huge
stalactite helps climbing the wall to enter the last surveyed
area of the GdP Cave, a large and marvellous chamber
completely enriched by speleothemes of any sort and
beauty; excellent displays of the granitic basementdolostone and limestone contact layer, with significant
Jurassic and Quaternary fossiliferous outcrops. Moreover,
the macroscopic analysis of the e biological content of this
long lasting isolated hypogeal ecosystem has already
highlighted the occurrence of unknown invertebrate species.
A systematic and detailed biological sampling is needed and
already scheduled as one of the next project activity.

Figure 3. The GdP cave survey (A. Furreddu and C. Maxia, 1964).

sure, several sightings nearby the cave were recorded
towards the end of the ‘70s of the last century.

During the August 2012 expedition, a new development
branch has been discovered. A wide opening very closed to
the ceiling of this last chamber seems to lead to a
development with a general east-west direction. This point
indicates the currently known exploration limit of the GdP
Cave, and the starting point for the next speleological
research.

Finally, the frequent discovery of Sardinian pika (Prolagus
sardus) remains, especially skulls, should be highlighted.
Most of the bones fragments are covered or embedded
within the calcite deposits, while others are still at a
subfossil phase. The presence in this cave of the Sardinian
pika bears important implications, one being related to the
“giant rats of Tavolara” tale, completely dismissed by the
Cetti in 1700 by erroneously attributing the pika bone
remains to rats. The extinction period from Tavolara of this
lagomorph, that lived in total isolation on the island from
8,000 years ago onward is, however, still an open question.

The Neolithic paintings occurs very close to entrance in the
upper part of the northern side of the portal; a ten metres
thick deposit of breccias from the Tyrrhenian interglacial
period here forms a natural suspended terrace that, nowadays
as then, allows reaching the painted walls (Fig. 6).

4. Biology and Palaeontology
The GdP Cave biological features have been very partially
surveyed: the fauna characteristics has yet to reveal the most.
No systematic study on the fauna has never been yet carried
out and the current knowledge refers to the macroscopic
aspects only. As far as vertebrate fauna is concerned, the
cave is the preferred site for bird nesting, both for the
common wild pigeon (Columba livia) and especially for the
petrel seabird Manx shearwater (Puffinus yelkouan). Both
on Tavolara and the nearby Molara Island, this Petrel
accounts the most important breeding population in the
world, accounting the presence of about 10,000 to 13,000 of
pairs. For nesting, the shearwater chooses dark and
inaccessible niches, and in the GdP Cave the nests are
represented by small holes on the cave walls just above the
floor. The nests currently in use inside the cave are ten, while
others are settled onto hollows adjacent to the main cave.

Figure 4. Clay sampling: the red circle in the planimetric survey
indicates the analysed clay sample location.

The general knowledge of the invertebrates occurrence in
the several little openings of the cave chambers is also little,
and the scientific data available are limited.

5. Geochemistry
In August 2012 some rock samples have been collected in
several sites of the cave, from and nearby the large clay
deposits in the second chamber of the GdP Cave, with the
aim of both characterising the mineralogical and
geochemical nature of the clay deposits, and proving the
close relationship between the clay deposits available in the
cave and the clay used for paintings. This link, seemingly
obvious, is not easily acclaimed and, indeed, the first results

Bats also continuously dwell the site; no reliable data about
type of species and figures are, however, available.
The use of the GdP Cave by the Mediterranean monk seal,
as reported in some literature, is unlikely to be believed,
given the particular cave entrance context, certainly very
different from those usually populated by this pinniped. For
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Figure 5. The EDS microanalysis for the three identified areas: white area (a), light gray area (b), dark gray area (c).

of the analyses described below, seem to open new areas of
archaeological hypothesis.

radiation), scanning electron microscopy (SEM), and
electron dispersive spectroscopy (EDS) microanalysis
(HITACHI S 4000 Field emission equipped with a KEVEX
SIGMA 32 probe at a resolution of 142 eV).

Figure 4 shows the location of the analysed clay sample.
A chemical composition and the microstructure of the rock
sample were characterised by X-ray diffraction (XRD)
(Philips 1830 diffractometer using CuK Ni-filtered

To identify the main crystalline phases of the solid samples,
XRD patterns were obtained in the 2 range of 10° and 60°.
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The powders were placed on the sample holder under air
atmosphere. Figure 8 shows the obtained XRD pattern. The
detected phases are kaolinite, quartz, magnetite, iron
phosphate and iron phosphate hydroxide, aluminium
silicate and aluminium silicate hydroxide, and calcium
carbonate. The significant occurrence of iron phosphate
hydroxide should be pointed out, mainly as far as the
depositional environment of the clays deposits is concerned.

provide a precise indication about a possible identification
of the paintings to feminine figures, although the great
figure in red appears rounded, perhaps pregnant (Fig. 6).

For analysing the morphology of the clay components and
to identify the related chemical composition, SEM and EDS
analyses were carried out. Dry powders were placed onto a
cylindrical stub and fixed by graphite adhesive tape. Three
different areas were selected: the light gray, the dark gray
and the white ones.
From the images obtained in backscattered electron mode
it is possible to observe areas with a different atomic
number. The EDS microanalysis highlights the related
distribution of species in the near-surface region, as reported
in Figure 5. In particular, it can be assumed that the white
area is mainly composed by Si, Al and O; the occurrence
of quartz, kaolinite and, in general, aluminium silicates is
also confirmed. In the gray region of the image, the
decrease of both Al and Si peak intensity as well as the
equivalent increase of the Fe peak intensity, confirms the
presence of magnetite and iron phosphate.

Figure 6. The GdP cave Neolithic painting site.

7. Conclusions
The GdP Cave in the Isle of Tavolara, although still poorly
studied and documented, certainly represents the most
scientifically and archaeologically valuable karst site of all
Tavolara. Due to the difficult natural accessibility and to the
strict management policies issued by both the Marine
Protected Area and the military NATO district, this cave has
been subjected to very incomplete studies and its important
scientific and archaeological content still needs to be
investigated.

6. Archaeology
The cave has already been archaeologically studied,
especially in relation to the findings belonging to the
Phoenician-Punic age (Furreddu 1964).

Some preliminary results related to the analysis of the GdP
Cave rock samples are here reported. From the first
mineralogical analysis some interesting information are
emerging. In particular, the consistent presence of iron
phosphate hydroxide can be reasonable plausible if
considering the lithologic and geomorphologic context of
the site. Iron phosphate presents a variety of genesis, in the
case of the GdP Cave sample most likely being the
deposition of clay in organogenic lacustrine water for action
of iron phosphate materials rich waters. Another possibility
is that it derives from the alteration of primary phosphates
included in the pegmatite composing the crystalline
basement of the carbonate island. The chemical pattern
resulting from the present project analysis seem not to match
with the qualitative chemical analysis results performed in
1997 on some fragment of cave painting samples.

The Neolithic anthropomorphic paintings occurring in the
GdP Cave, reported for the first time in 1992 (D’Oriano
1996), have been surveyed and scientifically analysed for
the first time in July 1997 (D’Arragon 1997). The Neolithic
paintings occurs very close to entrance in the upper part of
the northern side of the cave portal, which opens into the
sea with the entrance facing east, and located in the upper
part of the room.
In the other cave chambers, as already described, the
remains of a large fireplace with charred bone remains and
fragments of pottery from the prehistoric era, probably
Middle Neolithic, Phoenician-Punic, and Roman age, are
found. In the innermost room of the cave many PhoenicianPunic artefacts were found, that could indicate a religious
use of the cave; unfortunately the notifications available in
the literature about these archaeological discoveries are not
compliant with the current scientific-archaeological
research standards.

A systematic and detailed micro and macro biological,
paleontological, speleological, and archaeological research
in tight collaboration with the Marine Protected Area is
already planned and scheduled for the short term project
activities, as well as the volumetric laser scanning survey
of the main cave chambers.

The Neolithic painters have used the smooth parts of the
wall to paint the figurines. They represent pretty lively
anthropomorphic figures, which are embedded in a context
of Mediterranean rock art, generally interpreted as scenes
of dance portrayals. It is commonly acknowledged by
archaeologists that these paints were originally part of a
wider painting set, with a numerous group of paints no
longer legible, all representing dancing human beings. It
should be noted that, unlike other painted shapes of the
central Mediterranean, the GdP Cave ones do not have the
indication of the male gender. It is, however, difficult to
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Figure 8. The XRD patterns of the clay sample. The detected phases are kaolinite, quartz, magnetite, iron phosphate and iron phosphate
hydroxide, aluminium silicate and aluminium silicate hydroxide, and calcium carbonate. The EDS microanalysis for the three identified
areas: white area (a), light gray area (b), dark gray area (c).
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DOUBLE CAVE MAPS OF TURKEY
Ali Yamaç
OBRUK Cave Research Group; Acikhava Apt. 16/7, Nisantasi, Istanbul, Turkey, info@obruk.org
In Turkey, many double cave maps are drawn in years for different causes. In this poster; although the double maps drawn
because of newly found galleries or small corrections such as Yarimburgaz or Dongel maps are presented, the main weight
is given to the different maps of the same caves that are drawn non-contemporarily and without being aware of each other
for many years. It is an interesting fact that; of all the caves, Tinaztepe and Golcuk are re-explored and re-mapped not just
twice, but for four times.
Different from that paper, 25 double map samples will be emphasized in the poster presentation. While the important
mistakes in those maps will be probed, by the thought of the essential reason of the different maps of the same caves are
drawn is the fact that it is not known if the cave is explored before, TAY Cave Inventory of Turkey which is published in
both printed and online (www.tayproject.org), will be introduced and the benefits of a general cave inventory will be
emphasized.

1. Introduction

had been turned to same direction to Swindon’s. Both maps
are more or less same within the first glance but, the second
gallery towards north in Swindon’s map is much shorter in
MAD’s map. Presumeably, MAD cavers were too tired to
continue on that gallery (Stratford et al. 1992).

There can be several reasonable causes for mapping a cave
for a second time: either there are new galleries that are
explored and the announcement of those explorations are
made with a new map, or the former map of a cave is so
erroneous that it became essential to make a new survey.
On the other hand, there can be a less reasonable, even a
tragicomic third reason for mapping a cave for a second
time: exploring the same cave without being aware of the
fact that it was actually explored and mapped before and,
on the top of it, mapping it again!

2.4. Tınaztepe Cave

This poster presentation brings a brief analysis why the cave
maps are duplicated and brings some examples from the
karst areas of Turkey.

Another strange example: French, English, Spanish and
German maps of that difficult cave system which has a
depth of -153 m and a length of 1650 m. You may feel pity
for their useless efforts. On the other hand, they are so
different from each other that, after all those maps we still
don’t know which one is more correct (Bakalowicz 1968;
Agnoletti et al. 1970; Boley 1978; Schmitt 1986).

2. Maps

2.5. Sofular Cave

2.1. Golcuk Sinkhole

Those are Sofular Cave maps of MAD (Cave Research
Association) and MTA (General Directorate of Mineral
Research and Exploration). MAD team, working together
with Kaufmann and Laumanns, published this map in their
Bulletin no. 7 at 1990. MTA survey, dated 1995, is 170 m
longer and had a huge eastern gallery, which is completely
missed by MAD. Just like the other samples, those cave
maps, which become longer as the years passed, creates
suspicions about the survey quality and precision
(Laumanns et al. 1990; Nazik et al. 1995).

One of the best examples of Turkish caving and cave
mapping history. There are Italian, French, English and
German maps of the same cave. Every team which passed
from that “easy to reach” area re-explored Golcuk Sinkhole
and draw a new map. Even the depths of the cave is
different (Agnoletti et al. 1970; Chabert 1972; Schmitt
1976; Stratford et al. 1992).
2.2. Inogu Cave
Those 2 maps, which were drawn by Claude Chabert and
Fiorentini Rusconi within 5 years apart seems more or less
same except the west gallery which was not explored by the
French. Though there are slight differences between the
profiles, compared with our other double map examples, that
difference is nothing (Agnoletti et al. 1970; Chabert 1979).

2.6. Ilgarini Cave
Within the first glance they look like each other. If they look
like each other, then its really difficult to explain the 10 m
depth and 273 m length difference between the BUMAK
(Bogazici Univ. Caving Club) and LUSS (Leicester
University Speleological Sociey) maps which were drawn
8 years apart. If you look carefully you may realize that they
are not very similar. Take a closer look to LUSS’s profile:
There is another descent and 3 question marks after that
descend, which do not exists in BUMAK map. On the other
hand, what can be said to this sketch quality map of LUSS
with a “BCRA 5B” standard (Ulkumen 1983; Kay 1990)?

2.3. Balatini Cave
MAD’s (Cave Research Association) map dated 1982 and
Swindon Speleological Society’s map dated 1992. In order
to make both maps within the same direction, MAD’s map
377

Karst and Caves: Social Aspects and Other Topics – poster

2013 ICS Proceedings

Figure 1. Balatini Cave; left Swindon Speleological Society, right MAD maps.

Figure 2. Sofular Cave; left MAD, right MTA maps.

2.7. Dongel Cave
Another example of careless survey. Though other parts of
that cave, which is in Kahramanmaras – Turkey, are more
or less same in both maps, its obvious that during the MTA
(General Directorate of Mineral Research and Exploration)
survey of 2008, they completely missed a small opening
which leads to a gallery longer and larger than the main
gallery as shown on the right map of OBRUK Cave
Research Group, which had explored and mapped the cave
only 2 years after MTA (Tork et al. 2008; Yamac 2011).

a small entrance on the west wall of the main chamber and
pushed the length of that cave from 110 m to 1,500 m, with
beautiful formations and archaeological findings in those
new galleries. But, in this presentation, you only see the
maps of main chamber. Even in that 110 m chamber of the
cave, the differences are so huge that, we still are not sure
if they’re the same caves (Guldali et al. 1987; Akdeniz
University Caving Club 2008).
2.9. Uluyayla Cave
That travers cave, which was surveyed in 1989 by BUMAK
(Bogazici Univ. Caving Club) was re-surveyed and drawn
again at 2002 by MTA (General Directorate of Mineral
Research and Exploration). Two side branches which were
very clear in MTA map; one near to exit and the other one
in the middle of the cave, at the south wall were completely
missed in BUMAK map. If the faults were limited with
those two branches we could call them “missed”, but the
angle of diversion of the cave after 100 m from the entrance
and the width was so different that, within such a short and
comperatively “easy to survey” cave, those differences are
unbelievable (Albukrek et al. 1993; Nazik et al. 2003)

2.8. Kadipinari or Kadiini Cave
If there are no other caves around Alanya, southern Turkey,
around the villages of Degirmendere and Catak, with a
name begining with “Kadi”, those two maps must belong
to the same cave. 20 years after being explored, surveyed
and named as “Kadipinari Cave” by MTA (General
Directorate of Mineral Research and Exploration) during
1987, AKUMAK (Akdeniz University Caving Club) visited
and measured the cave again. In their map, the cave is
named as “Kadiini Cave”. The cavers of AKUMAK found
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Figure 3. Dongel Cave; left MAD, right OBRUK maps.

Figure 4. Yarimburgaz Cave; left BUMAK, right Hovasse maps.

2.10. Yarımburgaz Cave

3. Conclusion

And finally, not a bad, but a very beautiful example for
“Double Cave Maps of Turkey” poster: On the left side
BUMAK (Bogazici University Caving Club) and, on the
right side Prof. Raymond Hovasse’s maps of Yarimburgaz
Cave, which is in Istanbul-Turkey. Hovasse’s map was
drawn at 1927, making it one of the earliest cave maps of
Turkey. There is roughly 60 years difference between those
two cave maps. BUMAK measured the cave as 1021 m. If
you consider that Hovasse surveyed that long and difficult
cave only with 2 other people and with very simple
equipments of that time, you may only congratulate that
geography professor’s effort and unbelievable precision
(Hovasse 1927; Altun 1993)

As it is obvious within the few examples above, double
maps are drawn because of two different reasons:
“Re-exploring” a cave due to lack of bibliographical and
inventory research previous to field work or due to major
faults during the previous survey.
So, we strongly believe that; an inventory check before the
explorations and a better, precise survey during the
explorations will solve that simple but, energy and time
consuming problem.
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CHASE IN HISTORY AFTER THE ENDEMIC NIPHARGUS
(CRUSTACEA: AMPHIPODA) SPECIES OF HUNGARY
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University of Pannonia, Georgikon Faculty, Department of Animal Sciences and Animal Husbandry, 16. Deák Ferenc
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1

From the 1920’s, speleozoology was a prosperous discipline in Hungary due to the work of Endre Dudich and to other
associate researchers. In 1958 Dudich established a biospeleological laboratory in Baradla Cave, which he continued to
manage until his death in 1971. In spite of its promising beginnings, the last few decades has seen little investigation and
research on the invertebrate fauna of the Hungarian caves.
A blind amphipod genus Niphargus, one of the most popular aquatic troglobiont, can serve a typical example: its current
status in Hungary has been largerly neglected. While globally, number of the Niphargus species and subspecies has reached
300, taxonomic status of the few species described from Hungary have remained uncertain. When the descriptions were
published, many of the Hungarian caves known today were undiscovered, which had limited the chance of finding new
populations and even new species. Most of the descriptions operated with insufficient morphological information and few
drawings, and often the type locality cannot be exactly identified. In most cases the holotypes are no more available in the
type collections either for they were sent abroad and never returned or perished in the fire which ravaged the Hungarian
Natural History Museum during the revolution in 1956.
The checklist of Hungarian Malacostraca published by Ilona Muskó in 2007, lists 15 Niphargus species. The checklist
gathers all the mentions in the available literature, yet without rating their validity. We started with a re-examination of
actual distributional records and revision of taxonomic status of the respective 15 species with particular focus to the
species endemic to Hungary. Some of the 15 mentioned species were excluded because of translocation of country
boundaries, while others were excluded because of misidentifications or using synonym names.
All in all, 9 species have remained in the list of valid taxa ever confirmed to occur in Hungary. Out of them, five species
of Niphargus described from Hungary were found endemic to that country. Niphargus forroi Karaman, 1986 was described
from a cave of the Bükk Mts., Niphargus hungaricus Méhely, 1937 was first found in a spring of the Kőszegi Mts.
Niphargus molnari Méhely, 1927 and Niphargus gebhardti Schellenberg, 1934 are endemisms of the caves of Mecsek
Mts. Niphargus thermalis Dudich, 1941 was described from a thermal lake of Budapest and supposedly has subterranean
populations as well in the cave connected to the thermal lake.
Further step of the research will be focused to resampling the population of the above mentioned endemic species including
all their type localities and providing detailed taxonomic revisions and redescriptions needed for a robust comparative
information on the respective taxa.
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MINERAL PRECIPITATION IN VITRO USING ISOLATED BACTERIAL
STRAINS FROM SYNDAI CAVES, MEGHALAYA
Ramanathan Baskar1, Sushmitha Baskar2
Department of Environmental Science and Engineering, Guru Jambheshwar University of Science and Technology
Hisar 125001 Haryana, rbaskargjuhisar@yahoo.com
2
School of Agriculture, Indira Gandhi National Open University (IGNOU), New Delhi – 110 068

1

Geomicrobiological studies from the Syndai caves were
carried out to evaluate the microbial role in mineral
precipitation in vitro using strains isolated from the
stalactites. The Syndai caves are 128 km from Shillong,
situated in the western most area of Jaintia Hills (N 25°15’
to 25°15’ and E 92°00’ to 92°15’), 1,500 m above sea level
in Meghalaya, northeast India. The region has cascading
waterfalls, numerous caves, high plateaus, rippling rivers,
and exotic biodiversity.
To isolate microorganisms that may be involved with or
mediating carbonate mineral precipitation in caves,
stalactites were sampled over a distance of ~15 m for the
present study. The stalactites were small (2–5 cm in length
and 1–2 cm in diameter), moist, whitish and constantly
covered with dripping water. The drip water was pH
7.2–7.5 at 15 ºC, and had varying element concentrations
(80 ppm Ca, 17.7 ppm Mg, 1.28 ppm Si, 19 ppb Sr, 12 ppb
Ba, 1ppb Cu, 2 ppb Cr). The stalactites had a total organic
carbon content of 1.77 wt %.

A

B

Examination of freshly broken stalactites using scanning
electron microscopy (SEM) revealed the presence of
morphologically diverse putative cells, including coccoidal,
filamentous, and rod-shaped structures (~0.5–2 μm)
(Figure 1A). In addition, hollow tubular filaments, possibly
microbial in origin, were observed (Figure 1B).
Microcrystalline fibers (1–2 μm in diameter and 10–50 μm
in length) were observed, which are reported to be
precipitated or calcified microbes in association with
different stages of biomineralisation (Verrecchia and
Verrecchia 1994; Melim et al. 2001).

Figure 1. SEM micrographs showing (A) structures showing
filaments, cocci, bacilli, stubby rods, filamentous microbes (B)
hollow tubular structures thought to be microbial in origin.

Enrichment culturing was done with two different media
(Boquet et al. 1973). The microbial population densities
were fairly high, ca. 4.8 × 104 g l-1 using nutrient agar and
5.6 × 104 g l-1 on B4 medium. The maximum amount of
freshly precipitated crystals was obtained from B4 medium
when compared to the nutrient agar. The pH of the liquid
B4 broth increased that bacterial strains increased the pH
(from pH 7.5 to 8.7), making the media alkaline along with
the increase in bacterial growth. In order to identify the
genus of the strains, some basic morphological (Gram
stain), physiological (growth at different pH 4–9, growth at
different concentrations of NaCl 2–10 %, growth at different
temperatures 8–52 °C) and biochemical tests (Methyl
red, Voges-Proskauer, oxidation-fermentation, starch
hydrolysis) were done on the isolates (MTCC Microbial
Type Culture Collection and Gene Bank, Institute of
Microbial Technology (IMTECH), Chandigarh, India). The
biominerals were identified as calcite using SEM EDX and
XRD (scanned between 4° and 64° 2θ at 1° 2θ min-1) using
the JCPDS–ICDD, XRPD database (2000).

Twelve different strains that had the ability to precipitate
calcite belonged to the Bacilli spp. The strains were able to
precipitate calcite under controlled experimental conditions
and the optimal amount of precipitation was between
22–25 °C. At the end of 30 days, the crystals precipitated
by different isolates weighed ~ 100 mg. Experiments to test
the effect of varying concentrations of calcium acetate in
the B4 media showed that 1.5–2 % calcium acetate
concentrations gave the best results in terms of crystal yield.
Our results indicate that bacteria promote alkalinization of
the growth solution during the assimilation of organic
materials, which can cause local supersaturation of
carbonate minerals, such as calcite, on the bacterial cell
surfaces. It has been reported that microbial activities are
capable of modifying media, which subsequently leads to
the precipitation of minerals (Cañaveras et al. 2001).
Clearly, the results from the current study, as well as
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previous research, are classic examples of passive carbonate
precipitation pathways commonly reported from karst caves
(Castanier et al. 2000). Similar observations have been
reported by other investigators (Cacchio et al. 2003; Lee
2003; Rivedeneyra et al. 2004; Zammareno et al. 2009). In
summary, these studies strengthen the perception that
microbial metabolic activity is of significance in initiating
mineral formation in natural environments.

Lee NM, 2003. Calcite production by Bacillus amyloliquefaciens
CMB01. J Microbiol, 41, 345–348.
JCPDS–ICDD. XRPD database (2000) International Centre for
Diffraction Data. 12 Campus Boulevard, Newtown Square, PA
19073–3273. Powder Diffraction File cards num, 5–586.
Melim LA, Shinglman KM, Boston PJ, Northup DE, Spilde MN,
Queen JM, 2001. Evidence for microbial involvement in pool
finger precipitation, Hidden Cave, New Mexico. Geomicrobiol
J, 18, 311–329.
Rivadeneyra MA, Parraga J, Delgado R, Ramos-Cormenzana A,
Delgado G, 2004. Biomineralization of carbonates by
Halobacillus trueperi in solid and in liquid media with different
salinities. FEMS Microbiol Ecol, 48, 39–46.
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TERRESTRIAL MESOFAUNA BIODIVERSITY IN UNIQUE KARST
ENVIRONMENTS IN SOUTHERN AFRICA
Gerhard du Preez, Pieter Theron, Driekie Fourie
Unit for Environmental Science and Development, Potchefstroom Campus, North-West University, Private Bag
X6001(Internal Box 264), Potchefstroom, 2530, South Africa, 21621217@nwu.ac.za

Subterranean environments play host to unique and vastly undiscovered habitats, creating niches for distinctively adapted
biota. These environments, in particular cave systems, allow the minds of evolutionists, ecologists and taxonomists to
dwell nearly endlessly; allowing interesting finds and knowledge gained about the structured life of bizarre and singular
species. In this study, a zoological approach was followed in determining the biodiversity of terrestrial mesofauna from
six caves of which four are in South Africa and two in Botswana. Each of these six caves is distinctive from one another,
but one cave (Diviner’s cave in northern Botswana) is exceptional. Isolated and locked away 50 meters below surface,
with no natural opening and a hot, humid and carbon dioxide pressurized atmosphere most likely never before studied
habitat, was found. By applying several sampling and extraction methods, various trophic groups of nematoda, arachnida,
myriapoda and hexapoda were collected from the six caves. Peculiar specimens of organisms found were sent to various
specialists all over the world for identification. To date at least five expected and two confirmed new species of organisms
were recorded as a result of this study.

1. Introduction

of which some species are abundantly found in cave
environments (Romero 2009).

A great diversity of fauna such as birds, insects, mites,
spiders, crayfish, harvestmen, centipedes, millipedes,
reptiles, nematodes and even mammals naturally occur in
caves (Romero 2009). Nematodes, generally known as
round worms, play an important role as part of the food
chain in caves. Some species feed on bacteria found in bat
guano and in turn serve as a food source for mites and other
arthropods. Although free-living nematodes are commonly
found in karst environments (Romero 2009) such as the
Bakwena Cave (Irene, South Africa), Durand et al. (2012)
also listed a range of plant-parasitic nematodes that were
present in the latter cave. Parasitic nematodes are, however,
believed to enter cave systems by accident as a result of host
plants and/or water that get flushed into cave openings
(Romero 2009; Durand et al. 2012). Mites and spiders
(Class Arachnida) constitute another diverse class of
organisms that occurs in cave systems worldwide. Various
species have been recorded from Southern African caves,
e.g., mites such as Chiropturopoda coprohila, Laelaps sp.,
Sancassania sp. as well as 41 spider species of which only
10 were classified as true cave dwellers (DippenaarSchoeman and Myburgh 2009). Arachnid cave
representatives commonly present troglobitic characteristics
and their feeding habits include predation, parasitism and
consumption of detritus (Romero 2009). Other organisms
identified from the local Bakwena Caves in South Africa
are insects such as Monopis cf. transeans (guano moth:
Lepidoptera) and Crustacea (Amphipoda, Copepoda and
Ostracoda) as well as bat flies (family Nycteriibidae). In
terms of microbial organisms, eight fungal genera and some
bacteria have also been identified from this cave (Durand
et al. 2012). Another group of organisms found in cave
environments, are the worm-like arthropods. They are
classified as Myriapoda and are generally associated with
decaying material (Romero 2009). Hexapoda represents the
final group of cave organisms and is the greatest
representative complement. Hexapod cave representatives
include diplurans, insects and springtails (collembola)

Since limited information on cave-dwelling organisms is
available in Southern Africa, this study was conducted. The
study follows a zoological approach by focusing on the
biodiversity of five groups of microorganisms that are
associated with caves, namely chelicerata, crustacea,
hexapoda and myriapoda as well as nematodes, in unique
karst environments. Six caves, including three from the old
Transvaal region in South Africa and three from the
Gcwihaba district in Botswana were selected for
investigations. One of the caves in Botswana, named
Diviner’s cave (Figure 1), was only recently drilled open.

Figure 1. Surface opening of borehole penetrating Diviner’s Cave.
(Photo: Roger Ellis 2012).
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that of the other cave systems. Before penetration, the cavity
was pressurized with a carbon dioxide enriched atmosphere
and remnants of these elevated levels of carbon dioxide can
be found in the lower lying areas of the cave system.

This enabled significant atmospheric interchange possibly
for the first time in thousands of years. The result of being
insulated for thousands of years created a carbon dioxide
enriched, hot and humid environment. Also, gene flow
between epigean and hypogean species was restricted, if not
completely disrupted.

3. Methods

It was hypothesised that a great diversity of species, some
being true cave dwellers, would be identified. In addition,
it was predicted that new and peculiar species would be
found especially in the unique cave environment of
Diviner’s Cave. The value of caves, especially in Southern
Africa, has to the opinion of the author, not been fully
encompassed as part of conservation efforts and public
awareness campaigns. By gaining information about
these unique environments and the bios hosted within,
it is perceived that contributions towards the better
understanding and greater appreciation for subterranean
environments will be made.

A general biodiversity sampling approach was implemented;
aimed at sampling most cave biota (bats, fungi and bacteria
were not included) present in each cave system. Sampling
commenced at the entrance/twilight zone of each system
and continued until the respective turnaround point for each
cave was reached.
3.1. Sampling of Nematoda
Nematodes were sampled by acquiring soil and guano
samples by using a small hand shovel and placing 500 g of
substrate in a sealable plastic bag. A sample was made up
of a representative portion of the first 30 cm of topsoil/guano.
In order to avoid contamination between samples from
different sites, a clean plastic cover/bag was placed over the
shovel with each sampling instance. After sampling was
completed, each sample was labelled, placed in an
insulation box and transported to the Nematology
Laboratory (NWU, Potchefstroom campus) for extraction
and analysis. Nematodes were extracted within three days
of sampling by using the decanting and sieving method,
followed by the sugar-flotation method (Hooper et al.
2005), as well as by means of the modified Baerman-tray
method (Hooper and Evans 1993).

2. Geography, geology and site description
All of the caves relevant to this study occur in dolomitic
rock and extends both horizontally and vertically. It should
be noted that the depth of development, dimensions and
extent of each cave are unique to that system.
All of the South African caves relevant to this study are
natural caves and permit interaction with the surface
environment and epigean biota. Most of these caves have
similar atmospheric conditions. The average temperature of
these cave systems were measured at 18 °C with a possible
2–3 °C fluctuation by using a simple thermometer during
sampling periods. Although normal oxygen concentrations
are found in most of the cave systems, it should be noted
that elevated levels of carbon dioxide occur in the deeper
sections of Gatkop 2 Cave. This was confirmed by
monitoring carbon dioxide concentrations with a gas meter
as well as observed heavier breathing by the cavers. The
terrestrial environments of the South African caves are
mostly semi-arid like with the possibility of some water
drips present. Guano heaps are abundant and usually found
in association with established bat colonies. An estimated
2,000 m² lake can be found in Knockingshop Cave and
some rimstone pools in Gatkop 2 Cave.

Nematode data for the genera, species and or families
identified from each of the caves were used for the
calculation of prominence values (PV). The following
equation was used to calculate the PV (Keikantsemang et
al. 2012):

3.2. Sampling of Arthropoda
All arthropods were sampled using a simple “catch by
hand” technique, as well as by stationed baited/non-baited
pitfall traps and baiting areas as described by Hunt and
Millar (2001). When using the “catch by hand technique”
invertebrates with a size of 1 mm and larger were mostly
caught. A sufficient light source, synthetic fine-haired
brushes, research tweezers and vials/jars filled with a
70– 80% ethanol solution were used to sample and preserve
organisms directly from all surfaces (Hunt and Millar
2001). By using dissection microscopes, the contents of
each jar and vial were separately analysed at the NWU
(Potchefstroom campus).

Bone Cave and Blue Cave, located in the Gcwihaba district
of north-western Botswana, are both natural caves that also
permit interaction with surface environments and biota.
Although guano is frequently found in both systems, the
deeper section of Bone Cave contains none and mostly
consists of sandy slopes; a drastic difference compared to
the rest of the cave’s typical environment.
Diviner’s Cave is unique and completely separable from all
the other caves. This is the only cave that does not have a
natural opening, but rather a 600 mm man-made borehole
that allows limited interaction with the surface atmosphere.
A relative humidity and temperature meter was used to
determine the atmospheric conditions. With an average
temperature of 28 °C and relative humidity of 96 %, the
conditions in Diviner’s Cave are much more extreme than

Peculiar invertebrate specimens were sent to various
taxonomic specialists all over the world to assist with
identifications.
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4. Results and discussion
4.1. Nematoda
Nematodes were found in four of the six caves, representing
various groups from both plant-parasitic and free-living
(bacteriovores, predators and fungivores) trophic levels
(Table 1).
Table 1. Trophic classification of nematode groups identified from
samples obtained from all six caves.
Nematode
representatives

Trophic
group

Nematode
representatives

Trophic
group

Aphelenchoides

Fungivore

Neoactinolaimus

Predator

Cephalobus

Bacteriovore

Panagrolaimus

Bacteriovore

Criconema

Plant-parasitic

Paracrobeles

Bacteriovore

Dorylaimida

Predator

Prismatolaimus

Bacteriovore

Helicotylenchus

Plant-parasitic

Rhabditis

Bacteriovore

Meloidogyne

Plant-parasitic

Xiphinema

Plant-parasitic

Monhysteridae

Predator

Zeldia

Bacteriovore

The diversity analysis of the gathered data (Figure 2)
indicated a great difference in diversity and prominence of
nematode groups when the different cave systems are
plotted together. When considering Diviner’s Cave, a
relative high diversity of nematode trophic groups was
present, but only a few groups were prominent. Similar
results were found by Jansen van Rensburg (2010) since a
total of 27 nematode genera were recorded from the six
sampling sites in Bakwena Cave. Some of the latter species
found are new to science and two species from the genera
Panagrolaimus and Plectus, respectively, were described.

Figure 2. Graph illustrating prominence values of nematodes in
the caves sampled during this study.

The data from Diviner’s Cave further indicated that
Prismatolaimus spp. (bacteriovores) and Panagrolaimus
spp. (bacteriovores) proved to be equally prominent. Also,
compared to the natural caves, Diviner’s Cave had an
exceptionally high diversity of nematode groups with more
than one prominent group. Although the Panagrolaimus
(bacteriovores) population found in Gatkop 2 Cave is the
most prominent of all samplings, the cave had a very low
nematode diversity and was dominated by this single genus.
Ultimately bacteriovores dominated the community
structures of all the cave systems included in this study.

It is clear that further research aimed at studying nematode
communities in cave systems is required. This especially
since the literature on cave nematodes are scarce (Durand
et al. 2012) and an international publication by Romero
(2009) states that only 20 nematode species are worldwide
known to occur in caves systems. Jansen van Rensburg
(2010) suggested that indeed a vast number of cave
nematode species have yet to be discovered. In recent times
Borgonie et al. (2011) found a new bacteriovore nematode
species, Halicephalobus mephisto, 3.6 km underground
in mine water in South Africa. This discovery was
groundbreaking since it was the first multicellular
organisms to be obtained from such depths and serves as
proof that not only caves, but also other subterranean
environments provide scientists with the opportunity to
make great and new discoveries.

Taking into consideration the results discussed above, it is
clear that the nematode community structure of Diviner’s
Cave is much different from that of a typical natural cave
and irrelevant to its geographic location. It seems that in
natural caves various nematode genera may be found, but
most likely only one will dominate the system. This
contradicts the findings from Diviner’s Cave since it was
not dominated by a single nematode group, but rather by a
few. The data suggests that a complex and dynamic
community structure exists in Diviner’s Cave. This creates
the opportunity for investigations through which a better
understanding of the community interactions and
interactions with other biota can be gained as well as
determining by what means these specific nematodes utilize
energy sources.

4.2. Arthropoda
When the collective findings are considered, representatives
of 18 families were sampled and represented by four
Arthropod subphylums namely Chelicerata, Crustacea,
Hexapoda and Myriapoda. Hexapods, belonging to
11 different families, occurred in three caves. In Bone Cave
representatives of the families Blaberidae, Carabidae,
Formicidae, Gryllidae and Reduviidae were found; in
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Diviner’s Cave from Japygidae and Termitidae and in
Gatkop 2 Cave from Blattidae, Nicolettidae and
Staphylinidae. According to Romero (2009) Hexapoda is
one of the most well represented taxonomical groups
in caves and consists of numerous orders represented in
the hypogean environment. Chelicerata were represented
by six families in four caves. From Bone Cave an Argas
sp. (Argasidae) was retrieved; in Diviner’s Cave a
representative from Ideoronicidae; in Gatkop 2 Cave from
Uropodoidea and in Blue Cave three different Araneae
species namely Loxosceles sp. (Sicariidae); Selenops
kruegeri (Selenopidae) and Smeringopus sambesicus
(Pholcidae) were found. Both the Crustacea and Myriapoda
subphylums were represented by a single family and only
found in Diviner’s Cave. These two families are
Cryptopidae and Platyarthridae respectively. According to
Gunn (2004) representatives from several of the groups
relevant to this study have been found in Southern African
caves, but mostly only once or on a few occasions. This
is most likely due to the lack of research in African
subterranean environments. There is thus a great need to
further explore Southern Africa’s hypogean environments
in search for new and peculiar species.

Figure 4. Ideoronicidae representative found in Diviner’s Cave.
(Photo: Gerhard du Preez 2012).

compared. However, the biota found in Diviner’s Cave
illustrate troglobitic characteristics such as depigmentation
and the loss of eyesight; and are seemingly completely
unique to the general karst landscape. Since all three of
these caves are located in the same area, these results
suggest that the geographical location does not play a
significant role in the occurrence of single characteristics
in the cave biota of Diviner’s Cave, but rather the unique
environment present in the system. At present it is suggested
that the main drive resulting in the higher level of adaptation
of species found in Diviner’s Cave, is the very limited
opportunity for gene flow to occur.

Various peculiar specimens were sent to numerous
taxonomists all over the world. Currently three probable
and two confirmed new species are considered. All of these
specimens were collected from a single cave namely
Diviner’s Cave. The Cryptops sp., Japygidae representatives
and Microtermes sp. (Chilopoda) are most likely new to
science and with further efforts to identify the species, this
might be confirmed. Gunn (2004) states that only one
troglobitic Japygidae representative has been recorded in
Zaire and no Centipedes (Myriapoda) from Africa. It is thus
most likely that these specimens sampled are new to science
and the first to be found in southern Africa. The Trichorhina
sp. (Figure 3), as well as the Ideoronicidae representative
(Figure 4) are confirmed new species and the manuscript
for the publication describing the latter is currently being
written. During sampling and identification it became clear
that various caves host a great diversity of invertebrates.
However, if the collection of organisms found in one cave
is compared to that of another, it seems that the community
is endemic to a specific system. Also, when the biota from
Bone Cave and Blue Cave are considered, initial
investigations indicate that similar level of adaptation and
taxonomical groups are present if these systems are

5. Conclusion
The findings from this study clearly indicated that a wide
diversity of unique and peculiar species occur in subterranean
environments in southern Africa. Biospeleology is one of
the most understudied fields of science and presents many
opportunities for new and singular discoveries. It is
concluded by stating that a great diversity of species were
sampled of which some present peculiar characteristic traits
and may be/are new species to science.
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MICROBIAL PROCESSES IN SULFIDIC HYPOGENE KARST
Annette Summers Engel
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aengel1@utk.edu

Hypogene karst systems develop at or below the water table due to the action of rising fluids. In air-saturated conduits of
hypogene systems, processes like condensation and replacement-solution occur. Microorganisms are ubiquitous in these
actively forming systems, from filamentous biofilms on aquifer rock surfaces, on secondary mineral deposits (e.g.,
gypsum), and as microbial mats in cave streams, pools, and sediments. Microbes are also found in association with organicrich snottites or microbial draperies on cave-wall surfaces. Planktonic microbes occur in sulfidic groundwater, in meteoric
water mixing at the air-water interface, and microbes are also present in cave air. Since the 1980s, the microbial diversity
of hypogene karst has been the center of research, especially from systems with reduced sulfur gases dissolved in
groundwater, like hydrogen sulfide (H2S). There has also been some emphasis on understanding how microbes influence
hypogene reactions, particularly by studying the geochemistry of hypogene systems and experimentally manipulating
microorganisms to differentiate abiotic from biotic reactions. Three microbial habitat types are examined in this review:
a sulfidic karst aquifer setting, a water-table system where the hypogene meets the epigene, and cave-wall rock surfaces
from a sulfidic cave. From these studies, microbes affect hypogene karst development by metabolizing solutes in the water
(or air) and by scavenging nutrients from rocks by producing acidic byproducts, including sulfidic acid, carbonic acid,
and organic acids. Moreover, the extensive biofilms on rock and mineral surfaces change the physical surface chemistry
of the solids by being hydrophobic. The hydrophobic barrier causes surface disequilibria between the surrounding fluids
at the air-water or water-rock interface, which can result in mineral dissolution or precipitation. In summary, microbially
induced reactions overcome kinetic barriers that should be considered when explaining hypogene karst development and
modification processes over time.

1. Introduction

diversity. Over a decade of research describing the role of
microbes in hypogene karst processes is also described.

For the most part, recognizing whether a cave formed from
hypogene processes is still a matter of debate. Active
hypogene caves are rare compared to their epigene
counterparts, but hypogene processes are probably important to nascent karst development and conduit inception.
Because tectonic activities and climate forcing can affect
watershed hydrology, epigene processes (e.g., sedimentation due to surface-subsurface drainage, speleothem
formation) can overprint evidence pointing to past
hypogene development. From a geobiological perspective,
changes from hypogene to epigene conditions, or vice
versa, may impact the source of microbes to a karst system,
as well as affect the distribution patterns of microbiota that
occupy the subsurface. Populations could become isolated
due to the geologic and geomorphic processes that influence
the cave and karst habitat.

2. Microbial habitats and diversity in hypogene
karst
Microbes in active hypogene systems have been described
from filamentous biofilms on aquifer rock surfaces,
microbial mats in cave streams and pools, stream and spring
sediments, secondary mineral deposits, such as gypsum,
and as organic-rich snottites or microbial draperies on cavewall surfaces.
2.1. Edwards Aquifer – an example of a hypogene karst
aquifer setting
The Edwards Aquifer in Central Texas (USA) is one of the
most important karstic aquifers in the world that supplies
fresh water to nearly two million people. But, the aquifer
has geochemically distinct shallow and deep zones, with
the shallower freshwater having total dissolved solids
(TDS) from 250 to 300 mg/L. The eastern edge of the
aquifer is marked by a steep freshwater to saline water
interface, with saline water having TDS ≥1,000 mg/L and
high concentrations of H2S that is attributed to groundwater
mixing from down-dip oil-field brines. The juxtaposition of
these geochemically distinct waters is linked to a diverse
aquifer ecosystem, with >50 aquifer adapted, endemic,
threatened, or endangered species. Of the endemic species
associated with the geochemical interface, endangered
catfishes are found (Trogloglanis pattersoni and Satan
eurystomus) at 480–580 m depths near the saline water
zone.

However, understanding the role of microbes in hypogene
processes has been limited to a few investigations from
actively forming sulfidic caves and karst aquifers. Early
research describing the microbiology of sulfidic caves and
stratified systems (e.g., cenotes, sinkholes, and anchialine
caves) was based on microscopy or culturing-based
approaches. Genetic methods and molecular approaches
have significantly expanded the known microbial diversity
from cave and karst systems, not just hypogene settings.
Unfortunately, because some systems are unique habitats,
many groups are only known from gene sequences and we
have no idea of their metabolisms, or even how broadly or
narrowly distributed they may be in karst settings.
This extended abstract reviews three microbial habitats – a
karst aquifer, stream microbial mats, and cave-wall biofilms
– from two systems, and summarizes the known microbial
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White filamentous biomass has been observed from
wells completed in the saline water, and the microbial
communities from the saline water are distinct from those in
the freshwater, although both communities are dominated by
Proteobacteria (Engel and Randall, 2011; Gray and Engel,
2013). Saline water white filaments are dominated by several
groups of sulfur-oxidizers, including the Epsilon-, Gamma-,
Beta-, and Alphaproteobacteria, and sulfate-reducers
belonging to the Deltaproteobacteria and Firmicutes. In
several wells, Alphaproteobacteria closely related to known
sulfur-oxidizing bacterial groups dominate the saline water.
Additionally, the relative abundance of Chloroflexi is higher
in the saline waters. Non-sulfate-reducing Firmicutes,
Pseudomonas spp., and Actinobacteria – groups common to
soils – dominate the freshwater, along with oligotrophic
Caulobacterales (Alphaproteobacteria) (Gray and Engel,
2013).

Verrucomicrobia, Alphaproteobacteria, Spirochaetes,
Actinobacteria, and Acidobacteria (Engel et al., 2010).
Three predominate cave-wall solid phases are present:
limestone, gypsum, and organic coatings. Unaltered host
limestone is exposed at the entrance, but with increasing
distance from the entrance, limestone is rarely found freshly
exposed at the cave walls. Where the limestone walls and
ceiling are replaced by gypsum, the gypsum crusts can
reach 10 cm thickness. When very moist, gypsum occurs as
a paste that appears to hang or ooze from the cave walls and
ceiling (Figure 2); occasionally, the paste is associated with
selenite (gypsum) needles on the surface that range from a
few mm to 1 cm in length.

Gypsum

2.2. Lower Kane Cave – an example of a water-table
system with active subaerial processes
Lower Kane Cave (LKC) is located in the Bighorn Basin
near Lovell, Wyoming, adjacent to oil fields and localized
sulfidic thermal and non-thermal springs. The age of LKC
can be loosely constrained from river terraces attributed to
one of two glaciations, either at 40 to 130 ka or at 10 ka.
Microbial mats are associated with four springs that discharge
anaerobic circumneutral spring water (Ca-HCO3-SO4 type)
with >35 µmol/L total dissolved sulfide into the cave. The
source of the spring water has been traced to meteoric
recharge that has mixed with thermal water and nearby
oilfield brine that has migrated up fractures. LKC is actively
forming from subaqueous and subaerial processes linked to
sulfuric acid speleogenesis.

Microbial mats
Figure 1. Cave stream with filamentous microbial mats in Lower
Kane Cave, Wyoming (USA).

Thick carpets of filamentous microbial mats occur along
the outflow streams discharging from each spring
(Figure 1). The sulfur-oxidizing bacteria at LKC are
dominated by Epsilonproteobacteria at the mat surfaces,
with Thiothrix spp. (Gammaproteobacteria) (Engel et al.,
2004; Engel et al., 2010). Although Epsilonproteobacteria
have been found in numerous sulfidic cave systems and
sulfidic groundwater (Porter and Engel, 2008), little is
known about the ecophysiology of these groups, as many
have not been cultured; from the research that has been
done, these bacteria metabolize at low oxygen tensions, like
the anaerobic to disaerobic cave waters.
These sulfur-oxidizers directly influence the chemistry of
the microbial mats and ecosystem function by colonizing
the nutrient-poor habitat, providing an energy source as
chemolithoautotrophs, forming a dense mat because of
the filament structure, and consuming oxygen (Engel et al.,
2010). Chemolithoautotrophy in a cave system is important
because it serves as the base for the cave food web.
Consumption of oxygen at the mat surface creates
an oxygen-deprived habitat within the mat interior to make
a more suitable habitat for anaerobic microbial groups.
The mat interior is anoxic ~3 mm beneath the surface.
Sulfate-reducing and fermenting bacterial groups, ~50 %
each of members of the class Deltaproteobacteria
and unculturable members of the Chloroflexi
phylum, dominate the mat interior. Rarer groups also
include Planctomycetes, Bacteroidetes, Chlorobi,

Figure 2. Condensation droplets on gypsum paste in Lower Kane
Cave, Wyoming (USA). Droplets are about 1 cm wide.

Although it is possible that the gypsum paste may
completely fall from the cave wall to the floor, most of the
removal of gypsum from the cave walls appears to be due
to spalling from the walls and ceiling (Figure 1). Organic
coatings exist as discontinuous reddish-brown, paper-thin
material covering gypsum on the cave walls. Most of these
coatings are found near the spring orifices, and are not
found on limestone. Away from the springs, coatings are
desiccated and friable to the touch.
Thermal gradients between the cave air, cave walls, and
spring water promote condensation predominately near the
spring orifices. Condensation forms on nearly all surfaces
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in close proximity to the springs, and droplets are evident
on the moist and dry brown coatings. Conden-sation can
occasionally be found near the entrance, usually in the
winter, and is likely controlled by the air temper-ature
difference inside and outside of the cave. The con-densation
associated with the biofilms has pH values between 0 and
4, with lower pH values (<2) from brown coatings and
higher pH values (>2 to 4) on gypsum. All droplets are
undersaturated with respect to calcite, but droplets
originating from gypsum were in approximate equilibrium
with respect to gypsum.

smaller and deeper when cells are nearby compared to
larger, broader areas of dissolution observed where there
are no cells observed (Engel and Randall, 2011). More
cells per surface area are found on dolomite compared to
calcite for almost every well that has been used for
experimentation. Increases in the average mass loss of
calcite, but not dolomite, weakly correlate to higher
biomass (measured quantitatively as the number of cells on
the surfaces). For some saline water wells, calcite surfaces
have euhedral gypsum crystals, despite the aquifer fluids
being undersaturated with respect to gypsum (Gray and
Engel, 2013).

Based on DNA sequencing, the brown coatings are
composed of microbes belonging to the Actinobacteria
phylum, including the Actinomadura, Mycobacterium, and
“Ferrimicrobium acidiphilum” groups, as well as the
Gammaproteobacteria and Alphaproteobacteria, dominated
by the Acidithiobacillus and Acidophilium spp., respectively.
Many of the groups decompose complex carbon
compounds, including humics, and produce copious
amounts of extracelluar polymeric substances (EPS). Other
groups (e.g., Mycobacterium) have quite high cell
hydrophobicity due to mycolic acid production.
Acidithiobacillus spp. have been identified from microbial
draperies, or snottites, in active sulfidic caves in Italy and
Mexico, among other places around the world. These
chemolithoautotrophic bacteria oxidize reduced sulfur or
iron and produce EPS. Another group of uncultured
bacteria, members of the Candidate Division TM6, are
abundant, and have been identified from other sulfidic cavewalls and snottites. Filamentous fungi and protists have also
been described from cave-wall biofilms.

For active karst formation, fluids should be undersaturated
with respect to carbonate minerals, typically because of
processes that alter ion activities and PCO2 balance. Fluid
geochemistry alone suggests that carbonate dissolution may
not be active. This conflict suggests that studying aquifer
fluids alone may not be a good indicator of reactions
and processes involving carbonate geochemistry. The
experiments with and without microbes indicate that calcite
dissolution is possible when surfaces are colonized by
microbes, even if fluids are supersaturated with respect to
carbonate phases. The results also suggest that the mineral
surfaces are not in equilibrium with the aquifer fluids.
Microbial metabolic activity focused at the mineral surface,
however, increases the degree of undersaturation with
respect to calcite and supersaturation with respect to
gypsum at the mineral-water interface. Both carbonate
dissolution and gypsum precipitation are possible, through
excess proton production and a surplus of sulfate, because
of microbial oxidation of reduced sulfur compounds (Engel
and Randall, 2011). Consequently, extensive biofilms
developed on aquifer surfaces may result in diminished
carbonate dissolution rates over time because the biofilms
with gypsum form a barrier between the aquifer fluids and
the carbonate rocks.

3. Geomicrobiology of active systems
3.1. Edwards Aquifer – carbonate dissolution and
gypsum precipitation
Geochemical differences between the fresh and saline
waters in the Edwards Aquifer have been interpreted almost
exclusively in the context of abiotic processes controlled by
the dissolution and precipitation of specific minerals. The
impact of microorganisms on carbonate geochemistry,
specifically limestone and dolomite dissolution, has been
examined using in situ microcosm experiments done in
aquifer fresh and saline water wells (Engel and Randall,
2011; Gray and Engel, 2013). Regardless of being fresh or
saline water, waters are supersaturated or in equilibrium
with respect to carbonate minerals. The fresh and saline
waters are also undersaturated with respect to gypsum,
although high TDS saline waters approach equilibrium with
gypsum. Supersaturation with respect to carbonate is likely
due to the common ion effect because gypsum dissolution
contributes excess Ca. Regardless, the aqueous
geochemistry suggests that abiotic dissolution of carbonate
minerals would be unlikely over the period of the
experiments (from 1 to 3 months).

3.2. Lower Kane Cave – cave stream dissolution
The sulfuric acid speleogenesis model was developed from
LKC, first considered to be based solely on the degassing
of H2S from the sulfidic groundwater to the cave
atmosphere, and H2S autooxidation to sulfuric acid on the
moist cave walls, summarized as:
H2S + 2O2 fl‡H2SO4

(1)

The acid reacts with and replaces carbonate with gypsum,
H2SO4 + CaCO3 + H2O fl‡CaSO4•2H2O + CO2

(2)

Gypsum readily dissolves into groundwater, which is
undersaturated with respect to gypsum. This removes mass
and increases void volume from the passage. Cave formation,
or specifically cave passage enlargement, due to sulfuric
acid speleogenesis has now been recognized in many active
sulfidic cave systems, and is a process that is linked to the
development of at least 10 %, or even more, of carbonate
karst systems worldwide.

Experimental minerals that are colonized by microbes have
more mass loss than minerals that are sterile and where
microbes are kept from colonizing the experimental
surfaces (e.g., by using dialysis tubing). Based on
microscopy, cells are associated with dissolution features
on the experimental minerals, and dissolution pits are

But, some of the microbes living in the microbial mats in
the sulfidic cave stream produce sulfidic acid (among other
acids) as a byproduct of their metabolism (Engel et al.,
2004; Steinhauer et al., 2010). Evidence that the sulfuroxidizing bacteria play such a dramatic role to carbonate
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dissolution in the cave stream comes from the fact that,
although H2S enters the cave at the springs, the measured
sulfide concentration decreases more rapidly than would be
predicted from what is modeled as volatilization or
autooxidation mechanisms. Sulfide is absent downstream
of the springs, only several meters after entering the cave
and flowing through the mats. In short, if sulfur-oxidizing
microbes were not consuming the sulfide, then there would
be higher sulfide at the end of the microbial mats. The rapid
loss of sulfide caused by the microbes, such as the
Epsilonproteobacteria and other sulfur-oxidizing groups,
directly influences the production of acidity from sulfuric
acid (Engel et al., 2010). Dissolution experiments with in
situ microcosms placed in the cave stream provide similar
results to the research done in the Edwards Aquifer. More
dissolution occurs on surfaces that are colonized by
microbes (Engel et al., 2004).

to the reactions operating in the cave streams, or even in the
aquifer.

4. Conclusions
Understanding how microbes are involved in active
hypogene reactions will begin to help in determining where
microbes were involved in relict hypogene processes.
Microbes in hypogene systems affect karst development by
changing the physical surface chemistry of the solids, just
by their presence and the formation of a hydrophobic
barrier. The microbes metabolize solutes in the water (or
air), and scavenge nutrients from rocks, with reaction rates
that exceed abiotic mechanisms. Dissolution at rock and
mineral surfaces is focused by microbial cells, caused by a
local lowering of pH, which would otherwise not be
detected in the bulk aquifer or cave stream fluids when
sampled. Future studies should continue to investigate the
microbial diversity of hypogene settings to establish rates
of dissolution or other reactions that could begin to place
speleogenetic processes into a temporal framework.

3.3. Lower Kane Cave – cave-wall hypogene processes
Biofilms on subaerial cave-wall surfaces, referred to as
microbial draperies, cave-wall biofilms, or snottites, have
been described from the several active sulfidic caves.
Although some of the longest can reach up to 10 cm in
length, cave-wall biofilms typically occur as discontinuous
patches of droplets or unnoticeable moist biofilms on
insoluble crusts. In LKC, there are no extensively
developed draperies, only cloudy droplets approximately
the same size as condensation droplets. The composition of
the brown coatings covering gypsum in discontinuous
patches averages 39 %, although some samples have as
much as 80 % organic carbon by dry weight. Because the
coatings are associated with solution pH values ~2, the
precipitation of humic substances is promoted, which may
explain why it is possible that the higher organic carbon
concentrations correlate to increased humic acid content.
At lower carbon contents, which also correlate to coatings
that are more dessicated, microbial activity may be less
from those parts of the cave. An interesting consequence of
the organic-rich coatings is that they form hydrophobic
surfaces, which is why the condensation droplets are visible
on the coatings more so than on the gypsum, which is
considered to be hygroscopic. Increased hydrophobicity of
the surface correlates to lower pH in the condensation on
those surfaces, and is likely linked to changing electrolyte
adsorption and protonation of organic functional groups.
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A karst area of the Poxin subterranean river catchment in the Fengshan County with landform of typical peak-cluster and
depression is discussed for its successive experience of development. It is also a part of Leye-Fengshan Geopark. The
project for developing includes many kinds of work such as traffic construction, education, medical treatment, energy,
environment, tourism, and drinking water supply, which are all necessary and eager to be resolved in the developing rural
region. The characteristics of karst water, geomorphology and speleology were studied in order to find out the special
resources and environment problems. The environment still suffered from many problems such as soil erosion, flood,
drought, and rock desertification. Three types of soil erosion related to karst were discussed: allogenic soil erosion,
autogenic soil erosion, and conduit soil erosion. Flood in karst depressions became more serious due to sediment blocking
in conduits, and moreover, low discharge capacity of tributary conduits may also lead to flood. One of conduit was dredged
for removing block in throat. But this kind of engineering was often hard and expensive. Epikarst flow was utilized for
drinking water supply by building thousands of small domestic water tanks. Biogas was gradually popularized instead of
traditional charcoal, which did good to vegetation recovery. Splendid karst landscape was protected by a way of admission
of Geopark. This is also a good way for economic development. The complex methods play better in the rebuilding of the
degradation ecological environment.

1. Introduction

Plenty of allogenic water coming from sandstone areas is
important for karst formation. The area of peak cluster is
400 km2. Karst conduits are about 90 km long, and half of
them are measured. Karst groundwater is discharged from
Poxin spring with base flow discharge of 4.2 m3/s.

Karst environment has not been defined strictly. It includes
much scope with variable types. In common sense karst
environment is made of soil, karst landscape, atmosphere,
karst water, and biosphere (Yuan et al. 1988). The five parts
connect and impact each other, and the combination of them
is different according to geomorphology and geology. Many
environmental problems happen in the vulnerable karst
environment and have been discussed much in literatures
(Yuan 1988; Waele 2008). Deforestation, soil erosion
(Turnage et al. 1997), rock desertification (Hu et al. 2004;
Wang et al. 2004), flood and drought (Andriani 2008),
sinkhole collapse, water pollution (Kacaroglu 1999) occurs
frequently in karst area. Although these problems can also
happen in the other type of environment, they concentrate
and are related to fragile karst environment and impact of
human activity is important. This paper gives analysis of
reasons and answers of soil erosion, flood, drought,
deforestation and development in a subtropical karst region.

Economy of Fengshan County is undeveloped. The
establishment of Fengshan Geopark is believed to bring
hopes for the County; however karst environmental
management is important for sustainable development.

2. Geography and geology
The Fengshan County lies in west of Guangxi province,
China. It owns a national geo-park in 2005, which was
ranked as a member of the world geo-park in 2010 for its
beautiful and typical karst landscape including karst springs,
huge collapse depressions, caves, natural bridges, karst
windows. However poverty stands here for many years and
series of environmental problems affect local people.
Fengshan karst area is within subtropical climate, with
annual precipitation of 1,550 mm, annual temperature of
19 degree. The elevation changes from 700 m to 1,100 m.
It is an anticline in geological structure (Fig. 1). Triassic
sandstone closes Permian and carboniferous limestone.

Figure. 1 The hydrogeological map of the Poxin subterranean river.
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3. Methods

flow being recharged by epikarst flow, and conduit soil
erosion is induced by conduit flow and surface stream
converted from conduit flow in depression (Fig. 3).

When in the national plan of “the Western Development
Drive”, the Chinese Geological Survey organize
hydrogeological surcey project in the karst area of
southwestern China as coordination. The poxin subterenean
river catchment is planed as the area for the survey in 2006.
The main target for the project is that to identify the storage
condition of karst water in karst aquifer, and to identify
related environmental geological problems and their reason.
The survey is done in the scale of river basin. The methods
of survey include much technique and sciences, such as
date collection, field survey in hydrogeology and
geomorphology, hydrological monitoring, hydrochemical
sampling, speleological survey, interview and so on.
There are few excellent land resources and little available
drinking water in karst mountain area, but many people
choose living here. Most of land surface in Fangshan is
covered by shrub and forest. Cultivated field distributes in
bottom and slopes of depressions. Small paddy field lies in
a few poljes where soil and allogenic water are sufficient.
People live on cultivated field. Their agriculture activity
induces many environmental problems.

Figure 3. Soil erosion in karst area, three types of soil erosion is
related to karst.

In poljes or depressions near non-karst area it usually
suffered from allogenic soil erosion. Allogenic soil erosion
leads to debris flow which buries the precious farmland.
The suspended particles from non-karst area are made of
clay, sand and scree, and sometimes also including wood
and chunks of junk. The debris flow enters into swallow
hole and suspended particles deposit somewhere which
makes the conduits blocked. Once it happened flood will
occur in the poljes and depressions. Cropland in several
poljes has been destroyed completely by iterative flood,
where it was ever productive.

4. Results
4.1. Soil erosion
Both of slope cultivation and deforestation induce soil
erosion. Soil erosion is accelerated by steep sloops of peak
cluster and frequent storms in monsoon climate. It leads to
series of problems. The soil loss in storms happening in
border depressions leads to mudslides, not only destroying
farmland (Fig. 2A), but also blocking conduits (Fig. 2B).
The soil erosion happening in peak cluster leads to soil
denudation and forming rocky desertification. This is
mostly an irreversible process. The denuded land in slope
is covered by little soil and full of stone teeth (Fig. 2C).

Autogenic soil erosion usually happens in storm. Although
it is still unclear how the erosion happens in karst peak
slope, at least epikarst flow and bypass flow play key role
in the process for the erosion and overland flow has little
impact on it. Intensity of erosion is related to rainfall,
vegetation style and slope degree. Cultivation and cutting
on slope will make this kind of erosion quicker. Suspended
particles related to autogenic soil erosion are mainly clay
and some block of limestone. They stop moving and deposit
at the bottom of depression or near sinkhole. Autogenic soil
erosion leads to one kind of serious environmental problem
in south of China, and it is called rocky desertification.
A depression above main conduit may suffer from conduit
soil erosion. Overflow in rainy season from sinkhole or
karst windows at bottom of the depression become an
intermittent stream. The stream takes away soil along the
bank of channel and forms a deep valley at the bottom of
depression. The elevation of bottom surface in some
depression has been lower about 5m in the past 20 years.
The land was eroded gradually in planar (Fig. 2D).

Figure 2. Ssoil erosion in karst area, A: paddy field buried by
allogenic soil erosion; B: big blocks in allogenic soil erosion; C:
slope eroded by autogenic soil erosion, only stone teeth remained;
D: depression eroded by conduit soil erosion.

4.2. Flood in depressions

Three types of soil erosion are related to karst: allogenic
soil erosion, autogenic soil erosion, and conduit soil
erosion. Allogenic soil erosion is caused by allogenic rivers,
autogenic soil erosion is made by epikarst flow and bypass

Flood in depressions and poljes makes huge damage.
This special hydrological phenomenon is related with
underground conduits in karst aquifer. In general allogenic
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stream enters into karst aquifer by swallow hole in poljes.
However it is stopped to form a transient lake around the
hole when the conduit is too small to permit such large
discharge of flow to pass after intensity rainfall. For more
serious case, conduits which enlarged by karstification of
allogenic stream can be blocked by river sediment and
collapse rock from the ceiling of cave. Blocking of conduit
is a common reason for flood. Then in order to eliminate
flood determining the location of block is the first important
thing for opening conduits.

control the flood a tunnel was built for enhancing drainage
capacity, however the flood still can’t be removed
completely. Moreover flood time becomes longer and
longer from 1970s to now, for continues deposition. The
Shima Polje is becoming a really permanent lake. So
someone gives suggestion that it is better for the Shima
Polje to being a lake or reservoir than returning to farmland.
Flood in the Shima Polje had been studied from 1970s.
A tunnel was built to increase the discharge of conduits.
However the conduits were still blocked somewhere, which
is not clear downstream. So the flood hasn’t been solved
completely now. There are six connected swallow holes in
the Shima Polje. Before the further project for flood
controlling water table in these holes was monitored for
finding the possible blocks in conduits which connected the
swallow holes. It was found that water table in Ping cave
was 3 m higher than that in others when only Ping cave
accepted allogenic streams, but no difference for water table
in the caves when all swallow holes accepted rivers. So it
could be concluded that there was block in conduit between
Ping Cave and others, however some blocks unknown still
existed behind the swallow holes. The tunnel was built
connecting Ping cave and others. It discharged small flood
but large flood is remained unsolved (Fig. 4, Fig. 5).

Roughness of conduits inner surface impacts the capacity
of conduit discharge. Wall of conduit should be smooth with
wash of water, but cave chemical precipitation and sediment
of mash, sand or gravel in the floor increase the roughness
and decrease of flow velocity. On the other hand water
moving together with gravel makes the flow slower.
Moreover sediments usually reduce the hydraulic radius of
the conduit. So except for blocking conduit at some points,
sediments reduce flow by increasing roughness or
decreasing hydraulic radius.
For example the Shima Polje is the largest one in Poxin
karst spring catchment, which suffers from flood. There
were ten million tons of capacity as reservoir and 150 ha of
land in 1976, but it couldn’t be used because of flood. The
flood in the polje comes from streams in sandstone area
with the area of 44 km2, which means large drainage area
for the polje. The conduit can’t be examined for finding
block pots because it is always filled by water. In order to

Collapse of rock in conduit induces flood too. The method
for flood controlling in the block type is also building
tunnel. For example the tunnel was built in collapsed
detritus for discharge flood in the Dongni depression in
645
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Figure. 4 Swallow holes in the Shima Polje, a tunnel was built to discharge flood, the flow is from Ping Cave to Black Cave.

Figure. 5 Water table changes in swallow holes, which indicates the location of blocking in conduit.
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1960s. The collapsed detritus was formed at the gate of cave
below a cliff. It is the erosion of an intermittent stream in
the depression which leads to instability and collapse of
conduit. A new sinkhole formed after collapsing, however
which can’t discharge the flood by time. The tunnel built in
collapsed detritus was very effective, and flood in the
depression and depressions upstream was even diminished
(Fig. 7A).

project (PDP) is designed together. PDP is made of 4 parts,
which are a dam for debris, a channel for flood drainage, a
pool for sand deposition and a fence for prevention of plant
and other large piece of junk.
The regime of tributary conduits group may also leads to
flood. It is found that flood occurs along the tributary in
north of the main conduit, while there is little flooding in
the south tributary. The southern tributaries are recharged
by larger allogenic streams. Moreover they have smaller
length and bigger hydraulic grads. So the flood in southern
tributaries comes earlier than the north, which may enhance
the head in the main conduit and prevent flow in the
northern conduits (Fig. 6).

The Xiajiu depression with the flat area fitting farmland of
75 ha has a drainage area of 21 km2 distributed in non-karst.
A stream from non-karst area flows through the depression
and disappears in a swallow hole. The flood at the stream
together with many trees and a rice mill flows into conduit
in 1979, when a new road was being built. And from then
on there is always flood lasting 1 to 4 months in the Xiajiu
depression every year. In order to control the flood and
recover land for farm in the depression a clean conduit
project (CCP) is designed and done in the Xiajiu depression.

4.3. Drought
The average discharge of the Poxin spring is 6 m3/s. Its
drainage area is 803 km2 with about half of carbonate rock
and half of non-carbonate rock. Allogenic streams from
non-carbonate rock recharge karst aquifer by swallow holes.
Rainfall recharges karst aquifer through epikarst, sinkhole
and fractures. There are little rivers in karst area, while karst
groundwater is plentiful. However it is difficult to use karst
groundwater, because of its heterogeneous and deep water
table. Finding groundwater is mostly impossible in most
area except in some karst windows and sinkholes. Local
people living far away from groundwater have to build
small water tanks for harvesting rainfall.

There are two block points at 360 m and 600 m in the
conduit which is about 2,000 m long by cave mapping. The
cave is 1–18 m wide and 2–6 m high and big enough for
flooding discharge except for the two block points. So the
key problem of the CCP is removing the blocks.
The block at 360 m is silted up by incompact sediment,
which is easy to remove. The block at 600 m is a converse
siphon. It is filled always by water. Only single person can
climb through it at one time. For this kind of block dynamite
is needed to clear rock. Excluding CCP, prevention debris

Figure 6. Integration of conduit in the Poxin spring catchment, tributary conduits are all recharge by allogenic streams.

Figure 7. Flood in karst area and engineering for flood discharge, A: tunnel in the Dongni for discharge flood in the depression;
B: flood impacts paddy field in polje.
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Thousands of water tanks have been built in the past ten
years. Almost every family own at least one water tank, and
some of them build big one for several families. Water
shortage for life is resolved by this way, moreover people
build water tanks near their farmland for irrigation. By this
method corn field is changed into paddy field.

the utilization of epikarst water is cheaper and feasible.
Plants
Many kinds of plant in karst area are useful raw material
for Chinese herbal medicine. Some of them are only adapt
to karst environment or are better than that growing in other
geological environment. Wild herb is precious and
expensive in market, so it has been over picked in the past.
The government organizes people to crop herb for business.
This work not only brings money for local people but also
does well to wild vegetation protection.

Water quality in the water tanks is possibly polluted by
bacteria and turbidity under high temperature and heavy
rainfall. The treatment is necessary before water is
harvested, and the environment surrounding of the water
tank is also important for improving water quality. The
sources of water tank are overland flow, epikarst flow and
rainfall. The adequate drainage area for water tank is also
important. Epikarst flow has better quality and longer flow
time, so it is best source for water tanks. Forest covering
for epikarst can clean water, cut flood peak and increase
base flow in epikarst (Fig. 8).

Tourism
The poxin subterranean river becomes famous because of
the establishment of national geopark. The geopark own
splendid karst geomorphology, including huge and long
caves, big karst windows, splendid stalagmite, and long life
old people. There are the most long life old people here in
the world. The secrecy of long life is related with its special
geological environment. Several tipical landscapes have
been viewpoints for besiness, which accelerates the
ecomonic development.
Energy
Although the soil is thin or even lack here, rocky slope can
still be covered by shrubs and bush if there is no cultivation
and over cutting. Production of vegetation is much because
of much sun light and rainfall. These grass or shrub is used
to feed poultry and livestock like pigs, goat, horses and
cows. The government organizes technician to help people
to build biogas digester. It uses manure of the poultry and
livestock as raw material, and it is very effective for
environmental protection. Biogas will replace firewood as
main family energy in the future.
4.5. Development
The Fengshen is poverty-stricken county, where per capita
income of people is below 1500RMB. The government
spends much money in improving traffic, education and
health. Tourism has been developed largely since the
beautiful karst landscape is found. The orchard is planted
in denudated sploe land in large scale. It brings hope for
local people. And the return of the large investment will
gradually come into being in the future.

Figure 8. Water tanks harvesting rainfall, epikarst flow and
overland flow in karst area, a piece of paddy field among corn is
irrigated by the cellars.

Practices for poverty alleviation should be environmentfriendly. The best management practices are needed for
environmental protection during developing. Soil erosion
should be controlled according to its character. More strict
vegetation protection practices are necessary for non-karst
area, where the sediment comes. A buffer zone near
swallow hole can intercept big sediment from allogenic
rivers. Conversion of cropland to forest in slope may reduce
rocky desertification, which also control autogenic soil
erosion. Conduit flow soil erosion can be prevented by
building concrete bank. It is difficult to open it once conduit
is blocked.

4.4. Resources
Epikarst water
The perched and saturated zone near surface in peak and
depression is called epikarst. Epikarst is charactered by
intensified dissolution and corresponding high porosity
because of high CO2 concentration in soil and low
saturation index of calcaite in rainfall. The storage of
epikarst and its regulation for rainfall recharge make it
possible to use epikarst water. Somewhere small springs are
formed in the process of epikarst evolution. These springs
are sensitive for rainfall, and they flood soon after rainfall,
while their base flow continued several months. But their
discharge usually attenuates to zero in dry season, so a small
water tank is needed, which regular flood for water supply
in dry season. Comparing with water in the saturated zone,

Removing stem from conduit by engineering technique is
effective sometime, but which is impossible when the
conduit is long and filled by water. Opening a new tunnel
may be useful but only when proper location is determined.
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5. Conclusions
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Scărişoara Cave (located in NW Romania) is one of the best-known limestone caves with perennial ice. Extensive
geological/paleoecological studies have been performed on the ice block–the largest underground ice deposit known in
the world. To date, the Scărişoara ice block has never been studied from a microbiological point of view, and therefore
our research aims to characterise the microbiota (Archaea, Bacteria, as well as eukaryotic microorganisms) present in the
ice sediments of different ages. The intention is that correlation of the structure of the microbial communities within an
ice layer of a specific age with the known climate patterns will lead to the identification of climate biomarkers. Moreover,
among the identified microorganisms, some might prove to be economically advantageous. Chemical analysis of
ice sediments of the different ages indicated a decrease in salinity, oxygen chemical consumption, and nutrient
concentrations that correlated with the age of ice layers. To investigate if microorganisms are present in the ice block we
used culture – dependent methods, as well as microscopy and molecular techniques. Cultivated strains were obtained from
melted ice inoculated on various solid growth enrichment media using Ecoplates (Biolog), as well as agar plates, incubated
at two different temperatures (4 °C and 10 °C). The bacterial growth was monitored spectrophoto-metrically and
comparisons of the growth curves from these strains revealed different nutritional preferences, suggesting the presence of
different bacterial communities in each age layer. Moreover, the differences in the growth rate between 4 °C and 10 °C
indicate that psychrotolerant microorganisms are prevalent over psychrophilic groups from the 900 year old ice, whereas
psychrophilic and psychrotolerant species are equally distributed in the 450 and 1 year old ice layers. The presence of
both bacteria and archaea was also confirmed by amplifying the 16S rRNA gene from total DNA extracted from ice
samples, as well as from bacterial cultures with specific primers. A 16S rRNA gene sequence clone library of 180 bacterial
clones was obtained, and several bacterial strains were identified by pyrosequencing.
The diversity of bacterial communities was further indicated by Amplified Ribosomal DNA Restriction Analysis
(ARDRA). Cyanobacteria from the sun exposed ice samples were also visualised by epifluorescence microscopy.
The presence of eukaryotes (i.e. algae) in the samples was confirmed by using specific primers to amplify the eukaryotic
18S rRNA gene from total DNA. Moreover, dead and living cells were visualized by epifluorescence using propidium
iodide and with SybrGreen, respectively. In summary, phototrophic microorganisms (both cyanobacteria and algae) are
present and alive in the sun-exposed samples, the ice of a specific age is populated by a great diversity of microbial
communities (PK/EK), and that there are differences in between the communities inhabiting different aged ice layers.
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BAT COMMUNITIES OF CZECH CAVES OVER 45 YEARS
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Ivan Horáček1, Tomáš Bartonička2, Jiří Gaisler2, Jan Zukal3, ČESON4
Department of Zoology, Charles University, Viničná 7, 128 44 Prague, Czech Republic
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4
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As in other regions of Central Europe, in the Czech Republic bats colonize caves exclusively as hibernacula and/or places
of seasonal swarming (with a single exception: a hydrothermal cave Hranická propast which hosts a breeding colony of
Myotis myotis). Structure and long-term changes of bat populations in particular underground hibernacula became there a
subject of a standardized monitoring which started already in 1969 (then with 16 sites). Since then extent of the project
enlarged essentially – now it covers almost 800 sites including nearly 300 caves in all major karst region of the country,
all controlled once (or twice) per winter period with visual identification of bats and excluding any distrubance. 20 (of 26)
local bats species were found to hibernate in underground hibernacula, Myotis myotis, Rhinolophus hipposideros and
Myotis daubentoni being the most common. In most species, dramatic abundance changes were recognized, e.g., a drastic
drop in 70’ in R.hipposideros with its disappearance from almost all non-karstic region, followed by a slow recovering in
late 80’ and 90’ and radical abundance increase during the last decades. With certain delay, the same trend appeared also
in M,myotis. An abrupt abundance increase synchronous with positive trends in the former species occurred in
M.emarginatus, formerly a rare thermophilous species, now often a dominant elements in hibernacula of the Eastern part
of the country. In contrast, some species show no similar trends and the others, such as Plecotus austricus, are in continuous
decline. A large number of monitored sites enabled to quantify these trends and to distinguish the phenomena of general
significance from locally specific situations and/or the changes in community structure driven by anthropogenic impacts
in cave interior and/or setting of cave entrances. Such phenomena, clearly associated with extensive rearrangements in
structure of hibernating community are demonstrated in details for two caves of Bohemian karst (Koněpruské, Srbské) –
responding in both to the anthropogenic effects upon entrance design, air currents and thermal properties of the respective
caves. In one case, these caused considerable increase of abundance and diversity of hibernating community, while in the
other the trends were exactly reversed. Worth mentioning is that the above mentioned general abundance development
has not been affected by increasing incidence of geomycosis in hibernating bats (presence of mycelia of Geomyces
destructans causing the White nose syndrome). The incidence of geomycosis has been quantitatively monitored since
2009/2010 and proved in a considerable part of monitored sites. In contrast to North American hibernacula, no mortality
directly caused by geomycosis was confirmed. Both incidence and prevalence of geomycosis show considerable
interregional differences – the pattern of them seems to be nearly identical in all four winter of its monitoring.
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FOOD CHAIN LENGTH IN GROUNDWATER: PATTERNS IN δ15N RANGE
Benjamin T. Hutchins, Benjamin F. Schwartz
Texas State University Department of Biology, 601 University Dr. San Marcos, TX, USA, bh1333@txstate.edu

There is a large body of empirical and theoretical literature on historical and environmental determinates of food chain
length (FCL), but these have not been assessed in groundwater habitats. Stable isotope analysis of nitrogen in animal
tissues provides an inexpensive measure of FCL. Trophic level and uncertainty in trophic level was estimated for
19 stygobiont species from two geochemically distinct sites in the Edwards Aquifer of South-Central Texas, USA. Isotopic
data revealed large uncertainty associated with intraspecific δ15N variability and low sample sizes, but species averages
span 9‰ and strongly suggest the presence of 2° predators; unusual for groundwater foodwebs that are typically assumed
to contain few obligate predators. A literature review revealed 10 additional isotope studies of groundwater foodwebs
(excluding hyporheic habitats). Simple linear regressions and Akaike Information Criterion suggested that ecosystem age
(r2 = 0.66, F = 18.26, p < 0.01), and to a lesser extent, ecosystem size (r2 = 0.52, F = 10.75, p = 0.01) and the presence of
vertebrates (F = 9.98, p = 0.01) are all positively correlated with FCL. However, incomplete sampling of taxa for isotope
analysis obfuscates the strength of these relationships. Groundwater habitats are ideal systems to study the relative
importance of factors influencing food chain length using a stable isotope approach, but future studies should include
larger sample sizes, more complete sampling of taxa, and body mass measurements.

1. Introduction
Little attention has been given to the historical and current
environmental conditions controlling food chain length
(FCL) in subterranean habitats. Although research on
subterranean food web structure supports the paradigm of
truncated food webs (Gibert and Deharveng 2002), there is
both empirical and theoretical literature on historical and
environmental controls of FCL in non-subterranean habitats
(Post 2002a; Takimoto and Post 2012), and the factors
influencing variation in FCL in subterranean systems are
ripe for investigation. Because they have been summarized
elsewhere (Post 2002a), potential determinates of FCL will
only be introduced here. At least 5 major controls on FCL
have been discussed at length in the literature, including
productivity (Kaunzinger and Morin 1998), ecosystem size
(Schoener 1989; Post et al. 2000; Post 2007), ecosystem
age (Kitching 2001), predator-prey mass ratios (Hastings
& Conrad 1979), and disturbance (Pimm and Lawton 1977).
Groundwater habitats are ideal for studying the relative
importance of historical and environmental factors
influencing FCL because of relatively simple food chains
(Gibert and Deharveng 2002) and because of the global
distribution of groundwater communities often comprised
of similar species (e.g., crustaceans) inhabiting aquifers
with a broad range of historical and environmental
characteristics. Stable isotope ratio analysis of nitrogen (N)
in animal tissues is commonly used as a measure of FCL
(Takimoto and Post 2012), although isotope data alone
should be interpreted with caution (Post 2002b). Further,
because groundwater foodwebs are relatively simple,
erroneous trophic level estimates due to differences in the
proportional contributions of multiple resources to primary
consumers (Hoeinghaus and Zeug 2008) are minimized. We
present N isotopic data from subterranean aquatic species
(stygobionts) from the Edwards Aquifer of South-Central
Texas, USA. Based on habitat stability, age, size, and
predator-prey mass ratios, it was predicted that the Edwards
should have a long FCL relative to other groundwater
communities. Secondly, we synthesize the isotopic
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literature on stygobiont food webs, excluding hyporheic and
soil groundwater systems, with the aim of assessing the
relative importance of these factors on stygobiont FCL.

2. Methods
The Edwards Aquifer of south-central Texas is exposed to
epigenic dissolution along a narrow escarpment and
recharge zone on the northern and western margin of the
aquifer (Barker et al. 1994). South and east of the
escarpment, Edwards limestones are confined below nonkarstic carbonates and clays. Farther south and east,
oxygenated, low total dissolved solids (TDS) water rapidly
changes to anoxic, sulfide-rich, high TDS waters at a
transition zone called the freshwater-saline water interface
(FWSWI) (Oetting et al. 1996, includes map).
Two sites (an artesian well and Comal Springs) were chosen
for repeated sampling of stygobionts because of their
hydrological and geochemical distinctiveness, ease of access,
and faunal diversity (Longley 1981; Gibson et al. 2008).
The artesian well is in the confined portion of the aquifer
approximately 0.5 km from the FWSWI. Comal Springs is
a series of springs at the base of the escarpment between
the unconfined and confined portions of the aquifer.
Discharge at the springs averages 9 m3s-1. At both sites,
animals were collected (USFWS permit# SPR-0390-045)
multiple times between June 2010 and March 2012 using
250 μm or 500 μm nets left in place between 4 and 24 hrs.
Animals were identified to the lowest possible level
(usually species) and kept in filtered spring water for ~5 hrs
to allow digestive tracts to clear. Animals were dried at
40 °C for 24–48 hrs. 1mg of dry mass was used for isotope
analysis, and multiple individuals were pooled to attain
adequate mass for small species. Snails were removed from
their shells prior to analysis. N isotope analyses were
conducted at the UC Davis Stable Isotope Facility.
For each animal, trophic level was estimated using a
Bayesian extension of Post’s equation where trophic level
of animal j = 2 + (δ15Nj - δ15Nbase)/Δδ15N, where δ15Nj and
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δ15Nbase are the stable N isotope ratios for species j and
primary consumers, respectively, and Δδ15N is the per
trophic level enrichment in N isotope composition (Post
2002b). Trophic level 1 is defined as primary producers. A
Bayesian approach allows uncertainty in the estimate to be
quantified by treating all three variables as normal
distributions with associated means and precisions
estimated using sample data (δ15Nj and δ15Nbase) and
published values (Δδ15N). Published values for i were
obtained from McCutchan et al. (2003) and Caut et al.
(2009) for guanicotelic and ammonotelic freshwater and
terrestrial invertebrates (Vanderklift and Ponsard 2003).
Uninformative priors are given for population level means
(normal distribution with μ = 0, τ = 1e-6) and precisions
(gamma distribution with α = 0.001, β = 0.001). To estimate
possible effects of infrequent feeding or nutritional stress,
trophic level estimates were also calculated by setting
Δδ15Nstarvation = Δδ15N +1.34‰ based on the observed 1.34‰
increase in Δδ15N due to starvation in a lycosid spider
observed by Oelbermann and Scheu (2002). The posterior
probability distribution for the trophic level of species j was
estimated using a Markov Chain Monte Carlo (MCMC)
procedure. Two MCMC chains were run, each with 500,000
iterations, a thinning rate of 50, and a burn-in of 1,000. Plots
of parameter estimates as a function of MCMC iteration
were assessed for adequate burn in, and MCMC convergence
was assessed using Gelman and Rubin potential scale
reduction factors (Gelman and Rubin 1992). Analyses were
run in R v2.15and JAGS v3.2.0.
To search for stable isotope studies of groundwater
foodwebs, Google Scholar (http://scholar.google.com) was
searched using the words isotope, troglobite, and stygobite
simultaneously and the words isotope, troglobiont, and
stygobiont simultaneously. Results were cross-referenced
for additional studies. In several instances, isotope data
were available only as a figure. In these instances, values
were estimated by overlaying the figure on a grid with grid
size = 0.1‰ in Adobe Illustrator CS. FCL was defined as
maximum average species δ15N – minimum average species
δ15N. In instances in which more than one site was sampled,
the site with the largest FCL was used for analysis, or if two
distinct food webs were indicated, both were used.
Individual measurements were used in one instance, when
a single species was analyzed. Simple linear regressions
were run to assess correlations among δ15N range and
covariates. Covariates included species richness, ecosystem
size, ecosystem age, the presence of vertebrate stygobionts,
and ecosystem stability. Ecosystem size was modeled as an
ordinal variable with four size classes corresponding to
systems with a 2 dimensional extent of less than 10 km2,
tens of km2, hundreds of km2, and > 1,000 km2. Ecosystem
age was estimated as the approximate age of initial
karstification, which represents the earliest date in which
colonization of a site can begin, whether by epigean or
groundwater species. In several instances in which a precise
age of karstification was unknown, the beginning of the
appropriate epoch was used (e.g., 23.8 mya for Miocene).
Ecosystem age was square root transformed for normality.
Presence or absence of vertebrate stygobionts was used as a
qualitative measure of predator-prey mass ratios. Ecosystem
stability was modeled as an ordinal variable with 4 classes
defined using the following equation: stability = 1 + 1 if

food web is partially or wholly dependent on
chemoautotrophic production + 1 if site was not exposed to
late Cenozoic glaciations or marine embayments + 1 if karst
is partially confined. To assess whether δ15N ranges were
an artifact of incomplete sampling, δ15N range was also
regressed against the proportion of total stygobionts
recorded from the site that were included in the isotope
analysis (coverage). Multiple regressions were run to assess
the interaction between covariates and coverage, but
interactions among covariates was not assessed. Significance
was adjusted for multiple comparisons using the false
discovery rate method of Narum (2006). Akaike information
criterion for finite samples size (AICc) was used to evaluate
model fit. Analyses were run in R v2.15.

3. Results
163 individuals from 10 different species and 213 individuals
from 14 different species were collected from Comal
Springs and the artesian well, respectively (Table 1). The
asellid isopods Lirceolus spp. and the hadziid amphipod
Mexiweckelia hardeni from Comal Springs and the snails
Phreatodrobia spp. and the hadziid amphipod Texiweckelia
texensis from the artesian well were assigned to trophic
level 2 for trophic level estimates. One species, the
crangonyctid amphipod Stygobromus russelli, represented
by 2 individuals at the artesian well, had lower δ15N values
than Phreatodrobia spp. or T. texensis but was not assigned
to trophic level 1 because of 1) small sample size, 2) a large
body size (11.75 mm), and 3) higher δ15N values from
individuals collected at Comal Springs. The exclusion of S.
russelli leads to more conservative (i.e. lower) trophic level
estimates for other species. Inspection of δ13C and δ15N
biplots for both sites (data not shown) showed no indication
of more than one food chain or evidence that species were
feeding on different basal resources. 65 estimates of Δδ15N
between -3.2‰ and 8.6‰ were used for trophic level
estimates. The mean of the posterior probability (E(Δδ15N))
in guanicotelic and ammonotelic terrestrial and freshwater
invertebrates = 2.81‰ with 95 % equal-tail credible
intervals (95 % ETCI) = 2.31–3.31‰. Assuming additional
1.34‰ enrichment due to infrequent feeding,
E(Δδ15Nstarvation) = 4.15‰ (95 % ETCI = 3.65–4.65‰).
Stygobionts in the Edwards Aquifer occupied
approximately 4 consumer trophic levels assuming trophic
enrichment similar to values reported in the literature or
3 consumer trophic levels assuming higher Δδ15N due to
infrequent feeding (Table 1). 95 % ETCIs for trophic level
estimates typically spanned 2 trophic levels, depending on
sample size and variability among individuals.
The literature search revealed 10 previous stable isotope
studies from subterranean aquatic environments (excluding
hyporheic systems), and 5 of these studies analyzed
stygobionts from more than 1 site. Three studies were
excluded from analysis. Neisch et al., (2012) analyzed
2 anchialine sites in the Yucatan, Mexico but one site had
been previously investigated (Pohlman et al. 1997),
taxonomic resolution was poor, and whether reported values
were for individuals or species means was not specified.
Paoletti et al. (2011) investigated one fully aquatic isopod
Monolistra lavalensis, but δ15N range could not be
calculated because individual values were not reported.
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Table 1. Sample size, δ15N, and mean trophic level estimates for species sampled from an artesian well and Comal Springs, Edwards
Aquifer Texas, USA. Estimates are based on published Δδ15N and Δδ15N + 1.34‰, for infrequent feeding. ETCI = equal tail credible
intervals. *indicates that multiple individuals were aggregated for samples.
Species

N

δ15N (± SD)

Trophic level
(95 % ETCI)
E(Δδ15N) = 2.81‰

Trophic level
(95 % ETCI)
E(Δδ15N) = 4.15‰

Artesian Well
Artesia subterranea (Amphipoda)

5

14.06 (±1.43)

5.3 (4.32–6.47)

4.23 (3.6–4.92)

Eurycea rathbuni (Caudata)

2

12.28 (±0.95)

4.66 (1.58–7.86)

3.80 (1.72–5.93)

Stygobromus flagellates (Amphipoda)

23

10.82 (±3.46)

4.14 (3.3–5.12)

3.45 (2.89–4.05)

Allotexiweckelia hirsute (Amphipoda)

1

10.47

3.72

3.16

Texiweckeliopsis insolita (Amphipoda)

8*

9.61 (±0.91)

3.71 (3.01–4.52)

3.16 (2.69–3.65)

Lirceolus spp. (Isopoda)

4*

9.08 (±0.91)

3.52 (2.71–4.44)

3.03 (2.48–3.61)

Cirolanides texensis (Isopoda)

20

8.85 (±1.13)

3.44 (2.78–4.19)

2.97 (2.53–3.45)

Palaemonetes antrorum (Decapoda)

22

8.23 (±1.33)

3.22 (2.56–3.96)

2.83 (2.38–3.30)

Moorbdella sp.(Hirudinea)

3

7.77 (±1.38)

3.05 (1.71–4.47)

2.71 (1.81–3.65)

Haedioporus texanus (Coleoptera)

9*

7.49 (±0.43)

2.95 (2.32–3.65)

2.65 (2.22–3.09)

Holsingerius samacos (Amphipoda)

4*

6.75 (±3.61)

2.69 (0.44–4.88)

2.47 (1.03–3.93)

Phreatodrobia spp. (Gastropoda)

1*

5.67

2.31

2.21

Texiweckelia texensis (Amphipoda)

4*

5.62 (±1.79)

2.29 (1.11–3.51)

2.2 (1.4–3.01)

Stygobromus russelli (Amphipoda)

2

2.74 (±0.01)

1.27 (-1.45–1.94)

1.50 (1.03–1.96)

Comal Springs
Cirolanides texensis (Isopoda)

2

12.99 (±0.56)

5.10 (3.33–7.08)

4.10 (2.91–5.40)

Sphalloplana sp. (Tricladida)

1

12.46

4.91

3.97

Artesia subterranea (Amphipoda)

1

10.68

4.28

3.55

Stygobromus pecki (Amphipoda)

26

9.92 (±0.79)

4.01 (3.61–4.54)

3.36 (3.13–3.64)

Haedioporus texanus (Coleoptera)

1*

6.66

2.85

2.58

Stygobromus russelli (Amphipoda)

3

6.56 (±1.37)

2.82 (1.58–4.09)

2.55 (1.72–3.40)

Comaldessus stygius (Coleoptera)

1*

6.45

2.78

2.53

Stygoparnus comalensis (Coleoptera)

2*

5.52 (±2.95)

2.44 (-6.5–11.68)

2.30 (-3.73–8.50)

Mexiweckelia hardeni (Amphipoda)

3*

4.75 (±0.89)

2.17 (1.36–3.00)

2.12 (1.56–2.67)

Lirceolus spp. (Isopoda)

6*

4.02 (±0.97)

1.91 (1.46–2.37)

1.94 (1.64–2.25)

(r2 = 0.66, F = 18.26, df = 1 & 8, p < 0.01), ecosystem size
(r2 = 0.52, F = 10.75, df = 1& 8, p = 0.01), and the presence
of vertebrates (r2 not estimated, F = 9.98, df =1 & 8,
p = 0.01) (Fig. 1) but not with stability, species richness, or
sample coverage. Significant interactions between coverage
and age (r2 = 0.80, F = 36.78, df = 1 & 8, p < 0.001) and
between coverage and vertebrates (r2 = 0.69, F = 10.82,
df = 2 & 7, p = 0.007) were detected. AICc suggested that
the ecosystem age * coverage model was the best fit, being
5.3 times more likely than the next best model (ecosystem
age). The remaining models were highly unlikely to be the
best fit models (AICc Δ > 8).

Finally, Roach et al., (2011) analyzed insects and a poeceliid
fish in a cave in Tobasco, Mexico, but no species were
stygobionts. The remaining 7 studies sampled freshwater
and saline phreatic and vadose karst groundwater habitats
with a broad range of faunal characteristics. These include
1) Peştera Movile and a nearby sulfidic well in Constanţa,
Romania (Sarbu et al. 1996), 2) the Frasassi Cave System
in Marche, Italy (Sarbu et al. 2000), 3) Cave Springs Cave
Arkansas, USA (Graening et al. 2003), 4) the upper
Floridan aquifer in Georgia, USA (Opsahl and Chanton
2006), 5) Organ Cave in West Virginia, USA (Simon et al.
2003), 6) Bundera Sinkhole in North Western Australia
(Humphreys 1999), and 7) the Mayan Blue cenote in
Quintana Roo, Mexico (Pohlman et al. 1997). Table 2
summarizes characteristics of these systems and results of
the isotope studies.

4. Discussion
Analytical solutions for trophic level using fixed values for
Δδ15N and trophic base ignore uncertainty in both
parameters and provide little information on confidence in
trophic level estimates (Post 2002b). 95 % ETCIs for

11 regressions were run, so significance was set at
p ≤ 0.017. Statistical analysis revealed significant positive
relationships between δ15N range and ecosystem age
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Table 2. Published species average δ15N ranges and covariate data used for linear regressions. Proportion of species is the proportion
of total species recorded from the site that were analyzed for stable isotope composition. See text for isotope study references. *indicates
δ15N range for a single species. Covariate references available on request.
System

δ15N range

Age
(mya)

Stability

Species
richness

Ecosystem
size

Vertebrate
stygobionts

Proportions
of species

9.0 (4.0–13.0)

23.8

4

16

4

1

0.63

artesian well

8.4(5.62–14.06)

23.8

4

22

4

1

0.64

Peştera Movile

3.7(-4.75– -1.05)

5.2

4

20

2

0

0.15

4.5(0.2–4.7)

Comal Springs

sulfidic well, Romania

5.2

4

20

2

0

0.15

Frasassi Grotto del Fiume

1.6 (-5.5– -3.9)

*

0.2

2

3

1

0

0.33

Cave Springs Cave

6.6 (10.7–17.3)

5.0

1

4

2

1

0.50

Radium Springs

6.3 (11.8–18.1)

3.4

3

4

4

0

0.75

Organ Cave

3.8 (12.2–16)

5

1

8

2

0

0.38

Bundera sinkhole (deep)

7.5 (4.8–12.3)

23.8

2

8

3

1

0.38

Mayan Blue Cenote

4.9 (8.4–13.3)

14

2

19

4

1

0.42

Incorrect assignment of trophic level 2 species would also
produce erroneous trophic level estimates. Average δ15N of
fine particulate organic matter in the Edwards Aquifer is
2.28‰, but it is spatially and temporally variable with
measured values bracketing values of trophic level 2 species
(data not shown). If species such as P. antrorum, C. texensis,
and Lirceolus spp. are primary consumers, species such as
A. subterranea and E. rathbuni would feed approximately
at trophic level 4 or 3 depending on Δδ15N. This does not
explain the lower δ15N values observed in several other
species and would require that those other species are not
consumed by other members of this food web.

trophic level estimates from Edwards Aquifer fauna
typically span approximately one trophic level on either
side of the mean. This has important implications for
interpretation of food web structure. For example, Lirceolus
spp. has a slightly higher mean trophic level than the larger
cirolanid isopod Cirolanides texensis. However, the 95 %
ETCIs for these estimates overlap, and given the observed
data, it is not unlikely that C. texensis occupies a higher
trophic level than Lirceolus spp.
The high δ15N values observed in some species strongly
suggest that their diet is dominated by other predators. This
is especially true of the artesiid amphipod Artesia
subterranea, from the artesian well, and is likely true of
several other species, although small sample size precludes
a confident estimate of trophic level (e.g., the plethodontid
salamander Eurycea rathbuni and the flatworm
Sphalloplana sp.). Despite the surprisingly high trophic
level estimate for A. subterranea, a 3° predator seems
unlikely in a groundwater habitat, even though they occur
in other habitats (Vander Zanden and Fetzer 2007). Two
possibilities could lead to erroneous trophic level estimates.
Δδ15N for these stygobionts may be higher than average
values reported for ammonotelic and guanicotelic
organisms from freshwater and terrestrial environments.
Several studies have discussed potential sources of
variability in Δδ15N (Scrimgeour et al. 1995; McCutchan et
al. 2003; Vanderklift and Ponsard 2003; Caut et al. 2009).
There is no a priori evidence for nutritional stress or some
other mechanism that would lead to higher Δδ15N in
stygobionts, but if the estimated Δδ15N due to infrequent
feeding (E(Δδ15Nstarvation) = 4.15‰) more closely
approximates actual enrichment in the Edwards Aquifer,
the highest trophic level is approximately 4. This still
suggests the presence of 2° predators: a departure from
typical groundwater foodwebs. However, the mechanism
by which these “apex” predators selectively feed on
1° predators is unknown. These data also suggest that
animal tissue (either through predation or scavenging) is an
important dietary component for several small or
presumably detritivorous species such as Lirceolus spp. and
the atyid shrimp Palaemonetes antrorum.

On a global scale, analysis of δ15N range revealed important
differences among sites, but incomplete sampling of species
for isotopic measurements (coverage) significantly
interacted with other covariates, resulting in uncertainty in
the strength of interactions between δ15N range and
covariates. Nevertheless, ecosystem age appeared to be the
most important factor influencing FCL in the stygobiont
dominated communities assessed, despite the effect of
incomplete coverage. Relatively young habitats may not
have had the time necessary for colonization by the species
required to fill specific trophic niches and create complex
food chains. This may explain the low δ15N range observed
in the productive Frasassi Caves and Radium Springs in the
upper Floridan aquifer, but it contrasts with findings from
lakes, in which older systems had shorter food chains
(Doi et al. 2012). As seen in other systems (Sabo et al.
2010), FCL is also correlated with habitat size. This may
be, in part, through interaction with other important
mechanisms such as mitigating the negative effects of
disturbance (Sabo et al. 2010) or affecting nutrient
availability (Post 2002). Severely nutrient limited systems
likely do not have adequate resources to maintain viable
populations of higher trophic level species regardless of age
or size. FCL in temperate cave systems dependent on
allochthonous input, including Organ Cave and Cave
Springs Cave, may ultimately be limited by resource
availability. Data were not available to assess productivity
in this study, but in surface habitats, support for a
productivity – FCL relation has been weak (Post et al. 2000;
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Sabo et al. 2010, but see Takimoto and Post 2012). No
relation between species richness and FCL was observed,
but the relation between species richness and diversity is
neither direct nor monotonic (Cardinale et al. 2009). In old
and productive systems, long food chains are still unlikely
when size differences between primary consumers and
predators are small. This may be the case for Movile Cave,
where the largest predators (the hemipteran Nepa
anophthalma and the leech Haemopis caeca) are small
relative to large decapod crustaceans or vertebrate predators
present in other groundwater habitats. However, the
presence of vertebrates is a poor measure of predator-prey
mass ratios, and its affect was also dependent on coverage,
so additional data is necessary to better understand the
importance of this covariate. In old, large, and productive
systems with taxa exhibiting a diverse range of body sizes,
FCL may be determined by the long-term stability of the
system. FCL in the Edwards Aquifer ecosystem appears to
be longer than FCL in the Mayan Blue Hole and Bundera
Sinkhole ecosystems, and this may be due to the semiconfined nature of the Edwards Aquifer and its distance
from Pleistocene shorelines. The latter systems are both
anchialine, having connections to the surface and the ocean.
The “openness” of anchialine habitats makes them
susceptible to disturbance associated with variability in
temperature, precipitation, and allochthonous input and to
fluctuating sea levels during the Pleistocene.

5. Conclusions
Determination of δ15N range in stygobiont tissues is a
simple and inexpensive method for quantifying FCL. δ15N
values for stygobionts from the Edwards Aquifer suggest
the longest FCL yet reported from a groundwater system.
These data strongly suggest the presence of secondary
predators, which is unusual for subterranean systems.
Quantifying the relative importance of historical and
environmental factors influencing groundwater FCL is
limited by the small number of foodweb studies, incomplete
sampling of taxa, and potential covariance among predictor
variables. Nevertheless, available data suggests that
ecosystem age and, to a lesser extent, ecosystem size and
predator-prey interactions influence FCL in groundwater
habitats. Because of their relatively low diversity and
limited number of potential food resources relative to
epigean habitats, groundwater ecosystems are ideally suited
to large scale analyses of historical and environmental
influences on FCL.
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Figure 1. Significant regressions of δ15N range versus A)
ecosystem size, B) ecosystem age, and C) the presence of
vertebrates. Solid regression lines, capital letters, and top X axis
on pane A are for interaction effects models and dashed lines and
lower case letters are for simple linear regressions. A = Cave
Springs Cave; B = Bundera Sinkhole; C = Comal Springs; D =
sulfidic well; E = artesian well; F = Frasassi Grotto del Fume;
G = Radium Springs; M = Pestera Movile; O = Organc Cave;
Y = Mayan Blue Cenote. See text for citations and regression
statistics.
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CAVE-DWELLING FAUNA FROM KARST AREAS OF PORTUGAL
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Karst areas of Portugal occupy a considerable part of the territory and harbor more than 2,000 known caves. The complex
biogeographical history of the Iberian Peninsula allowed the survival of several relict arthropod refugees in the subterranean
environment. The knowledge about cave-dwelling fauna from karst areas increased significantly in the last six years. The
cave-dwelling fauna of main karst areas of Portugal is presented.

1. Introduction

3. Results and discussion

Although the first published register of cave-dwelling
fauna from Portugal was in the monograph “Trechorum
oculatorum” (Putzeys 1870), the pioneer of the Portuguese
subterranean biology is considered António de Barros
Machado, an eminent arachnologist that began the
methodical exploration of caves in Portugal in the late
1930’s, performing an intense sampling effort on terrestrial
cave-dwelling fauna along the karst caves of Portugal
(Gama and Afonso 1994; Reboleira et al. 2011a). Together
with his brother Bernardino de Barros Machado, they
described more than 300 caves in the “Inventário das
cavernas calcárias de Portugal” (Machado and Machado
1941). In the same decade, the discovery of Proasellus
lusitanicus (Frade 1938) from the Alviela spring in the
Estremenho karst massif, paved the way for the study of
stygobionts in the following decades by researchers of the
former Instituto de Zoologia “Dr. Augusto Nobre” from
Porto University, such as José Braga, Amilcar Mateus or
Odette Afonso (Reboleira et al. 2012a).

3.1. Physical parameters
The largest known cave in Portugal is Gruta do Almonda,
with more than 14 km and the deepest is currently Algar do
Palopes around -260 m. The air temperature of thermically
isolated areas of studied caves ranges from 11 ºC in caves
located in the north, to 21.5 ºC in caves at sea level in
Arrábida and Algarve.

The research in troglobiont fauna almost stopped for three
decades and despite of several intents along this period,
only in the last six years it has been increasing
More than 14 karst units are known from Portugal, the most
important are Jurassic limestones and dolomites: Estremenho
(Serras de Aire e Candeeiros), Algarve, Sicó-CondeixaAlvaiázere, Arrábida and Montejunto, while some caves are
found in Cambrian limestone and marbles in Estremoz and
Adiça in the Alentejo, and in Vimioso on the northeast
region (Reboleira et al 2011). Caves are found from the sea
level in Arrábida, Boa Viagem and Algarve up to the higher
karst point at 679 meters in Serra de Aire.

2. Methods
During the last six years more than 60 caves in the main
karst units (Fig. 1) have been sampling by direct search
combined with the use of baited traps, in main karst areas
of Portugal (for detailed information see Reboleira 2012).
Collected animals were sorted and identified.

Figure 1. Main karst units of Portugal. 1 – Dine and Vimioso; 2 –
Outil-Cantanhede; 3 Mealhada; 4 – Sicó; 5 – Estremenho; 6 –
Cesaredas; 7 – Montejunto; 8 – Lisbon Peninsula; 9 – Arrábida;
10 – Estremoz-Cano; 11 – Adiça-Ficalho; 12 – Algarve.
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3.2. Cave-dwelling fauna (Table 1)

Estremenho is the largest karst massif of Portugal with
major number of known caves, but it is the third in cavedwelling richness (Reboleira 2012). Three species of beetles
from genus Trechus are known, with allopatric distribution
in each subunit of this massif (Reboleira et al. 2009). The
spider Nesticus lusitanicus is found regularly in caves of
this massif (Reboleira 2007; Reboleira et al. 2013a). Five

Only 68 cave-adapted species have been found so far in
Portuguese karst caves, including described and
undescribed species. Troglobionts represent 81 % and
stygobionts 19 % of the cave-dwelling from karst areas of
Portugal.
The Algarve, located in the south of the country is the
richest massif of Portugal, followed by Sicó and
Estremenho massifs. It harbours the most remarkable
biogeographic relicts, i.e. species with no relatives
at surface in its geographical realm, such as the
pseudoscorpions Titanobochica magna and Lusoblothrus
aenigmaticus, the terrestrial isopod Troglarmadillidium
machadoi, the dipluran Litocampa mendesi or the nicoletiid
thysanuran Squamatinia algharbica (Reboleira et al. 2010a,
2010c, 2012b, Reboleira and Enghoff 2013; Enghoff and
Reboleira 2013). Concerning aquatic cave-dwelling fauna,
several works have been done regarding micro a
macrocrustaceans (Lescher-Moutoué 1981) but only one
species of Stenasellus has been identified as truly
stygobiont (Reboleira 2012).

Figure 4. The stygobiont Proasellus lusitanicus (Frade 1938).

species of stygobionts are known from Estremenho, the
annelid Rhyacodrilus lindbergi and four crustaceans,
isopods of the genus Proasellus (Fig. 4) and amphipods of
the genus Pseudoniphargus (Reboleira et al. 2012a).
Montejunto, is located at south of Estremenho massif and
only five species of cave-dwelling animals are known,
being the opilion Iberosiro distylos and the beetle Trechus
tatai (Reboleira et al. 2010b) the only described so far.

Figure 2. Carapace of cave-dwelling pseudoscorpion
Titanobochica magna Zaragoza and Reboleira, 2010.

Sicó is the richest massif of the central Lusitanian karsts, it
has several interesting cave-dwelling species, such as
several species of pseudoscorpion Roncocreagris or the
recent discovery of the staphylinid beetle Domene
lusitanica (Reboleira et al. 2011b). This massif is linked
with the karsts of the Cantanhede-Outil-Mealhada, located
at north of Mondego river, where the species of terrestrial
isopod Porcellio cavernicolus is also distributed.

The Cesaredas plateau is a karst located near Montejunto
that share with it some species of cave-dwelling
pseudoscorpions and it harbours the northen cave-dwelling
a thysanuran of the Iberian Peninsula (Reboleira et al.
2012a).
In the Lisbon Peninsula there are several small karst areas.
In Cascais there is a cave-dwelling species of isopod of the
genus Troglonethes and in Assafora, species of crustaceans
Proasellus assaforensis and of the genus Pseudoniphargus
are found in the subterranean pounds (Afonso 1988;
Reboleira et al. 2012).
In Arrábida massif two anchialine caves are known, along
the coastline. A cave-dwelling beetle and two spiders
are know, Teloleptoneta synthetica and Anapistula
ataecina, as well as stygobiont crustaceans of the genus
Pseudoniphargus (Reboleira et al. 2012a).
Along the Alentejo province, there are two main karst areas:
Estremoz-Cano massif and Adiça-Ficalho, with several
cave-dwelling species, with more affinities to the endogean
habitats.

Figure 3. The beetle Domene lusitanica Reboleira and Oromí,
2011, scale 1 mm.
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In the north of the country there are a few caves in small
karst areas and one species of cave-dwelling species is
known, the isopod Trichoniscoides serrai (Reboleira 2012).

Our knowledge about faunistics of cave-dwelling species
of Portugal increased considerably in the past six years and
this important part of speleological heritage is endangered
due to antropogenic pollution and quarrying activities in
several karst areas.

Table 1. Cave-dwelling species described from karst areas of Portugal. T, troglobionts, S, stygobionts.
Group

Family

Annelida
Tubificidae
Pseudoescorpiones Chthoniidae
Neobisiidae

Araneae

Bochicidae
Syarinidae
Dysderidae
Leptonetidae

Species

T/S

Massifs

Rhyacodrilus lindbergi Hrabe, 1963
Chthonius cadosoi Zaragoza, 2012
Roncocreagris blothroides (Beier, 1962)
Roncocreagris cavernicola (Vachon, 1946)
Titanobochica magna Zaragoza and Reboleira, 2010
Lusoblothrus aenigmaticus Zaragoza and Reboleira, 2012
Harpactea stalitoides Ribera 1993
Teloleptoneta synthetica (Machado, 1951)

S
T
T
T
T
T
T
T

Estremenho
Arrábida, Montejunto
Sicó
Sicó
Algarve
Algarve
Algarve
Arrábida, Alentejo,

Nesticus lusitanicus Fage, 1931
Iberosiro distylos Bivort and Giribet, 2007
Anapistula ataecina Cardoso and Scharff, 2009
Lithobius dimorphus Machado, 1946
Boreviulisoma barrocalense Reboleira and Enghoff, 2013
Acipes bifilum Enghoff and Reboleira, 2013
Acipes machadoi Enghoff and Reboleira, 2013
Pseudoniphargus mateusorum Stock, 1980
Proasellus arthrodilus (Braga, 1945)
Stenasellus galhanoae Braga, 1962
Proasellus arthrodilus (Braga, 1945)
Proasellus assaforensis Afonso, 1988
Proasellus lusitanicus (Frade, 1938)
Proasellus spinipes Afonso, 1979
Porcellio cavernicolus Vandel, 1946
Trichoniscoides broteroi Vandel, 1946
Trichoniscoides subterraneus Vandel, 1946
Trichoniscoides meridionalis (Vandel, 1946)
Trichoniscoides ouremensis (Vandel, 1946)
Trichoniscoides serrai Cruz, 1993
Troglarmadillidium machadoi (Vandel, 1946)
Onychiurus confugiens Gama, 1962
Podocampa cf. fragiloides Silvestri, 1932

T
T
T
T
T
T
T
T
T
S
S
S
S
S
T
T
T
T
T
T
T
T
T

Estremenho
Montejunto
Arrábida
Algarve
Algarve
Algarve
Algarve
Arrábida
Sicó
Algarve
Sicó
Lisbon Peninsula
Estremenho
Estremenho
Sicó
Sicó
Estremenho
Sicó, Cesaredas
Estremenho
Vimioso
Algarve

Litocampa mendesi Sendra and Reboleira, 2010
Squamatinia algharbica Mendes and Reboleira, 2012
Trechus gamae Reboleira and Serrano, 2009
Trechus lunai Reboleira and Serrano, 2009
Trechus machadoi Jeannel, 1942
Trechus tatai Reboleira and Ortuño, 2010
Domene lusitanica Reboleira and Oromí, 2011
Speonemadus angusticollis (Kraatz, 1870)

T
T
T
T
T
T
T
T

Algarve
Opiliones
Chilopoda
Diplopoda
Amphipoda
Isopoda
Isopoda

Nesticidae
Sironidae
Symphytognathidae
Lithobiidae
Paradoxosomatidae
Blaniulidae
Melitidae
Asellidae
Stenasellidae
Asellidae

Porcellionidae
Trichoniscidae

Collembola
Diplura

Armadillidae
Onychiuridae
Campodeidae

Zygentoma
Coleoptera

Nicoletiidae
Carabidae

Staphylinidae
Leiodidae

Central massifs,
Algarve
Algarve
Algarve
Estremenho
Estremenho
Estremenho
Montejunto
Sicó
Algarve
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Laos, together with neighbouring Vietnam, has been recognized as one of the hotspots of biodiversity in the recent years.
Many of the new species found are associated with karst, thus a similar high biodiversity is to be expected from the cave
fauna. The first cave species from Laos was described in 1920, in the 80 years to follow a mere four further cave species
have been described. The discovery of the Giant Huntsman Spider, Heteropoda maxima, described from museum material
in 2001, constitutes a turning point in the research of the Lao cave fauna, since it triggered a still ongoing survey of the
Lao spider fauna, including many cave species. It was also the starting point of the biospeleo-logical research presented
here. Within the framework of the Northern Lao-European Cave Project and the French Khammouane Expedition,
collection of cave fauna during the annual expeditions yielded to date a total of 24 species new to science. Included are
major discoveries like a blind cave fish, an ancient scorpion, a new huntsman spider of the genus Heteropoda and several
Sinopoda. A summary of our research on the Lao cave fauna is presented here.

1. Introduction

report on shrews mentiones several species found in caves
in Khammouan Province (Smith et al. 1998). Next, WWF
published a wildlife report (Duckworth et al. 1999). It
includes a section on bats, many stated to roost in caves,
but usually without naming specific caves. Finally, a new
crab, Erebusa calobates, was described from three caves in
Khammouan Province (Yeo and Ng 1999), and the first
cave fish from Laos, Troglocyclocheilus khammouanensis
was described from Tham Khoun Don, Khammouan
Province (Kottelat and Bréhier 1999).

The People’s Democratic Republic of Laos is a small landlocked country in Southeast Asia, which only recently has
been recognized as a hotspot of biodiversity, like its
neighbour Vietnam. Both countries are home to extensive
karst landscapes, which constitute some of the habitats least
accessible to man, and thus offering essential refuges for
wildlife. Thus it doesn’t come as a surprise that several of
the newly discovered species seem to be associated with
karst. The most well-known example is the rock rat
Laonastes aenigmamus, others are the Limestone Leaf
Warbler Phylloscopus calciatilis, the Bare-faced Bulbul
Pycnonotus hualon, the Gymnure Hylomys megalotis, the
two rats Saxatilomys paulinae and Tonkinomys daovan-tieni
and the pit viper Triceratolepidophis sieversorum (Steiner
2012). Naturally, these karst landscapes are riddled with
caves, ranging from foot caves a few meters long to giant
caves like Tham Xe Bangfai with its tunnels up to 80 meters
wide and high or the Tham Nam Non system with a length
exceeding 30 kilometers. An equally divers cave fauna is
thus to be expected. However, very few researchers have
taken up the challenge so far. Biospeleological research in
the Lao P.D.R. is thus still in its infancy. The present article
will give an review of the cave species known and the
research done in Laos so far, and summarize the results of
our ten years of surveying cave fauna in Laos.

Thus, for the first 80 years, beginning with the first cave
record, a mere five new species from caves in Laos have
been described, and only marginally more known species
were reported. With the gradual opening of the country to
tourism, records of cave species and discoveries of new
cave species started to increase.
The year 2000 saw a bat survey of Khammouan Province
published (Robinson and Webber 2000), including several
cave records, and the description of the first two cave
beetles, Laosaphaenops deharvengi and Eustra lao from
caves in Vientiane Province (Deuve 2000). The Dutch
AMIS expedition 2000 to the area around Nong Khai,
Luang Prabang province included also a thorough bat
survey of the surveyed caves (Damen et al. 2003).
The Lao chapter of the Encyclopaedia Biospeologica
(Besson et al. 2001) gave the first overview of the state of
knowledge regarding the biospeleology of Laos, though
many of the records were of specimens not or only
tentatively identified.

2. Historic overview
The first description of a species from caves in Laos, was a
cave cricket, Diestrammena vitalisis, published by Chopard
(1920). Of the locality, only the province is stated, Xieng
Khouang. It was followed by another cave cricket,
Eutachycines cassani from two caves in Khammouan,
published also by Chopard (1954).

In 2002, a second cave fish, Schistura kaysonei was
published from Laos (Vidthayanon and Jaruthanin 2002).
The locality stated, Phu Tham Nam Cave in Khammouan
Province, is somewhat obscur. The coordinates given are in
an unlikely area, a hill of this name is found in Khammouan
at a different position, but no cave in this hill is known to
any of the speleologists working in Khammouan province.

In the 1990’s, a woodlouse, Exalloniscus bessoni, from
Tham Rusi, Luang Prabang Province, was described
(Dalens 1992), a record of birds reported the swift Apus
pacificus from caves in Khammouane Limestone NBCA
(Duckworth et al. 1998), without naming specific ones, a

The following year, Hipposideros scutinares, a new species
of bats was described from caves in Bolikhamxai and
Khammouan Province (Robinson et al. 2003) as well as
Leptogenys khammouanensis, probably the first cave413
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4.2. Reptiles and amphibia

associated ant worldwide, found in Khammouan Province
(Roncin and Deharveng 2003).

We found the the pit viper Triceratolepidophis sieversorum
up to several hundred meters inside several caves of
Khammouan Province. Other snakes encountered are
probably only accidential visitors. Geckos or gecko eggs
were regularly seen in the entrance areas but none could be
identified with any certainty.

A major impact has the description of the huntsman spider
Heteropoda maxima from museum material in the Natural
History Museum in Paris, which was collected in the 1930’s
(Jäger 2001). It was popularized as the largest spider in the
world, based on the legspan of a male specimen, measuring
30 cm. It triggered an ongoing research of the spiders of Laos,
which yielded many cave records and new cave species. This
research also brought the auther to Laos in the first place.

3. Methods
Cave fauna was recorded and collected by the author from
2003 to 2008 within the frame of the French Khammouan
Expedition, and from 2003/04 to date as part of the Northern
Lao-European Cave Project. Invertebrates and fishes were
sampled by hand and preserved in 70–90 % alcohol.
Vertebrates other than fishes were only photographed.
Additionally, skulls or mumies of bats and other mammals,
which were found on the ground, were also collected. The
specimens were determined by various specialists as far as
possible, these remained in their rerspective collections. All
records, own as well as those gleaned from the literature, are
stored in a relational data base.

Figure 1. Triceratolepidophis sieversorum.

Frogs are frequently found in the entrance areas of damp
caves or even deep within in river caves. Species identified
from pictures belonged to the Rana chloronata- and the R.
nigrovittata-complex.

4. Results and discussion
Currently, 273 taxa determined at least to generic level are
known from caves of the Lao P.D.R. 134 of these taxa were
collected or recorded during our research. A total of 24 new
species were described from cave specimens collected during
the present surveys or including cave material collected
during the present survey (Table 1). Annotations to some of
the species or groups are given in the following. Reviews of
the cave fauna of Laos are found in Besson et al. (2001),
Boonman and Steiner (2005) and Steiner (2008, 2010).

4.3. Fish
Laos is a country with abundant rivers and large kast areas.
It is thus astonishing that only two species of cave fish have
been reportet so far. Many caves are crossed by allochthonous
rivers, fishes are regularly seen there, the few species who
were identified are all surface species.

4.1. Bats and other mammals
Larg bat colonies are rarely encountered in Laos. The local
population is hunting bats for food, and accessible caves are
always known to the villagers. Thus usually only few
individuals of bats remain. A lot of caves show signs of
hunting in the form of scaffolding, entrances closed by
branchwork or long bamboo poles found for knocking
down bats. The few larger colonies we have seen were
hanging in inaccessible places, either above deep shafts or
above a river, where they are safe from hunting, since killed
animals can’t be retrieved. Unfortunatly, it’s equally
impossible to find skulls of dead bats in these locations. In
total, we were able to record 16 different species of bats
(Steiner 2010).

Figure 2. Bangana musaei.

However, in 2007 and 2008, we collected white cave fishes
in the Grotte des Nuages and Tham Pong. The fishes have
been described as a new species, Bangana musaei (Kottelat
and Steiner 2010), the third cave fish from Laos. It is
without eyes, the smallest known species of the genus and
also the first cave species. The fish has been observed only
in a single residual pool in each cave. This is probably not
their primary habitat but the only one where they are
accessible to humans Nothing else is known of its ecology.

Rats were regularly encountered in Lao caves. They are
probably conspecific with Leopoldamys sabanus, identified
by skulls found in caves in Luang Namtha Province, and
also reported by Smith et al. (2004).

4.4. Spiders

Tracks and quills of porcupines are found sometimes quite
deep inside the caves, and tracks and droppings of the serow
in entrance areas of caves with large portals.

One of the most characteristic species found in the caves of
Laos are the large huntsmen spiders of the genus Heteropoda
in the family Sparassidae. They are usually up to a good
414
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hand-size and can be often seen from several meters away
by their blueish eye-shine. They are found in almost all
caves. Four species are found regularly in caves, H.
aemulans, H. maxima, H. simplex and H. steineri, show a
clear geographical distribution pattern.

but mostly in dark and humid places. For literature,
see Bayer and Jäger 2009; Jäger 2001, 2007; Jäger and
Praxaysombath 2009; Steiner 2010.
The genus Sinopoda, closely related to Heteropoda, but
more strongly cave adapted, was only recently found to be
most divers in Lao caves (Jäger 2012). With the exception
of Sinopoda tham, each species seems to be restricted to a
single cave (Fig. 6). Sinopoda scurion from the so-called
Sinopoda Cave, the only of these species not collected by

Figure 5. Sinopoda tham.
Figure 3. Distribution of cave Heteropoda species.

Figure 4. Heteropoda steineri.
Figure 6. Distribution of Sinopoda species.

H. aemulans is restricted to the karst area around Vang
Vieng (Vientiane Province), H. maxima, as the largest
species, also occupies the area of the largest caves, i.e.
Khammouan and Bolikhamsai Province, H. steineri has so
far only been found at the upper reaches of the Xe Bangfai
river in Khammouane. Interestingly, H. maxima and H.
steineri share a sympatric distribution, and have both been
seen in the same cave (Tham Xe Bangfai and Grotte de
Nuages). However, they seem to occupy different
ecological niches. H. maxima was found in these cave only
close to the entrances or daylight openings, while H.
steineri was always deep within the cave. It is the only
Heteropoda-species which shows troglomorphic traits like
a uniform color and reduced eyes. All 3 species have not
been found outside of caves and should be regarded as
troglophilic at least. H. simplex, originally described from
Japan, covers the whole north of Laos from Luang Namtha
to Huaphan Province. It is found outside of caves as well,

us, gained fame as the first blind cave spider from Laos.
Two further spider families were shown to be rather divers
in Lao caves, with several new species described: The
Psechridae (Bayer and Jäger 2010; Bayer 2012) and
Pholcidae (Huber 2005, 2011).
Other spiders described from Lao caves are found in Logunov
and Azarkina 2007, Jäger (2007), Jäger and Praxaysombath
(2009, 2011) and Wang et al. (2008).
4.5. Other arachnids
A very large whip scorpion, Typopeltis magnificus has been
described from caves in Khammouan Province (Haupt
2004). It is not uncommon, and usually found in assemblies
of several individuals, an unusual behaviour for whip
scorpions (Jäger, pers. comm.)
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Two small scorpions collected at Tham Xe Bangfai during
the French Khammouan Expedition proved to be a scientific
sensation. They were described as Troglokhammouanus
steineri and placed in a family thought to be very ancient,
which previously consisted of a single member from central
Asia (Lourenço 2007). Following this discovery, two
further species of this family have been found in caves in
heighbouring Vietnam, and a third one, Vietbocap lao, is
reported from Tham Nam Lot, Khammouan Province
(Lourenco 2012). This genus shows stronger troglomorphic
features than the first.

A cockroach found in Tham Peung at the Xe Bangfai,
Khammouan, has been described as Rhabdoblatta
memnonia, together with epigean material from Vietnam
(Anisyutkin 2009).
A wide variety of other insects have been collected during
these our expeditions, including beetles, earwigs, cockroaches, flies, fruit flies, mosquitos, fungus gnat and other
dipters, assassin bugs, water bugs, cicada and other bugs,
ants, termites, ant lions and collembola. None of these has
been identified so far.

4.7. Other invertebrates
The long-legged cave centipede, Thereuopoda longicornis
(fam. Scutigeridae) (P. Stoev, pers. comm.), is another
character species of Lao caves. It’s distribution ranges from
all of Southeast Asia to Australia and Papua New Guinea.
In the literature, it is often confused with Scutigera
decipiens (a nomen nudum).

Figure 7. Troglokhammouanus steineri.

Opiliones are commonly found in most of the Lao caves,
due to a lack of specialists, they remain unidentified so far.
4.6. Insects
Cave crickets, most probably species of the genus
Diestrammena and related genera, are characteristic of Lao
caves. They are usually the most common animal, found
virtually in all caves, and probably also the most common
prey of all predators in the cave. At least three different
species, probably many more, were collected.

Figure 9. Thereuopoda longicornis.

Millipedes were common in all but the very dry of the Lao
caves, sometimes assemblies of quite large numbers
were found. However, most of the specimens are still
awaiting identification. Plusioglyphiulus steineri (family
Cambalopsidae) from Tham Kamuk, Khammouan Province
(Golovatch et al. 2009) and Sinocallipus steineri (family
Sinocallipodidae) from Tham Gia, Luang Prabang Province
(Stoev and Enghoff 2011) have been described as new species.
Shells of snails are commonly found in caves, though it is
usually impossible to determine whether they have just been
washed in or not. From living specimens, four new species
have been described from cave entrance areas of Luang
Namtha Province, one named in honour of our expedition
member Liz Price, Sinoennea lizae (Maassen 2008).

Figure 8. Cave cricket.

Grey and pink leeches were found in 2006 in Tham Nam
Rok, Vieng Phoukha area, and 2007 in Tham Deu (Phou
Khoun area) and Tham Thia Thong (Vieng Thong area).
They most probably belong to a species which has been
described as Haemadipsa cavatuses from specimens of
a Chinese cave. It is reported to feed on bats (Borda and
Sidall 2010) We also found the same species in caves in
Myanmar. A new family, Titetrabdellidae, will be created
to accommodate the new species and its sister taxon.

The specimens are currently studied at the Russian Academy
of Science in St. Petersburg, identifications are still pending.
A rather conspicious moth, Erebus macrops (family
Noctuidae) is often seen on cave walls close to the entrance
in Northern Laos. Larvae of tineids or the cases they build
are regularly found in guano, but none could be raised to
the imago and thus identified. The association of tineids
with caves respective guano itself is well known. All other
moths are probably accidential visitors.
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Table 1. New species described from or including cave specimens from the present research.
Group

Family

Species

Cave

Fish

Cyprinidae

Bangana musaei Kottelat and Steiner, 2010

Grotte de Nuages, Tham Pong

Cockroach

Blaberidae

Rhabdoblatta memnonia Anisyutkin, 2009

Tham Peung

Spider

Sparassidae

Heteropoda steineri Bayer and Jäger, 2009

Tham Xe Bangfai

Sinopoda steineri Jäger, 2012

Tham Nam Eng

Sinopoda tham Jäger, 2012

Tham Chom Ong

Sinopoda sitkao Jäger, 2012

Tham Doun Mai

Sinopoda taa Jäger, 2012

Tham Nguen

Sinopoda suang Jäger, 2012

Tham Ho Neung

Sinopoda peet Jäger, 2012

Tham Ma Liong

Sinopoda guap Jäger, 2012

Tham Nam Non

Sinopoda soong Jäger, 2012

Tham Pha Yot

Pholcus steineri Huber, 2011

Tham Chom Ong, Tham Na Thong,
Tham Mokfek

Pholcus namou Huber, 2011

Tham Muay, Tham Roj Ru

Pholcus thakek Huber, 2011

Tham Kamuk

Pholcus bangfai Huber, 2011

Tham Xe Bangfai

Pholcus namkhan Huber, 20111

Tham Pha Man

Pholcus jaegeri Huber, 2011

unnamed cave at Ban Tham

Psechrus steineri Bayer and Jäger, 2010

Tham Pha Leusi

Psechrus ancoralis Bayer and Jäger, 2010

Tham Mue, Tham Na Thong,
Tham Seua-Tham Nam Lot

Salticidae

Spartaeus banthamus Logunov and Azarkina, 2007

Tham Pha Ban Tham

Amaurobiidae

Notiocoelotes laosensis Wang, Xu and Li, 2008

Tham Kamuk

Scorpions

Pseudochactidae

Troglokhammouanus steineri Lourenço, 2007

Tham Xe Bangfai

Millipedes

Cambalopsidae

Plusioglyphiulus steineri Golovatch, Geoffroy,
Mauriès,& Van den Spiegel 2009

Tham Kamuk

Sinocallipodidae

Sinocallipus steineri Stoev and Enghoff, 2011

Tham Gia

Pholcidae

Psechridae

5. Discussion and Conclusions
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Although a substantial amount of information on the cave
fauna has been gathered so far, the biospeleology of Laos
is still in the stage of simply compiling an inventory of the
cave fauna. We are just beginning to understand the
geographic patterns of the first groups. The caves of the
Upper Xe Bangfai seem to be a hot spot with several new
species. There also seems to be a tendency towards
giantism, represented by worlds largest spider Heteropoda
maxima, the whip spider Typopeltis magnificus, the
longlegged centipede Thereuopoda longicornis and a yet
undiscribed giant harvestman, which made headlines
recently for its leg span of more than 30 cm.

The author wishes to express his gratitude to the many
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Institut who identified all bats and other mammals, and
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cavers for their patience with the critter collection during
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However, we are still far away from describing even
parts of the cave ecology of Laos – the ultimate goal of
biospeleology. Ecological informations, apart from some
chance observations, are still completely lacking. Thus there
is still abundant work to be done, and a wide untrodden field
for the interested researcher. It is to be hoped that more
cavers will take up this most exciting research in one of the
most exciting countries on earth.
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STUDY OF A BACTERIAL COMMUNITY ON THE SURFACE OF
A STALAGMITE IN HESHANG CAVE, CENTRAL CHINA
Hongmei Wang, Qianying Liu, Rui Zhao, Qiang Dong, Xiaoping Wu
Key Laboratory of Biogeology and Environmental Geology of Ministry of Education,
China University of Geosciences, Wuhan 430074, P R China, wanghmei04@163.com
Heshang Cave is an oligotrophic karst cave located in the middle reach of the Yangtze River, central China. The cave is
about 250 m in length and harbors well preserved stalagmites (Hu et al. 2008). Previously microbial lipids were detected in
the stalagmite that closely correlated with climatic events throughout the Holocene (Xie et al. 2003; Xie et al. 2005). Since
that time, research has been done to narrow down the origins of the microbial lipids (Yang et al. 2011) and to figure out how
microbes response to climate change. It may be possible that the microbes originate from soils and other surface environments,
and are brought into the cave via dripping water, surface stream, air current, or animals (Engel et al. 2010). Indegineous
microbes might also contribute to the microbial lipids trapped in stalagmite. Even though some bacteria have been isolated
from the dripping water in Heshang cave (Liu et al. 2010), it still merits study of the microbial community due to the very
low percentage of cuturable microbes in natural environment. Thus, to investigate the microbial communities, their possible
source and microbial role in the subsurface ecosytem in the cave, we comparatively studied the bacterial communities on
the surface of stalagmite in Heshang Cave and in the overlaid soils via molecular techniques. Microbial samples on the
surface of the stalagmite were collected with an aseptic funnel into aseptic bottles by eluting the surface with sterilized water
and thoroughly brushing. The eluate was carried back to the lab within 24 hrs on ice and subject to filtration through 0.22 μm
membrane. DNA extraction was conducted with the membrane. Soil sample were collected with sterialized 50 ml falcon
centrifuge tubes and 0.5 g sample was used for DNA extraction. 16S rRNA gene amplification was conducted with bacterial
universal primers 27 F and 1492R with an effendorf thermalcycler. The target DNA was cloned and sequenced with
the ABI3730 machine (Genscript Company of Nanjing). The valid DNA sequences were subsequently analysied with
a series of software including RDP 10 (http://rdp.cme.msu.edu/), NCBI (http://www.ncbi.nlm.nih.gov/), Dotur
(http://schloss.micro.umass.edu/software/), Libshuff (http://www.arches.uga.edu/whitman/libshuff.html), and MEGA4.
Abundant clones were retrieved from the surface of the stalagmite with a Shannon–Weaver index of 2.95. The bacterial
community was dominated by γ-Proteobacteria, Acidobacteria, β-Proteobacteria and α-Proteobacteria, with a relative clone
abundance of 30.2 %, 16.7 %, 11.7 %, and 11.1 %, respectively. In contrast, the bacterial community in the soil above the
cave was dominated by Acidobacteria, Bacteroidetes, β-Proteobacteria and γ-Proteobacteria, with a relative clone abundance
of 34.3 %, 15.0 %, 11.3 %, and 11.3 %, respectively. Most of the bacterial clones recovered from the surface of the stalagmite
were heterotrophs, with a wide distribution in natural environments. Some oligotrophic gruops were also detected. The
bacterial clones might play important roles in elemental cycles in Heshang Cave. For example, some clones could be involved
in ammonium oxidation, Fe(III) reduction, and chlorate reduction. Others are possibly fix atmosphere gases. These results
offer further insight into the subsurface biosphere and provided information on the ongoing biogeochemical processes in
oligotrophic karst caves. The results also shed light on deciphering the microbial information trapped in the stalagmite.
Although some bacterial phyla were shared between the communities on the surface of the stalagmite and in the surface soil,
LIBSHUFF analysis at the species level indicated remarkablely different origins for the two bacterial communities (p-value
< 0.001). Given and the succession of environmental factors, microbial communities could change greatly over the distance
down to the cave. However, it still merits further investigation to confirm the relationship between the microbial communities
in the overlying soil and in Heshang Cave.
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THE CAVE FAUNA OF LUXEMBOURG
Dieter Weber
Musée national d’histore naturelle Luxembourg, Kirchgasse 124, D-67454 Hassloch, dieter.weber124@gmx.de
Abstract. From 2007 to 2011, animals were collected from 82 natural caves and artificial caverns in the Grand Duchy of
Luxembourg. More than 90,000 specimens in 512 species were collected, comprising 516 snails, 205 pseudoscorpions,
2,687 spiders, 370 opiliones, 2,776 isopods, 130 amphipods, 12 symphylans, 817 millipedes, 160 centipedes, 37 diplurans,
48 archaeognathans, 916 springtail, 8 bugs, 100 staphylinid beetles, 74 scarabs, 39 ichneumon wasps and 40 other
hymenoptera, 110 psocids, 5 crane flies, 1,012 short-palped craneflies, 1,800 winter gnats, 2 flutter-wing flies, 1 wood gnat,
125 moth flies, 2,163 fungus gnats, 7,000 black fungus gnats, 26 Drosophilidae, 5,115 lesser dung flies, 122 Lonchopteridae,
582 Heleomyzidae, 1 Muscide, 1 Anthomyide, 1 Fanniide, 143 butterflies, 3 amphibians, 217 bats, 6 other mammals.
The black fungus gnats Lycoriella (Lycoriella) weberi Menzel and Heller spec. nov.; Corynoptera antennaria Menzel
& Heller spec. nov.; Leptosciarella (Leptosciarella) reducta Heller and Menzel sp. nov. are new to science.
201 species were found the first time in Luxembourg. 73 species are subtroglophile, 94 eutroglophile, and 13 eutroglobiont.
End of 2012 the results were published in a Ferrantia book with 37 articles. The book comprises a CD containsing all data
as pdf-files.
Abstrakt. Von 2007 bis 2011 wurden in 82 Höhlen und künstlichen Hohlräumen des Großherzogtums Luxemburg Tiere
erfasst. Unter den rund 90.000 gesammelten Individuen konnten 512 Arten nachgewiesen werden aus folgenden
Tiergruppen: 516 Schnecken, 205 Pseudoskorpione, 2.687 Webspinnen, 370 Weberknechte, 2.776 Asseln, 130 Flohkrebse,
12 Zwergfüsser, 817 Doppelfüsser, 160 Hundertfüsser, 37 Doppelschwänze, 48 Felsenspringer, 916 Springschwänze,
8 Wanzen, 100 Kurzflügler, 74 Blatthornkäfer, 39 Schlupfwespen und weitere 40 Hymenopteren, 110 Staubläuse,
5 Schnaken, 1.012 Stelzmücken, 1.800 Wintermücken, 2 Zitterfliegen, 1 Fenstermücke, 125 Schmetterlingsmücken,
2.163 Pilzmücken, 7.000 Trauermücken, 26 Taufliegen, 5.115 Dungfliegen, 122 Lanzenfliegen, 582 Scheufliegen,
1 Muscide,1 Anthomyide, 1 Fanniide, 143 Schmetterlinge, 3 Amphibien, 217 Fledermäuse und 6 sonstige Säugetiere.
Drei Trauermücken-Arten sind Erstnachweise für die Wissenschaft: Lycoriella (Lycoriella) weberi Menzel and Heller spec.
nov.; Corynoptera antennaria Menzel and Heller spec. nov.; Leptosciarella (Leptosciarella) reducta Heller and Menzel sp. nov.
201 Arten sind neu für Luxemburg. 73 Arten sind subtroglophil, 94 eutroglophil und 13 eutroglobiont.
Ende 2012 wurden die Ergebnisse in einem Ferrantia-Buch mit 37 Einzel-Artikeln veröffentlicht. Das Buch enthält auch
eine CD mit der gesammten Fundliste als pdf-File.
Abstrait. Entre 2007 et 2011 des animaux ont été récensés dans 82 cavités naturelles et artificielles du Grand-Duché de
Luxembourg. Parmi les 90 000 animaux collectés, 519 espèces ont été trouvées.
En détail, les gloupes suivantes ont été trouvées: 516 gastropodes, 205 pseudoscorpions, 2 687 araignées, 370 opilions,
2 776 cloportes, 130 amphipodes, 12 symphyles, 817 mille-pattes, 160 centipèdes, 37 double-queues, 48 archaeognatha,
916 collemboles, 8 punaises, 100 staphilinides, 74 scarabéides, 39 ichneumonides et des autres 40 hymenoptères, 110
psocoptères, 5 tipulides, 1 012 limoniides et pedicides, 1 800 trichocérides, 2 pallopterides, 1 anisopodides, 125
psychodides, 2 163 mycetophilides, 7 000 sciarides, 26 drosophilides, 5 115 sphaerocerides, 122 lonchopterides, 582
héléomyzides, 1 Muscide,1 Anthomyide, 1 Fanniide, 143 papillons, 3 amphibiens, 217 chauves-souris et 6 autres mammifères.
Trois Sciaridae sont première découvertes pour la science: Lycoriella (Lycoriella) weberi Menzel and Heller spec. nov.;
Corynoptera antennaria Menzel and Heller spec. nov.; Leptosciarella (Leptosciarella) reducta Heller and Menzel sp. nov.
201 espèces ont été trouvées pour la première fois au Luxembourg. 73 espèces sont subtroglophiles, 94 sont eutroglophiles,
13 sont eutroglobiontes. Les résultats sont publiés dans une œuvre de Ferrantia avec 37 articles et une CD ci-jointe qui
contient la liste complète des animaux collectés comme fichier pdf.

1. Introduction

Southern 2/3 of Luxembourg. Collections were undertaken
in 1 natural cave in limestone, and 7 natural caves in
calcareous sandstone, 2 gypsum mines, 6 sandstone mines,
3 railway tunnels 1 other object as well as 6 casemattes
(subterranean defensive fortifications) of Luxembourg City.
Only a small part of the Mosel valley is part of Luxemburg.
In this valley, collections could be done in 2 natural limestone
caves and 3 dolomite mines. One focus was the Minette
region, located in the very south of Luxembourg with
14 processed iron mines and 2 railway tunnels.

The Grand Duchy of Luxemburg is a state in the center of
Europe.
From 2007 to 2011, animals were collected from 82 natural
caves and artificial caverns in Luxembourg. The Ösling is
the Northern part of Luxembourg and mainly consists of
Devonian schist. Specimen were collected there from
5 railway tunnels, 6 schist mines, 5 copper mines and
4 other subground excavations. The Gutland covers the
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2. Methods

3. Results

Collections were normally done fourtimes a year by using
Barber traps as well as collections by hand using paint
brushs. Sieving of water was an exception.

In detail the following specimen were found:
516 snails in 28 species, thereof 3 cavernicolous,
205 pseudoscorpions in 9 species, thereof 6 cavernicolous
and 4 first records for Luxemburg,
2,687 spiders in 72 species, thereof 25 cavernicolous and
7 first records for Luxemburg,
370 opiliones in 15 species, thereof 4 cavernicolous and
1 first record for Luxemburg,
2,776 isopods in 17 species, thereof 8 cavernicolous and
2 first records for Luxemburg,
130 amphipods in 3 species, thereof 2 cavernicolous,
12 symphylans in one species,
817 millipedes in 19 species, thereof 14 cavernicolous and
4 first records for Luxemburg,
160 centipedes in 8 species, thereof 6 cavernicolous,

Figure 1. Collecting by hand in the Mechelslee. Foto: Harbusch.

37 diplurans in 7 species, thereof 3 cavernicolous and 7 first
records for Luxemburg,
Table 1. List of eutroglobiont species.

Arachnida
Araneae
Improphantes improbulus
Porrhomma rosenhaueri

Crustacea
Amphipoda
Niphargus schellenbergi
Isopoda
Proasellus cavaticus
Trichoniscoides helveticus

Myriapoda

Figure 2. Barber trap in the Méischtrefer Hiel. Foto: Boes.

Diplopoda
Brachychaeteuma bagnalli

Diplura
Litocampa humilis humilis

Insecta
Psocodea
Prionoglaris stygia
Diptera: Mycetophilidae
Speolepta leptogaster
Diptera: Sciaridae
Camptochaeta ofenkaulis
Diptera: Sphaeroceridae
Terrilimosina racovitzai
Diptera: Heleomyzidae
Heteromyza atricornis
Oecothea praecox

Figure 3. Sieving trap in the Kofferminn Stolzebuerg. Foto:
Zahlmann.

More than 90,000 specimens were collected, comprising
512 species. 201 of them were found the first time
in Luxembourg; 3 are new to sciences. 73 species are
subtroglophile, 94 eutroglophile, and 13 eutroglobiont.
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3 first records for Luxemburg,
2 flutter-wing flies in one species, which is new to
Luxembourg,
1 wood gnat, which is new to Luxembourg,
125 moth flies in 15 species, thereof 6 cavernicolous and
13 first records for Luxemburg,
2163 fungus gnats in 72 species, thereof 20 cavernicolous
and 70 first records for Luxemburg,
7,000 Black Fungus Gnats in 38 Species, thereof
14 cavernicolous and 37 first records for Luxemburg and
three first descriptions for science: Lycoriella (Lycoriella)
weberi Menzel and Heller spec. nov.; Corynoptera
antennaria Menzel and Heller spec. nov.; Leptosciarella
(Leptosciarella) reducta Heller and Menzel sp. nov.

Figure 4. Trichoniscoides helveticus in the Schifergrouf vu Pärel.
Foto: Zahlmann.

48 archaeognathans in one species,

26 Drosophilidae in 6 species, all first records for
Luxemburg,

915 symphypleonid and one neelipleonid springtail in
7 species, thereof 4 cavernicolous species and 3 first records
for Luxemburg,

5,115 lesser dung flies in 21 species, thereof 15 cavernicolous
and 21 first records for Luxemburg,

8 bugs in one species,

122 Lonchopteridae in one species, that is cavernicolous
and new to Luxemburg,

100 staphylinid beetles (thereof 8 determined to species
level) in 4 species, thereof 2 cavernicolous and 1 first record
for Luxemburg,
74 scarabs in 1 cavernicolous species,
39 ichneumon wasps in 7 species, thereof 5 cavernicolous
and 3 first records for Luxemburg,
40 other hymenoptera that could be determined to family
level, thereof one to species level determined first record
for Luxemburg,
110 psocids in 5 species, thereof 3 cavernicolous and 1 first
record for Luxemburg,
5 crane flies in 3 species,
1,012 short-palped craneflies (apart from several 10,000
not collected specimen) in 10 species (9 Limoniidae,
1 Pediciidae), thereof 1 cavernicolous and 5 first records
for Luxemburg,

Figure 6. Heleomyzidae in the Schifergrouf vu Pärel. Foto:
Zahlmann.

2,000 Heleomyzidae (thereof 582 determined to species
level) in 12 species, thereof 8 cavernicolous and 11 first
records for Luxemburg,
1 Muscide, which is new to Luxembourg,
1 Anthomyide, which is new to Luxembourg,
1 Fanniide,
to family level determined Ptychopteridae, Dixidae,
Thaumaleidae,
Ceratopogonidae,
Chironomidae,
Bibionidae, Cecidomyiidae, Dolichopodidae, Lauxaniidae,
Pallopteridae, Chloropidae, Lonchaeidae, Tachinidae,
Hippoboscidae, Calliphoridae, Empididae, Syrphidae,
Stratiomyidae, Conopidae, Culicidae, Dolichopodidae,
143 butterflies in 18 species, thereof 5 cavernicolous,
3 amphibians in 2 species, both cavernicolous,

Figure 5. Limonia nubeculosa in the Dolomitgrouf Fronay. Foto:
Zahlmann.

217 bats in 8 species, all cavernicolous, and

1,800 winter gnats in 3 species, thereof 2 cavernicolous and

6 other mammals including 1 cavernicolous species
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Beginning of 2013 the results were published in a Ferrantia
book with 36 articles dealing with animal groups, and one
with description of new species. The book comprises a CD
containsing all data as pdf-files.

Propolydesmus testaceus
Proteroiulus fuscus
Cylindroiulus vulnerarius
Tachypodoiulus niger
Proteroiulus fuscus
Chilopoda
Cryptops parisi
Lithobius aeruginosus
Lithobius macilentis
Lithobius crassipes
Lithobius dentatus
Lithobius forficatus

Table 2. List of eutroglophile species.

Gastropoda
Boettgeriella pallens
Discus rotundatus
Limax maximus
Oxychilus cellarius
Oxychilus draparnaudi

Arachnida

Diplura

Pseudoscorpiones
Chthonius (Chthonius) ischnocheles
Chthonius (Ephippiochthonius) boldorii
Neobisium (Neobisium) carcinoides
Neobisium (Neobisium) simile
Roncus lubricus
Araneae
Lepthyphantes leprosus
Tenuiphantes zimmermanni
Harpactea hombergi
Nesticus cellulanus
Centromerus prudens
Diplocephalus cristatus
Micrargus apertus
Mioxena blanda
Pseudomaro aenigmaticus
Palliduphantes pallidus
Porrhomma convexum
Porrhomma egeria
Saaristoa abnormis
Tenuiphantes flavipes
Meta menardi
Histopona torpida
Metellina merianae
Malthonica silvestris
Cicurina cicur
Amaurobius fenestralis
Opiliones
Mitostoma chrysomelas

Campodea (Campodea) lankesteri
Campodea (Campodea) wallacei

Collembola
Neelus murinus
Arrhopalites principalis
Arrhopalites pygmaeus
Disparrhopalites patrizii

Insecta
Coleoptera: Staphylinidae
Quedius mesomelinus
Psocodea
Psyllipsocus ramburii
Bertkauia lucifuga
Diptera: Trichoceridae
Trichocera (Saltrichocera) maculipennis
Trichocera (Saltrichocera) regelationis
Diptera: Bolitophilidae
Bolitophila (Bolitophila) cinerea
Diptera: Mycetophilidae
Tarnania fenestralis
Tarnania nemoralis
Diptera: Sciaridae
Bradysia forficulata
Corynoptera cavipes
Corynoptera antennaria
Corynoptera spoeckeri
Corynoptera subforcipata
Cratyna (Cratyna) breviflagellata
Epidapus (Epidapus) atomarius
Epidapus (Epidapus) schillei
Leptosciarella (Leptosciarella) rejecta f.
echinata
Lycoriella (Lycoriella) felix
Lycoriella weberi
Pnyxia scabiei
Diptera: Sphaeroceridae
Herniosina bequaerti
Limosina silvatica
Leptocera caenosa
Apteromyia claviventris
Telomerina flavipes
Spelobia pseudonivalis
Herniosina pollex
Diptera: Heleomyzidae
Heleomyza captiosa
Heleomyza serrata
Gymnomus amplicornis
Scoliocentra villosa

Crustacea
Isopoda
Haphlothalmus mengii
Trichoniscus pusillus
Oniscus asellus
Cylisticus convexus
Porcellio scaber
Armadillidium nasatum
Amphipoda
Gammarus fossarum

Myriapoda
Symphyla
Scutigerella immaculata
Diplopoda
Baniulus guttulatus
Chordeuma sylvestre
Craspedosoma rawlinsii
Glomeris marginata
Orthochordeuma germanicum
Polydesmus angustus
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5. Discussion and Conclusions
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one of the best investigated areas in the center of Europe.
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The cave fauna composition shows apart from widely
spread middle European species, also deviations to the
neightbouring regions like Belgium or Rheinsh-Palatinate
(Germany). Especially in Luxembourg City, some south
European species were found assumed they are introduced
by garrisons in the last centuries. Endemic species are
missing.
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NEW DATA TO THE DISTRIBUTION OF FOUR AQUATIC TROGLOBIONT
MACROINVERTEBRATE SPECIES IN THE CAVES OF THE MECSEK
MOUNTAINS (SW HUNGARY)
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Present paper provides new faunistical data on the occurence of four aquatic troglobiont macroinvertebrate species
(Protelsonia hungarica, Bythiospeum hungaricum, Niphargus gebhardti and Niphargus molnari) from the caves located
in the Mecsek Mountains, SW Hungary. Sample collection was carried out in 7 caves between May 2010 and October
2011. Apart from the Abaligeti Cave and the Mánfai-kőlyuk Cave, where previous research have been conducted, 5 others
were included which were unexplored from a biospeleological aspect up to now. P. hungarica occured in 4 caves,
B. hungaricum in 2 caves, while the two Niphargus species occured in 6 caves. The Abaligeti Cave still provides suitable
habitat for the different troglobiont invertebrate taxa. Lack of Niphargus populations from the Mánfai-kőlyuk Cave could
be related to the utilization of waterworks.

1. Introduction

that there is no significant morphological difference
between the specimens collected from the two caves and
pointed out that the locus typus of gebhardti is conspecific
with the locus typus of hungaricum (Fehér et al. 2004).

Over the past decades number of biospeleological research in
Hungary has significantly decreased. Yet, caves provide unique
conditions which effect the development of a highly specific
invertebrate fauna. The obligate cave–dwelling animals have
the greatest importance in biospeleology. A species or a
population with strict boundries to a hypogean habitat is called
troglobiont (Sket 2008). Common features of these animals
are depigmentation, thinning of integument, reduction of eyes
and elongation of appendices (Dudich 1932).

Since these investigations, the original conditions of the two
caves have been affected by human impact. The Abaligeti
Cave has been developed for the public, attracting
thousands of tourists, while the Mánfai-kőlyuk Cave has
been utilized by waterworks and has completely lost its
natural character. Considering that these changes could
influence the diversity of the caves, repeated sample
collection was reasonable. Our additional aim was to find
the above mentioned aquatic troglobiont macroinvertebrate
species in other caves in the Mecsek mountains which were
until now, unexplored biospeleologically.

Among the more than 250 caves situated in the Mecsek
Mountains only two, the Abaligeti Cave and the Mánfaikőlyuk Cave have been previously examined in invertebrate
faunistical studies (Bokor 1924; Verhoeff 1928; Gebhardt
1933, 1934, 1963; Farkas 1957). As a result of this extensive
research more troglobiont endemic macroinvertebrate
species had been described. The blind aquatic isopod,
Protelsonia hungarica Méhely 1924 (Figure 1) was found
for the first time in the stream in the Abaligeti Cave in
October 1923 by E. Bokor and L. Méhely. Later on further
Protelsonia specimens were discovered in the Mánfaikőlyuk Cave which resulted in the description of a new
subspecies, P. hungarica robusta Méhely 1927 (Méhely
1927). From the Abaligeti Cave two blind amphipod species
were collected by E. Dudich and A. Gebhardt (Gebhardt
1963). Niphargus molnari Méhely 1927 was found in the
stream of the main passage, while Niphargus gebhardti
Schellenberg 1934 (Figure 1) colonised small pools created
from dripping water. N. molnari was collected from aquatic
habitats in the Mánfai-kőlyuk Cave as well. The famous
blind aquatic snail, Bythiospeum hungaricum (Soós 1927)
(Figure 1) was first found in the stream in the Abaligeti
Cave in 1927 and was described in that same year by L.
Soós originally as Lartetia hungarica Soós 1927 (Soós
1927). Based on the specimens collected from the Mánfaikőlyuk Cave, H. Wagner considered it reasonable to create
a new species, which was named in honour of the collector
Paladilhiposis gebhardti H. Wagner 1931 (H. Wagner 1931).
However three decades later L. Pintér (1968) has shown

2. Material and methods
Samples were collected between May 2010 and October
2011 in seven caves from Western–Mecsek (Figure 2). Most
of the examined caves were sinkholes with various length
and vertical extensions (Table 1.). Samples were collected
by hand collecting with the help of forceps, as well as using
a plankton net and water traps (punched nylon packages
filled with leached leaves and submerged into the water).
Specimens were fixed and stored in 96 % ethanol. The
following experts assisted with species identification:
Florian Malard (Université Claude Bernard – Lyon1) –
Stenasellidae, Zoltán Fehér (Hungarian Natural History
Museum) – Hydrobiidae, Cene Fišer (University of
Ljubljana) – Niphargidae. Most of the Niphargus specimens
were identified by the authors, useing the following
protocol for the dissection (Fišer et al, 2009). Specimens
were placed in glycerol for two hours, partly dissected and
mounted on slides in a glycerol-gelatine medium. Some
individuals were cooked in 10 % KOH solution, rinsed with
HCl and washed in distilled water. Cleared exoskeletons
were stained with chlorazol black in glycerol, than dissected
and made slides as it is written above.
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1.: Protelsonia hungarica Méhely 1924
2.: Niphargus gebhardti Scellenberg 1934
3.: Bythiospeum hungaricum Soós 1927

Figure 1. Images of Protelsonia hungarica, Niphargus gebhardti and Bythiospeum hungaricum. Photos were taken by Katinka Varga
and Dorottya Angyal.

3. Results

Abaligeti Cave is the proof of the importance of leaving
cave water systems intact. A massive population of P.
hungarica still exists in the stream and those parts of the
cave which are closed from the visitors provide various
microhabitats for the invertebrates. Though, it cannot be
said about the Mánfai-kőlyuk Cave, where the intrusive
introduction of waterworks has led to the disappearance of
endemic fauna elements and the inclusion of perturbated,
urban habitat–dwelling species (Angyal 2012). It is sad that
in lack of natural microhabitats, rare troglobiont species like
P. hungarica and B. hungaricum are forced to colonize in a
concrete water-collecting canal as an ultimate shelter.
It may be hypothesized that populations of N. molnari did
not manage to adapt to the changing conditions and
have completely disappeared from the cave. To conserv
the remained aquatic troglobiont invertebrate species,
rehabilitation of this cave would be important.

All the four troglobiont aquatic macroinvertebrate species
were found in some of the examined caves. P. hungarica
occured in four caves, in the Vadetetős Cave and in the
Spirál Cave these are the first records of the species. Among
the two Niphargus species occur in the Mecsek mountains,
N. gebhardti was the more frequent. It was found in six
caves mainly in small pools created by dripping water,
however it also occured in streaming water in one case. In
the Vadetetős Cave we found a pool where permanent
coegsistence of N. gebhardti and P. hungarica was
observable. The other Niphargus species, N. molnari was
collected from three caves. However in these caves both
species were found, their populations were separated from
each other in all cases. N. molnari was not occured in the
Mánfai-kőlyuk Cave, from where the species was originally
described. The blind snail B. hungaricum was collected
only from the two previously researched caves (Table 2).
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Considering this new data it seems that exploration of the
troglobiont invertebrate fauna in more of the caves in the
Mecsek Mountains is required. Presence of the same
species in different caves could be the proof of subterranean
connection via fissure system. The fact that populations of
all the four previously described taxa have remained in the
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Figure 2. Location of the 7 examined caves in the Mecsek Mountains.
Table 1. Some data of the examined caves.
Name of cave

Type of cave

Cadastre
number

Entreance’s
altitude above
sea level (m)

Y (Decimal
degree)

X (Decimal
degree)

Length of
cave (m)

Vertical
extension
of cave (m)

Abaligeti Cave

spring cave

4120-1

218,770

578056,429

88434,520

1,712

48,7

Mánfai-kőlyuk Cave

spring cave

4120-2

240,121

585324,364

89720,420

180

12

Vadetetős Cave

sinkhole

4120-27

320,701

577872,842

86795,058

177

35

Trió Cave

sinkhole

4120-71

301,035

580722,262

86347,182

250

58

Gilisztás Cave

sinkhole

4120-70

307,704

580693,262

86268,727

134

51,1

Spirál Cave

sinkhole

4120-130

350,280

582719,925

87242,072

1,000

86,4

Szajha-felső Cave

sinkhole

4120-16

283,508

578056,137

88041,665

98

40
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Table 2. Collected troglobiont macroinvertebrates and some data about the collection.
Collected taxa

Cave’s name

Date of
collection

Location in cave

Collecting method

(Sub)species:
Protelsonia hungarica
Méhely 1924

Mánfai-kőlyuk
Cave

11/12/2010

upper passage (artificial tunnel), in a concrete
water collecting tube

hand collecting with forceps

Mánfai-kőlyuk
Cave

11/12/2010

upper passage (artificial tunnel), next to the
tunnel ending’s spring on a flat stone covered
with water

hand collecting with forceps

Vadetetős Cave

08/12/2010

In a lateral chamber after 4th room in a pool

hand collecting with forceps

Vadetetős Cave

08/12/2010

in a streamlet

hand collecting with forceps

Abaligeti Cave

22/09/2010

in main passage’s stream, 220 meters from
entrance

hand collecting with forceps

Abaligeti Cave

12/10/2010

in Western-2 collateral in the stream

hand collecting with forceps

Abaligeti Cave

25/11/2010

in Western-2 collateral in a puddle

hand collecting with forceps

Spirál Cave

13/03/2011

In “Heart of Spirál” room in a sinter pew

hand collecting with forceps

Abaligeti Cave

26/09/2010

in main passage’s stream on stream bed 330
meters from entrance

plankton net

Abaligeti Cave

26/09/2010

in main passage’s stream on stream bed 440
meters from entrance

plankton net

Abaligeti Cave

11/10/2010

in main passage’s stream on stream bed and at
the bottom of some stones, 220 meters from
entrance

plankton net and hand
collecting with forceps

Abaligeti Cave

11/10/2010

in main passage’s stream on stream bed, 330
meters from entrance

plankton net

Mánfai-kőlyuk
Cave

22/12/2010

upper passage (artificial tunnel), in a concrete
water collecting tube

hand collecting with forceps

Mánfai-kőlyuk
Cave

21/10/2011

upper passage (artificial tunnel), in a concrete
water collecting tube

hand collecting with forceps

Mánfai-kőlyuk
Cave

21/10/2011

lower passage, at the beginning of the passage
on shallow water

hand collecting with forceps

Species: Niphargus
gebhardti
Schellenberg 1934

Trió Cave

05/08/2011

In the first room in a small pool

hand collecting with forceps

Trió Cave

05/08/2011

After “Furnance” in a small pool

hand collecting with forceps

Genus: Niphargus
Schiodte 1849
Family: Niphargidae
Order: Amphipoda

Gilisztás Cave

05/08/2011

Before cave’s ending in a small pool

hand collecting with forceps

Spirál Cave

13/03/2011

In “Heart of Spirál” room in a sinter pew

hand collecting with forceps

Vadetetős Cave

08/12/2010

Between 4th and 5th room in streaming water

hand collecting with forceps

Vadetetős Cave

08/12/2010

In a lateral chamber after 4th room in a pool

hand collecting with forceps

Szajha-felső Cave

11/12/2010

Under excavation-rail in a small pool

hand collecting with forceps

Abaligeti Cave

22/09/2010

In a small pool in a lateral chamber on the
right of “Karthago's ruins”

hand collecting with forceps

Abaligeti Cave

28/10/2010

In a small pool in a lateral chamber on the
right of “Karthago's ruins”

hand collecting with forceps

Species: Niphargus
molnari Méhely 1927

Spirál Cave

13/03/2011

At the beginning of the streamy-branch on a
big sinter pew

hand collecting with forceps

Genus: Niphargus
Schiodte 1849
Family: Niphargidae
Order: Amphipoda

Vadetetős Cave

08/12/2010

In an excavated crevice after "Lunch-room"

hand collecting with forceps

Abaligeti Cave

12/10/2010

At the end of Western-2 collateral in a sinter
pew

hand collecting with forceps

Genus: Protelsonia
Mehely 1924
Family: Stenasellidae
Order: Isopoda

Species: Bythiospeum
hungaricum
(Soós 1927)
Genus: Bythiospeum
Bourguignat 1882
Family: Hydrobiidae
Order:
Neotaenioglossa
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MOLECULAR ANALYSIS OF MICROORGANISMS DIVERSITY FROM
PERRENIAL UNDERGROUND ICE SEDIMENTS
Corina Iţcuş1, Alexandra Hillebrand-Voiculescu2, Denisa Pascu1, Ioan Ardelean1, Aurel Perşoiu3, Traian Brad4,
Cristina Purcărea1
1
Institute of Biology, no. 296 Spl. Independenţei, sect. 5, 060031, Bucharest, Romania, corina.itcus@ibiol.ro
2
Emil Racoviţă Institute of Speleology, Bucharest, no. 31 Frumoasă str., sect.1, 010986, Bucharest, Romania,
alexandra.hillebrand@iser.ro
3
Ştefan cel Mare University, no. 13 Universităţii str., 720229, Suceava, Romania, aurel.persoiu@gmail.com
4
Emil Racoviţă Institute of Speleology, Cluj, no. 5 Clinicilor str., 400006, Cluj, Romania, traian.brad@iser-cluj.org
Cave glaciers represent an important environment for paleoclimate and exobiology studies. There are almost no reports
on microbial biodiversity from underground ice sediments. In this study, we are interested in characterizing the prokaryotic
and eukaryotic microbial communities in different aged ice layers from Scărişoara Cave, in determining their chronological
distribution, and in identifying climate biomarkers. Scărişoara Cave hosts the largest (>100,000 m3, 22 m thick) and oldest
(>10 ka yrs.) subterranean perennial ice block in the world (Perşoiu and Pazdur 2010; Feurdean et al. 2011). The exposed
wall in the Little Reserve displays a well-marked succession of clear ice and sediment-rich (i.e. cryogenic carbonates and
organic matter) layers, recently radiocarbon dated to ca. 1,200 years BP (Perşoiu et al. 2011).
The analysed samples from different ages (900 years, 450 years, and 1 year) were located in light/sun exposed sites (Great
Hall), as well as in complete darkness (Little Reserve). The presence of microorganisms in the ice layers was assessed by
culture-dependent methods and molecular analysis of genes. Cultivation of ice-contained microorganisms at 4 °C and
15 °C, performed in various liquid media revealed a different growth rate as a function of cultivation conditions.
Accordingly, a higher diversity resulted at 15 °C than that obtained at 4 °C, independently from the ice age, suggesting
the prevalence of moderate psychrophiles in this habitat. 16S and 18S rRNA genes were amplified by PCR from total
DNA extracted either from ice samples or different culture media using specific GC-clamp primers. Prokaryote and
eukaryote diversity in the ice samples was also investigated by molecular approach using denaturing gradient gel
electrophoresis (DGGE) profiles of the rRNA small subunit (SSU). The DGGE profiles indicate a high variety of
microorganisms in each ice layer, resulted from the different number and position of DNA amplicons. A SSU-rRNA clone
library was obtained from the oldest ice and will be further identified by pyrosequencing.

References
Feurdean A, Perşoiu A, Pazdur A, Onac BP, 2011. Evaluating the
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Stable isotope behavior during cave ice formation by water
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BRYOPHYTES AT LAMPS IN SELECTED PUBLIC CAVES IN THE CZECH
REPUBLIC – PAST AND PRESENT
Svatava Kubešová
Department of Botany, Moravian Museum, Hviezdoslavova 29a, CZ-627 00 Brno, Czech Republic, skubesova@mzm.cz

Bryophytes growing close to lamps in regular use were studied in show caves. The present-day data were collected in
2004 and in 2011, 2012 in four caves open to the public: Balcarka Cave, Kateřinská Cave, Javoříčko Caves and Punkva
Caves. They are situated in Moravia, the Czech Republic. All of them are formed in Devonian limestone. The cave
environment has an even temperature and high air humidity.
Previous investigations of the lamp flora were done in the 1960s–70s. The management of public caves (illumination,
chemical removal of plants) has changed since that time. The aim is to compare the bryophyte lamp flora in the 60s–70s
and the present one – 2004, 2011–2012. During the previous investigations 51 species of bryophytes (only mosses) were
recorded. In the present day 45 mosses were recorded, 35 mosses in 2004 and 30 in 2011–2012. Overall, 45 % of the
bryophyte flora remains the same as in the past. 23 % of the bryophyte flora belong to newly recorded species and 32 %
represent species recorded in the 60s–70s. Frequently observed mosses – both in the past and in the present – were
Amblystegium serpens, Brachythecium velutinum, Bryum spp. and Leptobryum pyriforme.
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PATTERNS OF MISSING LEGS IN HADENOECUS SUBTERRANEUS CAVE
CRICKETS AND REDUCTION OF FORAGING SUCCESS
Kathleen H. Lavoie1, Suganthi Thirunavukarasu1, Mohammed Chandoo1, Utsav Pandey1, Elizabeth Lavoie1,
Kurt Helf2
1
Biology Department, State University of New York, College at Plattsburgh, Plattsburgh NY USA 12901,
lavoiekh@plattsburgh.edu
2
Cumberland-Piedmont Network, National Park Service, kurt_helf@nps.gov

One way insects can reduce predation is by autotomy, the voluntary loss of a limb if an insect is caught by a leg. Missing
legs in insects are known to reduce activity, escape speed, and increase energy requirements for movement. As part of
long-term biomonitoring at managed and unmanaged entrances in Mammoth Cave National Park, we included a census
of crickets missing legs for adult Hadenoecus subterraneus cave crickets for five years. In the summer months, H.
subterraneus showed variable percentages of leg loss, with averages from 8.82 to 19.57 %, ranging by cave from a low of
3.18 % to a high of 28.00 %. Variability in winter was much lower, with an average of 18.64 % of the adult population
missing legs and a range by cave of 16.67 % to 24.61 %. The number of crickets missing more than one leg was low, and
averaged from 0.76 % to 1.82 % of the populations with a by cave range of 0.00 % to 6.06 %. No differences due to sex
were noted. Crickets missing legs are more likely to stay closer to entrances to reduce distances they have to travel.
Between-cave variability in crickets missing legs showed some patterns, with the lowest average from Violet City, the
highest average for Frozen Niagara, and percentages from Carmichael in between. Winter averages were high and consistent
(17.39–24.61 %) for all three locations. Foraging efficiency was determined by comparing the amount of food in the crop
based on a regression of crop-free live weight to Hind Femur Length. In general, females have more food in their crops
than males. Crop weights as an indicator of effective foraging were significantly reduced in crickets missing one or both
hind legs (P < 0.006). Are these differences related to specific cave locations, to weather patterns, to seasons? Reducing
the percentage of a population missing legs is desirable, but how to manage the entrances to ensure optimum fitness?

1. Introduction
Insects have a variety of ways to reduce predation on them,
including escape, physical modifications like a tough
exoskeleton and spines, protective coloration, chemical
defenses, and autotomy. Autotomy is the voluntary loss of
a limb. The limb is usually released at the coxa, where the
limb joins the body. Insects walk using a tripod gait, where
a triangle formed by the front and hind limb on one side of
the body move in concert with the middle limb on the other
side of the body. Loss of a limb will have the greatest effect
on walking at higher speeds. Insects jump using thrust from
the larger hind legs. Loss of a hind leg will impact both
walking and jumping.
Loss of limbs affects the insect in a variety of ways. House
crickets (Acehta domestica) with one missing hind limb had
reduced escape speed and decreased ability to jump, and
showed a reduced ability to escape predation by lizards and
mice (Bateman and Flemming 2006). Field crickets
(Gryllus bimaculatus) with one missing hind limb showed
the same pattern and were slower in general, moved shorter
distances, and used more energy than field crickets with no
hind limbs missing (Fleming and Bateman 2007).

Figure 1. An adult female cave cricket, Hadenoecus subterraneus,
missing her left hind leg. (Photo by E. Lavoie).

Hadenoecus subterraneus cave crickets are a keystone
species in many caves in the North American Southeast.
They must forage on the surface at night when surface
conditions are favorable with temperature and humidity
close to cave values of 15 °C and 98 % RH (Studier et al.
1986; Studier and Lavoie 1989; Lavoie et al. 2007). Cave
crickets are at increased risk of predation when they leave
the cave. Mice preferentially include cave entrances in their
home ranges as a reliable source of food (Viele and Studier
1990). Our study extended on preliminary data (Lavoie et
al., 2007) and focused on the frequency of missing limbs
and impacts of missing one or both hind legs on foraging
efficiency.

As a part of long-term biomonitoring, we census populations
of organisms at nine entrances within Mammoth Cave
National Park, and at two deep cave sites. Management of
the entrances range from natural open and unmanaged, to
manmade, gated entrances. We record census data on cave
cricket distribution, population size, age structure, and
missing limbs in adult cave crickets (Fig. 1).
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2. Materials and Methods
We visually classify cave crickets into four size classes
(Lavoie et al. 2007) based on length of the hind femur:
Class 1 HFL 5-10 mm; Class 2 HFL 10-15 mm; Class 3
HFL15-20 mm, and Class 4 mature adult crickets with HFL
of 20 mm or greater (Studier et al., 1986). Inter-rater
reliability is good. Sex can be determined easily for size
Class 3 and 4 crickets by the presence of an ovipositor on
females (see Fig. 1). Immature crickets of Class 1 and 2 are
not sexually dimorphic. Adult H. subterraneus cave crickets
are recorded by sex and whether they have all the legs, are
missing which leg or part of a leg, and if they are missing
multiple legs.
For the crop fullness study as an indicator of effective
foraging, adult cave crickets were collected in the Frozen
Niagara entrance to Mammoth Cave. We recorded their sex,
weighed them by gram to four decimal places on an
electronic balance, and measured their HFL using a caliper.
Studier et al. (1986) determined a regression for HFL and
crop-empty live weight in H. subterranues that has a high
reliability (r = 0.91). It is possible to weigh a cricket,
measure its HFL, and calculate how much of its total weight
is crop contents by subtracting the predicted crop-free live
weight. Only crickets naturally missing hind limbs were
included in the study. For the crickets missing both hind
legs we used the average of 22 mm for males and 23 mm
for females for the calculations. A typical hind leg weighs
0.0382 g and we adjusted the total weight by that amount
for each missing hind leg.

#
Missing
Multiple
Legs

% of
Total
Missing
Multiple
Legs

May
2007
May
2008
May
2009
Dec
2009
June
2012

1,077
(n=8)
1,376
(n=4)
792
(n=9)
1,320
(n=7)
1,293
(n=9)

915

159

14.75

ND

ND

1,147

229

16.64

25

1.82

637

155

19.57

12

1.52

1,082

246

18.64

10

0.76

1,215

114

8.82

10

0.77

Census
Date

% Total
Missing Legs

Low % for
Census Date

High % for
Census Date

May 07
May 08
May 09
Dec 09
June 12

14.75
16.64
19.57
18.64
8.82

6.16
8.33
5.26
16.67
3.18

28.0
19.17
23.86
24.61
19.35

Within-cave variability is summarized in Table 3 for three
locations that were censused on all of the census dates.
Summer results show that Frozen Niagara has a higher
proportion of crickets missing legs (14.51 % to 22.84 %)
than Violet City (6.90 to 8.70 %. Carmichael is typically in
between these two extremes. The percentage of crickets
missing legs is the highest for each cave in Dec 2009.

Table 1. Patterns of missing legs in Hadenoecus subterraneus cave
crickets for five census dates. ND = Not Determined.
#
% of
Missing Total
Missing
Legs
Legs

Comparing the range of data across all caves for each
census date in Table 2 shows that a range of 3.18 % to
28.00 % of the populations are missing legs. It is almost
always the entire leg that is missing. Crickets missing only
a part of a leg averaged less than 0.001 % of the population.

At the Frozen Niagara entrance the percentage of crickets
by sex missing legs is inversely proportional to the distance
from the entrance. For male crickets, 31.9 % of crickets
within 10–30 m of the entrance were missing legs compared
to 14.6 % of males 60–80 m from the entrance. For females,
30.4 % of crickets within 10–30 m of the entrance were
missing legs compared to 20.7 % of females 60–80 m from
the entrance. We conclude that crickets missing legs stay
closer to the entrance to reduce the distance they have to
travel to leave the cave for their next foraging bout. Crickets
close to an entrance are less likely to reproduce than crickets
found deeper into the cave (Cyr et al. 1991).

Results of the missing leg census for H. subterraneus are
shown in Table 1 for summer (May or June) 2007, 2008,
2009, and 2012 and winter (Dec 2009). Hind legs are
autotomized significantly more often than other legs
(F = 34.069, P < 0.001). For the four summer census dates,
the average % of crickets missing legs ranged from 8.82 %
to 19.57 %, with the lowest averages seen in Summer 2012.

# Total #
Crickets Intact
(n= #
of sites)

Crickets missing multiple legs are always present ay a much
lower frequency (Table 1), with an average ranging from
0.76 % to 1.82 %, across all census dates. The range of cave
crickets missing multiple legs by cave was 0.00 % to 6.06 %.
Anecdotally, crickets missing multiple legs are noticeable
thinner, and are usually found within 20 m of the entrance.

Table 2. Average and range of Hadenoecus subterraneus cave
crickets missing legs by census date.

3. Results and Discussion

Census
Date

23.86 % in May 2009 compared to a narrower range of
16.67 % to 24.61 % in Dec 2009.

Table 3. Percentage of H. subterraneus cave crickets missing legs
for three cave locations by census dates compared to the average
number of crickets missing legs for that census date.
Census % Total
Date
Missing
Legs

Carmichael Frozen
% Missing Niagara
% Missing

Violet
City
% Missing

May 07
May 08
May 09
Dec 09
June 12

6.16
13.79
16.67
17.39
14.29

6.90
8.33
8.70
18.75
8.70

14.75
16.64
19.57
18.64
8.82

14.51
19.17
22.84
24.61
22.84

There is no consistent difference in the frequency of crickets
missing limbs in males vs. females. Since the winter 2009
data showed the least variability, we present the results for
all caves censused that date in Table 4. No pattern of
differences in males and females are noted.

Seasonal averages comparing data from May 2009 and
December 2009 (Table 1) show a fairly consistent average
percentage of crickets missing legs, 19.57 % and 18.64 %,
respectively, but a much broader range from 5.26 % to
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Table 4. December 2009 H. subterraneus cave crickets missing leg data separated by sex for all study caves censused.
Location

Sex

New Discovery
New Discovery
Carmichael
Carmichael
Frozen Niagara
Frozen Niagara
Floyd CCC
Floyd CCC
Violet City
Violet City
Great Ony
Great Onyx
White Cave
White Cave
Total/Averages

M
F
M
F
M
F
M
F
M
F
M
F
M
F

Total
#

107
133
25
21
113
178
33
37
5
10
48
36
368
305
1419

# Intact

90
110
22
16
90
154
27
29
4
9
39
29
298
257
1174

#
Missing
Legs
17
23
3
5
23
24
6
8
1
1
9
7
70
48
245

Do missing legs negatively impact the ability to find food?
In general, females have more crop contents than males
since they can consume more in a single feeding bout
(Studier et al., 1986; Studier and Lavoie, 1989). Crop
weight (Figure 2) as a measure of success at foraging was

%
Missing
Legs

#
Missing
Multiple
Legs

15.89
17.29
12.00
23.81
20.35
13.48
18.18
21.62
20.00
10.00
18.75
19.44
19.02
15.74
17.27

0
0
1
0
1
1
0
0
0
0
0
0
3
4
10

%
Missing
Multiple
Legs
0.00
0.00
4.00
0.00
0.88
0.56
0.00
0.00
0.00
0.00
0.00
0.00
0.82
1.31
0.70

significantly reduced in crickets missing one or both hind
legs (P<0.006). Since all crickets were wild caught, we have
no way of determining the length of time that an individual
cricket had been missing a leg or legs or how recently they
had left the cave to feed.

Figure 2. Effect of missing hind limbs on crop weight as a measure of foraging success in the cave cricket Hadenoecus subterraneus.
Calculated crop weight by individual male and female crickets with all legs, and missing one or both hind legs. Missing legs is associated
with reduced crop contents (P < 0.006).

= males, intact (n=10); = females, intact (n=12).
 = males, missing one hind leg (n=6);  = females missing one hind leg (n=7).
 = males missing both hind legs (n=2);

= females missing both hind legs (n=2).
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4. Conclusions

References

The frequency of leg loss in H. subterraneus cave crickets
is variable, but often high and shows consistency from
specific caves across census dates. In general, average
percent leg loss is consistent from summer to winter, but the
range of variability is reduced in the winter. Crickets missing
legs are more likely to be found closer to entrances to reduce
the distances they have to travel, but which also reduces their
success at reproduction which is higher deeper into the cave.
Lower crop contents were significantly associated with
missing legs (P<0.006) in male and female cave crickets,
showing that missing legs decreases the ability of crickets
to find food, and may negatively impact fitness.

Bateman PW, Fleming PA, 2003. Direct and indirect costs of limb
autotomy in field crickets, Gryllus bimaculatus. Animal
Behavior, 69, 151–159.
Cyr MM, Studier EH, Lavoie KH, McMillin KL, 1991. Annual
cycle of gonad maturation, characteristics of copulating pairs
and egg-laying rates in cavernicolous crickets, particularly
Hadenoecus subterraneus (Insecta; Orthoptera) Ameican.
Midland Naturalist 125(2), 231–239.
Fleming PA, Muller D, Bateman PW, 2007. Leave it all behind: a
taxonomic perspective of autotomy in invertebrates. Biological
Reviews, 82, 481–510.
Lavoie KH, Chandoo M, Thirunavukarasu S, Lavoie E, Wolosz T,
Helf KL, 2009. “Effects of missing legs on distribution and
jumping behavior in the cave cricket, Hadenoecus
subterraneus” Proceedings of the XVth International Congress
of Speleology, Kerrville, TX. 3: 1302–1306.

Are differences in leg loss rates related to specific cave
locations, to weather patterns, to seasons, and/or other
factors? Reducing the percentage of a population missing
legs is desirable since loss of legs reduces success at
foraging and overall fitness. Can we manage entrances to
reduce loss of legs?

Lavoie KH, Helf K, Poulson T, 2007. The biology and ecology of
North American cave crickets. Journal of Cave and Karst
Studies, 69(1), 114–134.

Further study will continue on frequency and distribution
of H. subterraneus crickets with missing legs. Analysis of
data from 2010 and 2011 will help us determine if the
patterns reported here are consistent. Additional studies will
determine if stamina for walking and jumping are affected
by missing legs.

Studier EH, Lavoie KH, 1989. Biology of cave crickets,
Hadenoecus subterraneus, and camel crickets, Ceuthophilus
stygius (Insecta: Orthoptera): metabolism and water economies
related to size and temperature. Comparative Biochemistry and
Physiology., 95A, 157–161.
Studier EH, Lavoie KH, Wares II WD, Linn, JA-M, 1986.
Bioenergetics of the cave cricket, Hadenoecus subterraneus.
Comparative Biochemistry and Physiology, 84A(3), 431–436.

Acknowledgements
We thank the many SUNY Plattsburgh students and MACA
personnel and volunteers who have helped with data
collection over the years. Mammoth Cave National Park
provided access to the caves. This work was done as part
of RSP106. We thank the Cave Research Foundation for
use of their field facilities and the Research Foundation of
SUNY for funding for student travel.

435

Viele DP, Studier EH, 1990. Use of a localized food source by
Permyscus leucopus, determined with am hexagonal grid:
Bulletin of the National Speleological Society, 52(1), 52–53.

Biospeleology, Geomicrobiology and Ecology – poster

2013 ICS Proceedings

CAN COMMENSAL FUNGAL POPULATIONS PROTECT BATS FROM
GEOMYCES DESTRUCTANS INFECTION?
Kelsey Njus, Samantha Kaiser, Marcelo Kramer, Hazel A. Barton
University of Akron, Department of Biology, Akron, OH, USA, kan22@zips.uakron.edu

Since the emergence of White-nose Syndrome (WNS) in 2006, North American bat populations have experienced
devastating population declines. WNS is caused by Geomyces destructans (Gd), a psychrophilic fungus that invades the
wing tissues of bats during their naturally immune-depressed state of torpor. Some species, including the Indiana bat
(Myotis sodalis), appear to have reduced mortality from WNS despite close association in hibernacula with affected bats
experiencing high WNS mortality. In order to test whether Indiana bats may be naturally resistant to WNS we analyzed
the culturable and non-cultural fungal communities of bat fur in an attempt to determine whether commensal populations
could limit Gd growth. Identifying mechanisms of WNS resistance in bats could help in our understanding of the emergence
of Gd, the future of the disease, and potential biological controls.

1. Introduction

of bat pelage in an attempt to understand what factors could
affect fungal growth and resistance to WNS.

White-nose syndrome (WNS) is a cutaneous fungal disease
of hibernating cave bats, named after the powdery white
growth of Geomyces destructans (Gd) on their muzzles,
ears, and wing membranes (Blehert et al. 2009). WNS was
first documented in Howe’s Cavern in 2006 (Blehert et al.
2009) and since then has spread across the eastern United
States and into Canada, killing more than 5 million North
American bats (Meteyer et al. 2012). Eleven species of bat
currently hibernate within the epizootic range of WNS,
seven of which are impacted by WNS: the big brown bat
(Eptesicus fuscus), the tri-colored bat (Perimyotis
subflavus), the eastern small-footed bat (Myotis leibii), the
gray bat (Myotis grisescens), the Indiana bat (Myotis
sodalis), the little brown bat (Myotis lucifugus), and the
northern long-eared bat (Myotis septentrionalis) (Wibbelt
et al. 2010).

2. Materials and Methods
Samples were collected from Cuijo’s (CUGA) and Salt
Petre (SPC) caves, Virginia, USA and from caves in Canoe
Creek State Park (CCSP), Pennsylvania, USA. For fungal
profiles, fur was collected from the following species: M.
lucifugus, M. sodalis, and P. subflavis. Approximately 10 mg
of fur was collected with sterile scissors from between the
shoulder blades of bats and stored in γ-irradiated vials for
DNA extraction. For cultivation, bats were swabbed with
moistened cotton tipped applicators for cultures along the
forearm and around the muzzle and ears. Swabs were used
to inoculate potato dextrose agar (PDA) plates consisting
of 4 g potato extract, 20 g dextrose, and 15 g agar per liter
of water (pH 6.8–7.0). All samples were collected under the
auspices of the Virginia Department of Natural Resources
and the Pennsylvania Game Commission, following all
local and Federal collection permits. See Table 1 for a
summary of samples collected by site, species, and sex.

Several important factors have been proposed that may
affect the severity of Gd infection in bats, including
hibernacula conditions (Grieneisen 2011), acquired immune
responses (Bouma et al. 2010), and body mass (Reeder et
al. 2012). The prevailing hypothesis is that death is due to
a physiological impairment caused by the cutaneous
invasion of Gd that is reflected by an increased frequency
of arousals. Because wing membranes are critical for gas
exchange and maintenance of water balance, Gd invasion
may damage the wing membrane to the point where
osmotic balance and homeostasis can no longer be
maintained, resulting in an increased frequency of arousals
due to dehydration (Cryan et al. 2010; Reeder et al. 2012).

Total DNA was isolated from bat fur using the YeaStar
genomic DNA kit (Zymo, Irvine, CA) according to the
manufacturer’s instructions using the chloroform-free
protocol (Protocol II) and eluted in 20 µl dH2O. Fungal
DNA was amplified using PCR with fungal-specific
primers for the internal transcribed spacer (ITS) 18S gene
sequence. Nested PCR was performed using an external
pair of primers to amplify the template, followed with a
second round of PCR using internal primers. The first round
of amplification was carried out using the external forward
primer NSA3 (5’-AAACTCTGTCGTGCTGGGGATA – 3’)
and external reverse primer ITS4-B (5’ –CAGGAGACTTG
TACAC GGTCCAG – 3’) using 1 µl of DNA template,
10 μl Taq 2X master mix, 300 mM NSI1and ITS4-B, and
dH2O to a final volume to 20 µl. The second-round PCR
reaction was performed using internal forward primer ITS5
(5’ – GGAAGTAAAAGTCGTAACAAG G – 3’) and
internal reverse primer ITS4 (5’ – TCCTC
CGCTTATTGATATGC – 3’) using 1µl of first round PCR
product as the template as described. The thermal cycling
parameters for the first reaction was a hot start at 94 °C for

The Indiana bat, M. sodalis, is an endangered bat species
found throughout the eastern United States (Kurta and
Whitaker 1998). Although M. sodalis has been affected by
WNS, the population has experienced a reduced mortality
(mortality rate 21 %) compared to other species, such as M.
lucifugus (mortality rate 91 %) (Turner et al. 2011). The
differences in bat mortality may indicate that M. sodalis are
either resistant to infection, Gd pathology, or hibernate
under conditions that are not conducive to Gd growth. We
hypothesize that M. sodalis may be resistant to WNS
through the role of commensal populations and speciesspecific innate immunity. In this study we examined the
culturable and unculturable commensal fungal populations
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5 minutes, followed by 36 cycles of 94 °C for 45 seconds,
annealing at 56 °C for 1 minute, and 72 °C for 1 minute
30 seconds. Second round thermal cycling paramaters were
identical except an annealing temperature of 60 °C was
used. PCR products were purified using a Genomic DNA
Clean & Concentrator kit (Zymo, Irvine, CA), eluted in 6 µl
dH2O, and cloned using the TA Cloning Kit (Invitrogen,
Grand Island, NY) following the manufacturers’ protocols.
Clones were sent to Advanced Genetics Technology
Center (AGTC) (http://www.uky.edu/Centers/AGTC/) for
sequencing. Sequences were aligned using the multisequence alignment function in Geneious Pro (Biomatters
Ltd., Auckland, New Zealand). Consensus sequences were
generated and compared against all sequences available in
Genbank (NCBI) using the BLAST algorithm (Johnson et
al. 2003).
Table 1. Summary of the samples collected by location and
whether Geomyces species were detected by cultivation. LB = M.
lucifugus; BB = E. fuscus; IND = M. sodalis; TRI = P. subflavus.
Cave

Species

Gender

Geomyces

CCSP
CCSP
CCSP
CCSP
CCSP
CCSP
CCSP
CCSP
CCSP
CCSP
CUGA
CUGA
CUGA
SPC
SPC
SPC
SPC
SPC
SPC

LB1
LB2
LB3
LB4
LB5
LB6
LB7
LB8
BB1
IND1
LB1
LB3
TRI1
LB3
IND1
IND2
IND3
TRI2
TRI3

M
M
F
M
M
F
M
M
F
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

+
+
+
NA
NA
+
+
+
+
-

lucifugus, M. sodalis, and P. subflavus (Tables 1 and 2). Our
results demonstrate that the fungal communities of bats
show species specific variation, with M. lucifugus
supporting a much more varied community of fungi. Five
of nine M. lucifugus analyzed (56 %) were positive for
members of the Geomyces, whereas only one of the M.
sodalis (25 %) supported the growth of this genus. The M.
lucifugus also supported more diversity in the species of
Geomyces species than M. sodalis.
None of the M. sodalis from CUGA and SPC caves
demonstrated the presence of Geomyces species on their
fur, and we wanted to determine whether this was due to
the absence of Geomyces in the environment or that these
bats did not support the fungus. We therefore compared the
Geomyces seen on bats from CUGA and SPC with the total
cultured fungal population from these caves, as determined
from a separate study (Kaiser et al. unpublished results)
(Table 2). The results suggest that even though Geomyces
are present in this cave, they could not be detected on M.
sodalis fur, whereas the M. lucifugus had a fungal
population in the fur that more closely reflected the fungal
diversity of the cave (Table 2).
3.2. Molecular Data
Cultivation is a fairly restrictive procedure, only allowing
the identification of fungal species able to grow under the
conditions used. We therefore decided to examine the
fungal communities of bat fur using molecular techniques,
which allows us to determine whether non-culturable
Geomyces are present and what proportion of the population
they represent. To this end, we created a clone library from
a M. lucifugus bat from CCSP. The results (Table 3)
demonstrate the high diversity of fungi on this bat, although
none of the fungal species identified matched those seen
using cultivation techniques. It is interesting to note that
Geomyces were not detectable using this technique,
suggesting that this genus may not represent a significant
population on this bat’s fur.

Culture plates were analyzed for the presence of Geomyces
species after ~1 month of growth at 10 °C using colony
morphology and microscopy, via staining with lactophenol
cotton blue. Positive identification of a Geomyces species
consisted of visualization of characteristic branched
conidiophores with individual spores or chains of spores
(~2 µm in diameter) attached directly to the branches and
branch tips. Samples positively identified were subcultured
and maintained at 10 °C as part of a fungal culture library.
For species identification, the genomic DNA was extracted
using a Fungal/Bacterial DNA kit (Zymo, Irvine, CA)
following the manufacturer’s recommended protocol. The
ITS sequences were than PCR amplified, sequenced and
identified using BLAST as described.

4. Discussion
WNS is the first documented case of an invasive fungal
epidemic in endothermic organisms, although bats are
functionally exothermic during their long periods of torpor
(Cryan et al. 2010). Torpor is a metabolically depressed
state which mammals enter in order to conserve energy and
cope with periods of scarce food supply (Bouma et al.
2010), lasts days to weeks, and is regularly interrupted by
periods of arousal (Geiser and Ruf 1995). During torpor
metabolic rates can decrease to <5 % of basal metabolic rate
with a corresponding decrease in body temperature (Tb) to
near ambient temperatures. In bats, Tb is approximately
2–8 °C during torpor (Reeder et al. 2012), while Gd has
optimal growth at ~10 °C. Torpor is also associated with
suppression of the immune system including severe
leukopenia (Bouma et al. 2010), reduced acute complement
production, and reduced phagocytic capabilities (Bouma et
al. 2010), allowing a window of opportunity for infection.
However, bats are not entirely susceptible to infection
during these periods, with some amount of protection being

3. Results
3.1. Culturable Fungi
None of the bats we sampled came from caves infected with
Gd, allowing us to examine the non-WNS fungal
populations of healthy bats. We examined the culturable and
non-culturable fungal profiles of representative M.
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Table 2. Distribution of cultured fungi from cave environments (SPC and CUGA) and bats (LB = M. lucifugus: TRI = P. subflafus;
IND = M. Sodalis). Grey = positive.
Species

SPC

CUGA

LB

TRI

IND

Aspergillus aureolatus
Funal endophyte isolate 9021
Fusarium sp. SZ1
Isaria farinosa
Geomyces destructans-like
Geomyces pannorum strain VKM FW-751
Geomyces destructans-like 20674-10
Geomyces sp. FFI 30 5.8S
Geomyces pannorum
Mucor circinelloides PG5(3)
Mucor circinelloides
Mucor fragilis
Mucor hiemalis
Mucor racemosus strain KUC6001
Mucor racemosus strain UWFP 1084
Mucor racemosus strain ATCC 42647
Mucor ramossisimus
Mucor sp. JJP-2009a
Mucor sp. 02MIN3S1
Penicillium brevicompactum
Penicillium brevicompactum strain FRR 66
Penicillium camemberti
Penicilium camberti isolate 313
Penicillium commune
Penicillium commune isolate wb319
Penicillium concentricum
Penicillium concentricum strain NRRL 2034
Penicillium echinulatum
Penicillium glandicola strain NRRL 2036
Penicillium lanosum
Penicillium lanosum isolate 929
Penicilllium sclerotiorum strain FRR 1202
Penicillium solitum strain FFR 937
Penicillium solitum
Penicillium sp. CCN24
Penicillium verrucosum
Uncultured fungus
Uncultured fungus clone OTU29
Zycomycete sp. FFI 6

present from commensal populations and functional
components of the innate immune system.

species, including species of the genus Geomyces, although
the types of fungi vary by bat species. Our identification of
Geomyces species on bats and within the cave environment
is in agreement with other studies (Larcher et al. 2003;
Wibbelt et al. 2010); however, our molecular work suggests
that Gd may be a minor component of the bat fungal
population, identified only by the selective conditions for
the growth of the fungus (PDA media at 10 °C). In some

The protective nature of commensal microbial populations,
which includes limiting colonization by pathogenic
organisms, is well understood in humans. Although the
commensal population of bats is as yet unidentified, our
results show that bats play host to a multitude of fungal
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species, neither of our assays detects Geomyces on these
individuals, suggesting that conditions may not be
conducive to the growth of Geomyces on all individuals.
The reduced incidence of Geomyces on M. sodalis
correlates well with the low mortality seen in these species,
although we will have to greatly expand this data set to
demonstrate a significant correlation between fungal
population and bat species.

next step is to take cultures of fungi found on M. sodalis
and determine if they inhibit the growth of Gd in
competition assays. IF we find that the normal microbiota
of some bats is able to limit colonization by Gd, this will
greatly expand our understanding of how commensal
populations and the innate immune system increase
resistance to WNS. Such information could help us
understand the emergence of this pathogen, the future of the
disease among the bat population, and the potential for
biological control.

Our preliminary results suggest that the majority of fungal
species found on bats do not represent commensal
populations but represent saprophytic species found from
cave and forest environments. This implies that bats may
pick up fungal species from their surroundings and act as
passive transporters rather than actively supporting a
growing fungal population. To determine whether the
commensal populations are involved in Gd resistance, our
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Table 3. Distribution of fungal phylotypes found on M. lucifugus (LB8) fur using PCR analysis.
Genus

Number

Closest Phylotype Relative

Identity

Ascomycota
4

Limestone ascomyte CR-2004

98 %

4

Toxicocladosporium irritans strain CBS

99 %

3

Cladosporium sphaerospermum strain HD8

99 %

2

Ascomycete sp. VTT D-041035

99 %

2

Alternaria alternate strain SS-S4

97 %

1

Uncultured Ascomycete ITS

80 %

1

Agaricomycete sp. 7406

99 %

1

Dactylaria ampulliformis strain ICMP3660

79 %

1

Cladosporium cladosporioides

89 %

1

Eutypella scoparia isolate SB9053a

6

Sporidiobulus salmonicolor strain MYA-4550

99 %

3

Trametes gibbosa strain xsd08138

99 %

1

Skvortzovia furfurella isolate 1725

99 %

1

Botryobasidium botryosum isolate AFTOL-ID

99 %

1

Pleurotus floridanus strain dd08070

99 %

1

Rhodocollybia butyracea

99 %

1

Ceriporipsis pannocincta

99 %

1

Bulleribasidium oberjochense strain CBS9110

99 %

1

Skeletocutis nivea isolate DLL2010-087

88 %

1

Trametes betulina

99 %

1

Gleoporus dichrous isolate DLL2009-167

99 %

1

Perenniporia narymica

99 %

100 %

Basidiomycota
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MICROFUNGAL COMMUNITY OF MOVILE CAVE, ROMANIA
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Movile Cave, an unique ground-water ecosystem in southern Romania, was discovered in 1986. This chemoautotrophic
cave contains an abundant and diverse fauna with terrestrial and aquatic invertebrate communities including 24 endemic
species. In the past, several studies were focused on cave chemoautotrophic bacterial community, nevertheless microfungal
community was so far neglected.
Microscopic filamentous microfungi were studied in 2011 (upper dry level of cave system from cave air, cave sediments,
corroded limestone walls, and isopod faeces and isopod and spider cadavers) and 2012 (upper level of cave system and
submerged part – airbell – from cave sediment and microbial mat). The gravity settling method for the estimation of airborne microfungi, the dilution plate method, and direct isolation were used as isolation methods. The cave microfungal
community was also compared with above environment (outside air-borne and soil-borne microfungi). Results show a
broad microfungal spectrum in cave air and cave sediments including several species of the genus Aspergillus (e.g., A.
baeticus, A. ustus, A. creber) and Penicillium (e.g., P. manginii, P. chrysogenum, P. expansum), Purpureocillium lilacinum,
Microsporum gypseum, Myriodontium keratinophilum, Oidiodendrum griseum, Spiniger meineckellus etc. Trichoderma
species dominated in microfungal community in cave sediment and microbial mat collected in the second airbell,
microfungal communities include Penicillium glucoalbidum, Cladosporium sp., Mortierella sp., sterile dark pigmented
mycelia, and undetermined basidiomycete species (cave sediment), and Doratomyces stemonitis (microbial mat).
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MICROBIAL IRON CYCLING AND BIOSPELEOGENESIS: CAVE
DEVELOPMENT IN THE CARAJÁS FORMATION, BRAZIL
Ceth W. Parker1, Augusto S. Auler2, John Senko1, Ira D. Sasowsky1, Luis B. Piló2, Melanie Smith1, Michael
Johnston1, Hazel Barton1
1
University of Akron, 185 E. Mill St., Akron, OH 44325, United States of America, cwp13@zips.uakron.edu
2
Instituto do Carste, Rua Barcelona 240/302 MG 30360-260, Belo Horizonte, Brazil, aauler@gmail.com

The Carajás Formation in northern South America is a banded iron-formation (BIF) that contains a large number of iron
caves (>1,000), although the geologic basis for speleogenesis remains unclear. Given the organic-rich environment that
could drive microbial processes, we examined these caves using a variety of techniques to determine whether
biospeleogenesis was responsible for cave formation. Within the caves we examined the geochemistry to determine if it
could support microbial growth and iron cycling. We also identified microbial activity and pendulous biofilms (snottites)
within the cave that included recognized iron-oxidizing species, as well as the presence of iron-reducing bacteria within
sediments. The observed conditions and microbial communities suggest that iron cycling by iron-reducing microorganisms
could convert insoluble Fe(III)s into soluble Fe(II)aq, which would lead to the mobilization of iron. A secondary metabolic
pathway then seems to re-oxidize this reduced iron back into Fe(III)s, which may explain the presence of high grade iron
ores associated with cave locations. Once cavities are enlarged in the BIF via microbial activity, groundwater flow could
remove bulk Fe(II)aq, allowing passage enlargement and cave formation in the Carajás region.

1. Introduction

2. Material and Methods

The Archean Earth was anoxic in nature until photosynthetic
Cyanobacteria began to produce oxygen during the great
oxidation event approximately 2.45 Gyr ago (Buick 2008;
Sessions et al. 2009). It is speculated that the influx of
oxygen into the atmosphere oxidized Fe(II) present in the
oceans, which precipitated as banded iron deposits
comprising Fe2O3 (hematite), FeO(OH) (goethite) and
Fe3O4 (magnetite) with alternating layers of SiO2 (Beukes
and Klein 1992; Klein and Ladeira 2002). This ancient
process led to the worldwide accumulation of >1 Gyr old
banded iron formations (BIFs).

Five caves were identified in the Carajás formation in
Parauapebas, Para, Brazil, for research activities, ranging
from a short paleo system up to an ~500 m long system with
an active stream. Samples were taken from all five caves,
although it was apparent that extant microbial activity was
only occurring in N4WS-067 and GEM-1753. Geologic
samples were collected as hand samples, while samples for
microbiological analysis were collected using aseptic
technique.
The pH and temperature were recorded using a SevenGo
Pro pH/Ion meter (Mettler Toledo, Columbus, OH). Total
iron was determined using the colormetric 2,4,6-Tri-(2pyridyl)-5-triazine] method (Iron test kit IR-21, Hach,
Loveland, CO). Dissolved iron was calculated by filtering
water through a 0.1 µm filter and comparing to the total iron
concentration. For total organic carbon, water was filter
sterilized via a 0.1 µm filter into a plasma cleaned glass vial
(Thermo Scientific, Miami, OK), followed by analysis on
a Shimadzu TOC-V analyser (Shimadzu, Columbia, MA).

The Archean Carajás Formation (ACF), commonly referred
to as the Carajás BIF, is located in the Northern Brazilian
state of Para (Trendalla et al. 1998). The ACF is ranked
among the most substantial iron ore deposits on Earth,
reaching a thickness of 300 m and containing an
approximated 17.8 billion tons of ore (Guedes et al. 2003).
The ACF is predominantly iron in composition (17–43 %
wt/wt), although iron content can reach 66 % (Klein and
Ladeira 2002; Guedes et al. 2003).

Cultures were inoculated from sediments into PIPES buffer
(25 mM, pH 6.8) liquid medium that contained ammonium
chloride (10 mM), magnesium chloride (2 mM) trypticase
soy broth (0.2 g/l), and vitamins and trace metals as
described by Tanner (1997). H2 was added as the
electron donor and 25 mM hydrous ferric oxide (HFO) as
the acceptor. Cultures incubated at 25 ºC under low light
conditions for six months, though growth was seen in 14
days. Fe(III) reduction was determined by quantification of
Fe(II) by ferrozine assay (Lovley and Phillips, 1987).

The Carajás region is also one of the most cave dense areas
of Brazil, although it is completely devoid of carbonates
and the high iron content would generally limit dissolution
(Piló and Auler 2009). To explain this speleogenetic
anomaly, in 1987 Mcfarlane and Twidale proposed that
microbial activity may be playing a role in the formation of
these iron caves, although no mechanism was suggested.
The recent advent of molecular microbiology has allowed
microbiologists to describe iron-oxidizing and reducing
microorganisms under a number of environmental
conditions (Hedrich et al. 2001; Jahn et al. 2006). With this
information, we hypothesize that the iron caves in the
Carajás region are formed by microbial iron cycling,
wherein Fe(III)s is mobilized by reduction to the soluble
Fe(II)aq form. It is the aim of this research to test this
hypothesis.

Genomic DNA extraction was performed in the field using
an Xpedition soil/field DNA Mini Prep PowerSoil DNA Kit
(MolBio Labratories Inc, Carlsbad, CA) following the
manufacturer’s standard protocol. Community pyrosequencing of each sample was carried out by Research
Testing Services (Lubbock, TX) with over 60,000 tagsequence reads per sample, including a preparation control.
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The sequence data analysis was accomplished by removing
poor-quality and chimeric reads using QIIME and
comparing against the NCBI sequence database via BLAST
(Caporaso 2010).
Mineralogic studies were performed on a Phillips 3100
automated diffractometer using CuKα radiation. Samples
were scanned at 2θ of 2º to 70º, with an accelerating voltage
of 40 kV at 35 mA. Intensities were measured with a 0.02º
step size and 1-s counting time per step. Sample spectra
were then compared to reference spectra to identify mineral
phases (Bertel et al., 2011). For elemental mapping, thin
sections of rock samples were visualized on a Quanta 200
D7756 ESEM (FEI, Hillsboro Oregon) and elemental
distributions in the thin sections were evaluated with an
EDX attachment.

examined the water flowing out of the snottite. While in
other caves these pendulous biofilms drop water at a slow
rate (cc m-1), within GEM-1753 the snottite had a very high
flow-rate (dc m-1), limiting the ability of the snottite to
change the chemistry of the water flowing over it.
Nonetheless, the TOC of this water was elevated (7.91 mg
L-1) and the pH and total iron were reduced when compared
to stream water.

3. Results
In order to determine whether the host rock of the cave
could support microbial activity, it was first necessary to
determine the geochemical conditions present. We recorded
a number of geochemical parameters for each site, although
only those for GEM-1753 are presented here (Table 1). A
stream ran through GEM-1753, with numerous pools fed
by drip-water coming into the system. Along the surface of
one wall the water created a biofilm that terminated in a
pendulous biofilm, known as a snottite in sites where
similar biofilms have been observed (Figure 1).
Table 1. Physicochemical characteristics of sample sites.
Sample

Stream
Low
Iron
Pool
Low pH
Pool
Snottite

TOC
(mg L-1)

pH

Temp

Total Fe Soluble
(mg L-1)
Fe
(mg L-1)

57.00

7.14

24.4 ºC

0.24

0.17

0.54

4.36

25.1 ºC

0.01

0.00

13.00

2.11

25.1 ºC

3.47

2.57

7.91

6.11

24.6 ºC

0.17

0.05

Figure 1. Pendulous biofilms (snottite) in cave GEM-1753.

The water chemistry suggests that sufficient organic carbon
was coming into the cave system to power iron reduction
by microbial activity; however it does not mean that the iron
was in a bioavailable form. To test this, we examined the
mineralogy of the host rock. The caves are formed at the
contact between the canga and the host BIF. To examine
the geochemistry of the host BIF, a hand sample was
examined by XRD and EDS analysis. The results (Figure 2)
demonstrate a diffraction pattern that almost exactly
matches with hematite, with no additional peaks, while the
EDS analysis suggests the dominance of iron and a carbonrich material (Figure 3). It is likely that the host rock BIF is
more complex than in this sample, with silicates
interbedded within the iron; however, the particular sample
collected appeared to be almost pure hematite by XRD
(Figure 2). We were unclear as to the origin of this carbon.
If it represented carbonates, it could represent an entirely
different mechanism of speleogenesis, with the acidic water
dissolving interbedded carbonates, leading to cavity
formation and enlargement. However, carbonates are not
known in this region. To determine the origin of this carbon,
we carried out elemental mapping of a thin-section of this
rock (Figure 4). The thin-section analysis appears to be of
an enriched iron-oxide sample that is interbedded with
carbon-rich material, but lacking calcium. Our best analysis
of this finding is that we are observing deposited iron,
banded with organic material (Figure 4). We are currently
examining this material to determine if it represents
fossilized bacterial material.

The stream runs through GEM-1753 cave, presumably
draining from the jungle floor above the cave. The TOC of
this stream (57 mg L-1) was much higher than we have
recorded in cave streams elsewhere. The stream was also
neutral, having a pH likely buffered by interaction with the
soil (Braids and Swarzenski 2009). The stream water also
had an elevated iron content, with a relatively high
percentage of soluble iron (71 %) suggesting that iron was
mobilized within this water. Within the cave pools there
were dramatically different results. Within the first pool
(Low Iron Pool), there appeared to be a lining of biological
material, although TOC indicated that there was little
organic carbon within this water (0.54 mg L-1). The pH was
also acidic (pH 4.36) and both total and soluble iron were
low. This is in contrast to another pool that contained bat
guano (Low pH pool). This had high organic carbon (13 mg
L-1) and an extremely low pH (pH 2.11). Indeed, this pool
had the lowest pH of any pool examined during extended
sampling. This low pH also correlated with high total iron,
of which >74 % was in a soluble form (Table 1). We also
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Figure 2. X-ray powder diffraction of sediment spectra (black).
The hematite fingerprint has its peaks overlaid from American
Mineralogist Chrystal Structure Database (gray).
Figure 4. EDS map of thin-section. A) Back scatter electron (BSE)
analysis of thin-section. The line indicates the region analyzed to
generate the spectra seen in figure 3. B) The three panels indicate
elemental mapping for iron (Fe), carbon (C) and the overlaid mix
of iron and carbon (mix).

Figure 3. Energy-dispersive X-ray spectroscopy (EDX) was
preformed on thin section sediments. The spectra show the
presence of iron, oxygen, chloride and carbon, the chloride being
nearly background.

Figure 5. Total bacterial, archaeal and unknown sequences are
presented along with the total of all populations.

The phylogenetic work suggests that presence of both ironreducing and iron-oxidizing bacteria. To determine whether
iron-reducing organisms capable of dissolving iron were
present, we established cultures under iron-reducing
conditions where hydrogen served as an electron donor and
the only acceptor available was anhydrous iron oxides
(which are more bioavailable than hematite). The cultures
were incubated under cave conditions for 6 months, during
which time the HFOs turned from a reddish color to a darker
grey/brown, suggesting iron-reduction was occurring.
Fe(III) reduction was certified by the accumulation of
approximately 10 mM Fe(II) in the medium, confirm via a
colorimetric assay. Fe(II) accumulation was not detected in
uninoculated medium, suggesting that Fe(III)s had be
reduced to Fe(II)aq by microbial activity.

The presence of organic carbon and a bioavailable iron
suggests that microbial activity can occur within the cave.
In order to determine what microorganisms are present
within the cave, DNA was isolated from each of the sample
sites and examined via 454-tag sequencing. Phylotypic
grouping of the tag sequences via BLAST analysis allowed
compiled taxa summaries were generated (Figure 5).
Analyzing these communities at the division level
demonstrated that the majority of these environments
contained a high percentage of Archaea (Figure 5). Indeed,
the snottie was dominated by members of the Archaea, an
usual finding in any environment. A simple analysis of
microbial communities based on phyla demonstrated
dramatic differences between all environments examined
(Figure 6).
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While this study suggests a biospeleogenetic model for
formation of the iron caves within the Carajás Formation,
much remains to be done to determine the predominant
species involved, the sources of N and P that support these
activities, the mechanism of oxidize deposition and how
microbial metabolic activity leads to the geomorphology
observed.
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PREDATION MEDIATED CARBON TURNOVER IN NUTRIENT-LIMITED
CAVE ENVIRONMENTS
Melissa Wilks, Hazel A. Barton
The University of Akron, Department of Biology, Akron, OH, USA, mkw29@zips.uakron.edu

Cave environments provide unique systems for the study of microorganisms, due to their nutrient limitations and isolation
from surface derived energy inputs. Heterotrophs colonizing these environments rely on autotrophs for the production of
organic carbon; however, the exact mechanism for carbon turnover for heterotrophic growth is still unclear. To investigate
a possible mechanism for the turnover of carbon in cave systems, we studied the predatory bacterium, Ensifer adhaerens.
Predatory bacteria assimilate carbon and energy by attacking prey bacteria. We hypothesize that through the predation
process, carbon-containing compounds are returned to the environment, which provides nutrient and energy sources for
other microorganisms. In this study, assays were designed to assess the nutritional conditions required to facilitate predation
activity. Preliminary data suggest that predation by a cave-isolated strain of E. adhaerens is optimal under conditions
similar to the cave system. The results allow us to determine if predatory activity is involved in carbon turnover and
establish a role for predatory bacteria in cave microbial ecosystems.

1. Introduction

In past cultivation work, we identified Ensifer adhaerens
LC11 from Lechuguilla Cave, Carlsbad Caverns National
Park, New Mexico (USA). Members of the Ensifer genus
are predatory bacteria that obtain nutrients through cell-tocell adhesion to bacterial prey organisms, whereby nutrients
are released. It is the aim of this study to gather baseline
data about the optimal predation conditions for E.
adhaerens using cultivation-based techniques, which can
be used to develop further experiments to determine
whether predatory behavior by E. adhaerens leads to carbon
turnover. The process, whereby a bacterium becomes one
of the top predators in a microbial ecosystem would be a
unique system, as protozoa generally dominate such
ecosystem interactions.

Cave systems were once thought to be devoid of microbial
life due to their extreme starvation and isolation from
surface-derived energy; however, in examining these
environments through culture-dependent (i.e. growth)
techniques and electron microscopy, microbiologists
realized that caves were in fact a rich habitat for microbial
communities (Cunningham et al. 1995; Barton and Northup
2007). The development of molecular-based techniques
in microbial identification has expanded our ability to
describe a variety of microorganisms inhabiting cave
environments (Barton and Northup 2007). By combining
our understanding of the geochemical conditions in a cave
with culture-dependent and independent methods,
researchers have begun to describe the important roles that
microorganisms might play in the cave ecosystems (Barton,
2006 and references therein; Barton and Jurado 2007;
Barton and Northup 2007). What remains challenging is
how these microorganisms are surviving under the intense
nutrient limitation of a cave environment.

2. Materials and Methods
2.1. Sample sites and bacterial strains
Sample Site. All bacterial strains were collected from wall
scrapings from Lechuguilla Cave (under permit # CAVE00031). The identity of these isolates was confirmed
through PCR amplification of the 16S rRNA gene, DNA
sequencing and comparative phylogenetic analysis (Bhullar
et al. 2012). The average temperature at the sample site
is 20 °C, with 99.9 % relative humidity, and a measured
pH of 8.0.

In isolated caves such as Lechuguilla, microorganisms
cannot use sunlight energy or the input of organic carbon
sources for growth – the geologic isolation of a cave simply
limits this energy input (Barton and Northup 2007). Instead,
these organisms rely on alternate sources of energy, such as
the organic products of autotrophic organisms living in the
environment. Our question is how organic carbon from the
autotrophic organism is released back to the ecosystem:
whether this carbon becomes available through metabolic
production or by other methods, such as predation by other
microorganisms. Evaluating the mechanisms of carbon
turnover in cave communities may lead to a better
understanding of how essential nutrients (e.g., N, S, P) are
cycled through the ecosystem.

Bacterial Strains. The bacterial strains used in this study
were the Gram negative E. adhaerens (LC11) and the Gram
positive Micrococcus luteus (LC524), the characteristics of
which are summarized in Table 1. All strains were
cultivated at room temperature (20 °C) on 50 % tryptic soy
agar (TSA). All stock cultures were stored at -80 °C in 50 %
TSA with 25 % glycerol. M. luteus was used as a prey
species due to the unique Gram staining and colony
morphology of this organism when compared to E.
adhaerens.
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prey following inoculation (Figure 1A). A similar trend was
observed at pH 6.0 with a ratio of 1:100 predator to prey
CFUs; however, the shift in population size of the predator
to prey took much longer, exceeding 48 hours (Figure 1B).
We then examined the influence of pH on predation, as a
previous study by Casida (1982) found that E. adhaerens
isolated from soil would predate at pH 6.0–6.5. We carried
out the predation assays under a range of conditions from
pH 1 through pH 12. Under these conditions we only
observed predation under a pH range of 6–8. We therefore
examined predation at pH 6.0, 6.5, 7.0, 7.5 and 8.0. Our
results demonstrated that at pH 6.0 there was an increase
in the number of predator cells over prey by 30 hours
(Figure 2A). Predation occurred across the pH range of
6–8; however, the predator population exceeded the prey
population much earlier under pH 8.0 conditions (Figure
2B). There was also a more dramatic increase in population
size at this higher pH (Figure 2B). In another preliminary
study, we found that the soil-isolated E. adhaerens ATCC
33212 was capable of predating at pH 6.0, but not at pH 8.0
(data not shown).

Table 1. Bacterial strain characteristics.
Name

Ensifer
adhaerens

Micrococcus
luteus

Strain Designation

LC11

LC524

Predator/Prey
Designation

Predator

Prey

Gram Reaction

Gram Negative

Gram Positive

Morphology

Rod

Cocci

Appearance on
50% TSA

Mucoid, White to
Tan Colonies

Small, Yellow
Colonies

2.2. Determining predation conditions
An assay was designed to determine the proper pH and
nutrient concentration that would cause predation of M.
luteus by E. adhaerens. All assays were carried out in brain
heart infusion (BHI) broth, a suitable growth medium for
both organisms (Difco, Detroit, MI). BHI broth at varying
concentrations was prepared and adjusted from pH 1 to 12
using 0.1 M NaOH or 0.1 M HCl and aliquoted into
individual test tubes and autoclaved. LC11 and LC524 were
grown separately, shaking overnight in 100 ml of 1:100 BHI
(150 mg L-1 TOC). The optical density of the starter cultures
was measured at a wavelength of 600 nm using a
spectrophotometer and the cultures were diluted to achieve
ratios of 1:1, 1:10, and 1:100 predator to prey cells. The
cultures were vortexed and allowed to incubate at 20 °C,
the average temperature in Lechuguilla Cave. At various
time points, 200 µl of culture was removed to determine
cell number via colony forming units (CFUs) for each
organism. These results were plotted over time to determine
whether predation was occurring.

Figure 2. Line graphs showing the variation in CFUs/ml of LC11
and LC524 at different pH levels. (A) 15 mg/L TOC pH 6.0 with a
ratio of 1:10 predator to prey. (B) 15 mg/L TOC at pH 8.0 with a
ratio of 1:10 predator to prey.

4. Discussion
E. adhaerens was first identified in 1982 from soil, in which
it employs a cell-to-cell contact strategy for predation by
adhering to the prey cell wall (Casida 1982; Martin 2002;
Wang et al. 2011). Specifically, from electron microscopy
observations, a cytoplasmic bridge extends from the polar
end of cell and attaches to the prey cell. It is believed that
the predator cell then punctures the prey cell wall allowing
for the transfer of nutrients (Martin, 2002; Jurkevitch 2007;
Wang et al. 2011). The attachment of E. adhaerens to the
prey cell wall forms a “picket-fence” arrangement around
the prey cell, and this is required for predation activity and
leads to prey cell death (Casida, 1982; Martin, 2002);
however, this can also lead to a reduced cell count via our
colony counting assay, as dozens of E. adhaerens around a
single prey cell would appear as one colony on an agar
plate. It is therefore possible that the ratio of predator to
prey in our assays may be much greater than observed.
During our cultivation studies we isolated E. adhaerens
from numerous oligotrophic cave system across the United
States, including Lechuguilla Cave in New Mexico and
Wind Cave in South Dakota. The presence of E. adhaerens
in these geologically diverse caves indicates that cave
isolated Ensifers may play an important role in cave
ecosystem dynamics. The finding that these isolates predate

Figure 1. Line graphs showing the variation in CFUs/ml of LC11
and LC524 under the same nutrient conditions but different ratios
of predator to prey. (A) 15 mg/L TOC at pH 6.0 with a ratio of
1:10 predator to prey. (B) 15 mg/L at pH 6.0 with ratio of 1:100.

3. Results
At the beginning of our experiments, we wanted to see what
ratios of predator to prey allowed the largest observable
predation activity. Predator to prey ratios of 1:1, 1:10, 1:100
were examined under various concentrations of carbon
(15–1,500 mg TOC L-1). The best predation was observed
at a TOC of 15 mg L-1.
When grown at 15 mg L-1 TOC at pH 6.0, with a ratio of
1:10 predator to prey CFUs, there was an increase in the
number of predator CFUs and a decrease in the number of
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more readily under cave conditions (pH 8.0), while surface
soils maintain a pH of 6.0–7.0, suggesting that the E.
adhaerens strain we have isolated may be adapted to the
cave environment. This idea is further supported by
predation assays occurring under lower nutrient conditions,
at 15 mg L-1 TOC; Lechuguilla cave has <1 mg L-1 TOC,
while surface soils often exceed 1,000 mg L-1 TOC (Barton
et al., unpublished results; Ozulu and Ozaytekin 2011). The
observation of predation occurring at lower nutrient
concentrations also supports the hypothesis that the predator
(E. adhaerens) is switching from available carbon and
energy to the prey as a source of nutrients.

Casida Jr LE, 1982. Ensifer adhaerens gen. nov., sp. nov.: a
Bacterial Predator of Bacteria in Soil. International Journal of
Systemic Bacteriology. 32(3), 339–345.
Cunningham KI, Northup DE, Pollastro RM, Wright WG, LaRock
EJ, 1995. Bacteria, fungi and biokarst in Lechuguilla Cave,
Carlsbad Caverns National Park, New Mexico. Environmental
Geology, 25(1), 2–8.
Hillesland KL, Velicer GJ, Lenski RE, 2009. Experimental
evolution of a microbial predator’s ability to find prey.
Proceedings of the Royal Society B, 276(1656), 459–467.
Jurkevitch E, 2007. Predatory Behaviors in Bacteria – Diversity
and Transitions. Microbe, 2(2), 67–73.
Martin MO, 2002. Predatory prokaryotes: An emerging research
opportunity.
Journal
of
Molecular
Microbiology
Biotechnology, 4(5), 467–477.
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Preface
Dear readers, the Proceedings volumes you are holding in
your hands were issued within the 16th International Congress
of Speleology (hereafter 16thICS) on July 21–28, 2013 in
Brno, Czech Republic. Let us welcome you to its reading.
In total, over 320 contributions (over 250 oral presentations
and over 70 posters) by more than 750 authors have been
received to be included within the Congress Proceedings.
This represents over 2,300 received e-mails and a similar
number of responses during the last 6 months, approximately
4,300 electronic files and over 1,450 printed pages of the
text. To put it simply, “really, really much interesting stuff
concerned with cave and karst subject”. The author’s
guidelines stipulated that the particular contributions should
not exceed 6 pages of text and we were delighted to find that
most authors prepared contributions close to this upper limit.
Only very few contributions did not exceed one page of text.
This illustrates a clear willingness of the cavers and karst
scientist to share their discoveries and research conclusions.

last mentioned session you can also find a small part devoted
to extraterrestrial karst. Volume I is ended by a relatively large
portion of biology-oriented papers placed within the session
“Biospeleology, Geomicrobiology and Ecology”.

The presented contributions (abstracts/papers) stand for both
oral and poster presentations as indicated in the headings.
Contributions in each session are arranged alphabetically by
the last name of the first author. All contributions were
reviewed from the viewpoint of technical quality and scientific
content by members of the scientific committee and invited
reviewers. The authors had the opportunity to revise their
papers in response to reviewer’s comments and we were
pleased to see that the reviews have improved the clarity and
readability of the contributions. However, profound
improvement of the English language could not be arranged
due to the shortage of time and insufficient human resources;
the authors themselves are therefore responsible for the
linguistic level of their contributions.

Volume III also starts with traditional, heavily attended topics
organized in two sessions: “Karst and Caves in Carbonate
Rocks, Salt and Gypsum” and “Karst and Caves in Other
Rocks, Pseudokarst”. These topics are supplemented by the
related session “Speleogenesis”. This last volume of the
Proceedings is ended by the study of cave minerals, included
in a specific session “Cave Minerals”.

Volume II contains the traditionally heavily attended session
“Exploration and Cave Techniques” and by the related
session “Speleological Research and Activities in Artificial
Underground”. These exploration topics are, we believe,
logically supplemented with contributions from the field of
“Karst and Cave Survey, Mapping and Data Processing”. The
content of the second Volume is completed with a somewhat
more specialized session “Modelling in Karst and Cave
Environments” and with session “Cave Climate and
Paleoclimate Record”. The last mentioned session probably
better fits to the end of Volume III, but it was placed into
Volume II in order to reach balance in the extent of the
individual volumes.

It is clear already from the previous ICS meetings that the
range of the published topics becomes wider and wider,
including localities in the whole world but also – owing to the
access to high-quality spacecraft images – from other
planets. The range of the instrumental, analytical and
software methods employed in cave and karst research is
remarkable and shows that the topic of “cave & karst
exploration“ attracts an ever increasing number of
researchers even from already established scientific
disciplines.

Thirteen thematically different sessions and six special
sessions were scheduled within the call for your contributions
to cover the whole range of subjects to be discussed within
the wide scope of the 16thICS. The low number of
contributions for some of these “detailed” sessions
necessitated their merging with others. As a result, eleven
original and three joint sessions are presented within the
Proceedings. The contributions were grouped into three
separate volumes. The purpose of this arrangement was that
each particular Volume is filled with a certain logical hierarchy
of topics, and that related topics are presented together. It
was also the intention that the content of each Volume is
topically balanced and contains both generally interesting
(popular) topics with rich photographic documentation and
hardcore scientific topics dominated by tables and plots.

Let us also say a few words about the selection of the cover
photos for the Proceedings volumes. The idea was to select
such photos which would best represent all topics (especially
those enjoying the highest interest) in each particular volume
and be of high technical quality. Since we believe the cover
page is a place for a serious presentation of the inner content,
we made our selection from photos used in the presented
papers. In one case the additional photo was requested to
get a better representation of the topic. For our purpose, we
decided to place several photos on the cover page of each
volume. We hope that you enjoy them.
We wish to take this opportunity to apologize for the all
mistakes which might have possibly originated within the
operations with different versions of the manuscripts and
other related files and e-mails which passed through our
computers. We believe that everybody find their interesting
reading in the Proceedings and we wish that the whole
publication (Volumes I–III) becomes a valuable record of the
16th meeting of enthusiasts addicted to the fascination of the
underground world.

Volume I starts with three plenary lectures representing
three global topics related to 16thICS subject. Further it
contains papers concerned with history of research (session
“History of Speleology and Karst Research”), archeology and
paleontology (sessions “Archaeology and Paleontology in
Caves”), topics focused on management and preservation of
caves and karst areas and other social-related aspects
(sessions “Protection and Management of Karst, Education”;
“Karst and Caves: Social Aspects and Other Topics”). In the
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Finally we wish to thank all the authors for their contributions.
Enormous thanks belong to the reviewers and especially
convenors (members of the scientific committee) of the
particular sessions for their time and effort in the
improvement of the overall message of the texts. We also
wish to thank Michal Molhanec who significantly helped with
the on-line form for the contribution submission, to Jiří
Adamovič who repeatedly helped us with the improvement
of our English, and to Jan Spružina, Zdeněk Motyčka, Jana
Holubcová, and Renata Filippi who contributed to the
preparation of the Proceedings.
After the few introductory words, let’s now enjoy the papers
from localities all over the world, presenting all forms of
activities in karst, caves and other related surface and
subsurface environments!

Michal Filippi and Pavel Bosák
Proceedings editors
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RECENT INVESTIGATIONS IN THE GÁLAPAGOS ISLANDS, ECUADOR
Aaron Addison1, Theofilos Toulkeridis2, Steven Taylor3, Glenn Osburn1, Geoffery Hoese4, Vicente Delgado2
1
Washington University in St. Louis CB 1169, St. Louis, MO, USA, aaddison@wustl.edu, osburn@wustl.edu
2
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The Galápagos Islands are an archipelago of volcanic islands, created by a hot spot, some 1,000 km off the coast of
Ecuador. Initial explorations of Besson (Besson et al. 1982) and also investigations led by the Museo de Ciencias Naturales
(led by J. J. Hernandez), suggested that a systematic effort to document the caves of Gálapagos was warranted. In 2006,
Addison, Osburn and Toulkeridis conducted a successful reconnaissance trip to assess the potential for caves. Starting in
2010 yearly expeditions began to locate and document the lava tubes and magma chambers of Galapagos. These data are
being used as a solid foundation for scientific investigation on these largely unknown enviornments. Efforts to date include
the discovery and survey of Triple Volcán, the deepest known cave (conduit) in the islands at -101 m and documentation
of numerous giant tortoise sites within lava tubes. Initial measurements of gas emissions in caves indicate an enormous
natural rate of important greenhouse gases, some of which have been measured at untolerable levels for human health.
Evaluations of biospeleology and paleontological potential are also being conducted. Fieldwork in 2010 revealed the
presence of several undescribed cavernicoles on Isla Isabela, including a trobobiont ground beetle. In addition, varied
microbial communities observed in the caves remain unstudied. Current efforts are focused on organization and field trip
support for the Sixteenth International Symposium on Vulcanospeleolgy to be held in Gálapagos in 2014.

1. Introduction
The Galápagos Islands are an archi-pelago of volcanic
islands some 1,000 km off the western coast of Ecuador.
The islands were first discovered by adrift Spaniards in
1535. Various attempts were made at colonizing the islands
during the 1700s and 1800s. Accounts of these attempts and
a good overall history of the islands can be found in Curse
of the Giant Tortoise by Octavio Latorre. Charles Darwin
made the islands famous in The Origin of the Species by
documenting specialization of fauna on the various islands.
While there is much known about the wildlife of the islands,
only a handful of research projects have focused on the
caves of the area. Within the limited attention given to the
caves, only the French (Besson et al. 1982), and two
expeditions by the Museo de Ciencias Naturales de Tenerife
(led by J. J. Hernandez) are of much significance in relation
to exploration. The latter is well documented in their report
published in the proceedings of the 6th International
Symposium on Vulcanospeleology.

Figure 1. 2010–2012 Study Area.

plume” of intense heat remaining relatively stationary,
deforming the oceanic plate moving above it. These crusts
or plates ride over the “long-living” hot spot and are
occasionally perforated by the molten rock that rises from
the earth’s mantle. The region of the upper mantle above
the stationary plume is partically melted, and migrates to
the surface as magma. The final result is a shield volcano
protruding above the ocean. The most prominent and
voluminous types of volcanoes are the shield volcanoes, as
their profiles resemble that of a Roman warrior’s shield
having a gently sloping, convex-upward landform. Such
shield volcanoes can clearly be seen in the younger western
islands of Isabela and Fernandina. These features are also
locally referred to as “inverted soup-bowls” due to the
morphological similarity.

In the spring of 2006, Bob Osburn and Aaron Addison
participated in a Washington University field trip to the
islands. While the main purpose of the field trip was to
study the volcanoes of Galapagos, it became clear that we
should use the trip to do a bit of field reconnaissance for the
potential of lava tubes. During that trip we visited Cuevas
de Bellavista, a > 2 km segmented tube on the island of
Santa Cruz. Bellavista (aka Cueva de Gallardo) turned out
to be a 5 m wide × 10 m tall rectangular tube with some
small lava shelves and scattered lava formations. It was
enough to convince us that we should return to Galapagos.

The shield volcanoes in the Galapagos consist largely of
thin lava flows, with minor pyroclastic (mainly ash) layers.
Their subaerial slopes generally range from 4–8 degrees,
and are characterized by steep-walled summit calderas.
Several also have pit craters that are similar to calderas in
form but are much smaller scale. The gentle slopes are the

2. Geography and geology
The Galápagos Islands are a product of hot spot volcanic
activity. A hot spot is a region of intense heat within the
Earth’s mantle. Hot spot theory, states that there is a “mantle
15

Exploration and Cave Techniques – oral

2013 ICS Proceedings

result of the low lava viscosity, which characterizes those
volcanoes having regularly high production rates that drive
lavas quickly and long distances. The lava flows (pahoehoe
and aa) commonly initiate their path from flank vents and
fissures rather than from the summit. These flank vents are
the result of the widening and/or subsidence of the volcano.
Eruptions and lava flows occur also along collinear rift
zones, which can extend very far from the summit.
Eruptions are concentrated at the active rift zones. Above
and close to these zones one encounters also ash cones,
cinder cones and spatter cones. Some of which remain
empty after their eruptive activity and represent ideal areas
to study magma chambers and lava tubes of such volcanoes.

up to the conduit and the final surface structure with the
corresponding volcanic edifice. Scientific aspects of this
subject can be gained by various direct and indirect methods
such as the study of xenoliths, by tephrastratigraphy or the
exhibition of eroded parts of extinct volcanoes in addition
to the usually dangerous sampling of active lavaflows etc.
Commonly, following eruptive activity, craters and conduits
close or fill with crystallized material and are unavailable
for direct observations. In this respect, based on a recent
detailed mapping of different volcanic cavities of volcanoes
above (active) shield volcanoes in the Gálapagos Islands,
two open vents of different depths have been mapped. The
first vent is named “The Pyramid” and is located on the
lower highlands of Santa Cruz Island (Figure 2).

Recent investigations of lava tubes and volcanic conduits
have been focused on Santa Cruz and Sierra Negra
volcanoes. The volcanically young but very active shield
volcano Sierra Negra is 60 to 40 km wide, and with 7 to
10 km caldera, the largest and simultaneously the
shallowest (elliptical) caldera of all volcanoes of the
Galapagos. Although commonly related as fact, Sierra
Negra does not have the second largest caldera in the world,
but still ranks in top fifty largest shield volcano calderas on
the planet. Eruptive centers and different lava fields have
been subdivided into five distinctive age groups all being
younger than 6,000 years old. These are alkaline to tholeiitic
lava flows that erupted from east to northeast trending
circumferentially and radial fissures situated on both sides
of the summit caldera on the upper flanks and on the
western and eastern lower flanks. The caldera itself has
undergone several episodes of collapse, upheaval and
deformation. Ten historic eruptions occurred and several
have involved a frequently visited (by tourists) caldera rim
fissure zone called Volcan Chico. These explosive phases
of the past have given rise to frothy pumice, which was
followed by the formation of agglutinate cones and
voluminous lava flows. The last eruptive activity took place
in end of October of 2005 and lasted a just seven days, after
26 years of silence.
The most central island of the Galapagos (Santa Cruz) is a
1.3 Ma old large shield volcano with a high abundance of
parasitic cones, large lava tubes and pit craters (e.g., Los
Gemelos). The volcano is subdivided into two main units.
The older unit is the platform unit, while lavas of the shield
series represent the younger unit. The plagioclase and
olivine phenocrysts bearing tholeiitic lavas of the platform
series include faulted and uplifted parts that appear today
as independent islands such as Baltra, Seymour and Las
Plazas. The latter was formed evidently below the sea
surface due to the almost entire composition and occurrence
of pillow basalt. These older and therefore lower units show
intercalations with marine carbonates with a precipitation
depth of < 100 m. Based on their morphology and the lack
of vegetation, the younger overlying lavas of the shield
series appear to be as young as a few thousand years old.
These lavas, which mainly flowed from the summit but also
from the flank of the volcano, are composed of a range of
different volcanics but mainly exhibiting olivine tholeiites
and transitional alkali basalts besides some hawaiites.

Figure 2. “The Pyramid”, a volcanic vent.

The open conduit is situated in a small crater with the
entrance being a quite unusual, and very dramatic spire
rising some 8 m from the surrounding terrain. This terrain
is made up of a 60–70 m wide crater of a cinder cone. The
spire is situated on an elevated central part of the crater.
Several pahoehoe flows, up to several meters long, are
directed towards lower parts of the crater. The spire has
numerous openings above the surrounding ground level, but
access to the cave is via a small window at ground level.
Accessing the inner, vertical and therefore deeper parts of
the conduit required specialized equipment and techniques.
Upon entry, there is a short 3 m drop to a ledge, leading
immediately to a 15 m drop to the floor of the largest room
in the conduit. This room appears to be a vacated magma
chamber, measuring 15 m along a north/south axis and
10 m east/west. Several bones were observed scattered on
the floor at this level, including a mostly intact tortoise
shell. The open conduit continues down a 6 m drop to a
small offset room along a fissure. Moving along the fissure

One of the most fundamental issues and questions in
volcanology comprises the meticulous anatomy of a
volcano, from the eruptive system starting at great depths
16
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3. Exploration

for 5 m south, a large splatter rim guards the final drop in
the cave. This drop of 12 m is narrow and unstable in places.
The floor of the terminus room is smooth pahoehoe, and the
final observable magma level in this location.

Occasional exploration and use of the caves in Gálapagos
dates to the first visitation by whalers and pirates that first
mention discovery of the archipelago. A French led team
conducted the first serious exploration of the caves in 1982
as a part of a larger effort focused on the caves of Ecuador
(Besson et al. 1982). Their expedition documentented
several locally known tubes, pits and fissures, generally
located in proximity to populated areas. This is
understandable given their likely limited time available and
the difficult logistics of moving from island to island and
navigating the unforgiving terrain. J. J. Hernandez et al.
report on just over fifty caves on five different islands. Thirty
five of the reported caves are located on Santa Cruz island,
while only five caves are reported on Isabela island. As with
the French expedition, this appears to be largely attributable
to the difficulty of transportation and logistics of locating
caves on Isabela. Santa Cruz is also a more populated island,
leading to greater local knowledge of cave locations.

The second vent is situated along the main route between
Puerto Villamil in Isabela Island and Sierra Negra caldera
and is called “Triple Volcán”. (Figure 3)

The first expedition in 2010 focused on the southern flank
of Sierra Negra, the largest volcano in all of Gálapagos. As
with previous exploration expeditions, we relied heavily on
local knowledge of caves and access routes to lava tubes.
Although we attempted to arrange access to
Parque Nacional Galápagos areas on the island, it became
clear that this would not be possible during the expedition.
Teams focused on privately held lands along the southern
edge of the summit. Full details of the expedition are
reported by Addison (2011). Significant discoveries
included survey a reported “pit”, named Triple Volcan,
located approximately 200 m below the summit of Sierra
Negra. The owner of the pit had rigged a primitive handline
and rope ladder in to the pit and reportedly led past
(adventurous) tourists into the pit. The team determined the
ladder to be unsafe and rigged a rope for exploration. The
pit was determined to be a vacated magma chamber and led
to a small side tube with a small area of secondary mineral
deposits. The overall depth of the cave was surveyed at
-101 m, the deepest known cave in the islands. (Figure 4)

Figure 3. Surveyed extent of Triple Volcán.

The surveyed horizontal extent of this spectacular and
multi-colored open conduit has been of 205 m with a total
depth of 101 m, making this the deepest so far documented
conduit in the Galápagos. The steeply sloping entrance pit
narrows to a small throat, and then drops free for 15 m to
the floor below. The floor is a cinder mound scatter with
debris (rocks, cinder, bones etc.). At the base of the slope,
the passage drops an additional 10 m to a terminus.

Another important discovery was of Caverna el Garancha
Barral, a 450 m lava tube segment ~1.5 km to the east of
Triple Volcan. Garancha Barral, is a segment of a braided
tube system that has undergone several modifications from
flows subsequent to the orginal tube formation. Giant
tortoise remains documented in the cave. It is not possible
that the tortoise entered using the modern day pit entrance,
and indicates that at least one entrance able to accommodate
giant tortoises previously existed. This discovery may yield
new insight to age and range of toroises in areas where they
are no longer found on the surface.

The cave has some small side passages, including an
intersected small tube with aragonite, and patches of calcite.
Numerous small caves have been also surveyed downslope
from Triple Volcán, which indicates the continuation of the
magmatic system of this vent. Similar to the Thrihnukagigur
volcano in Iceland, it appears that Triple Volcán forms a rare
exception where the magma in the chamber seems to have
withdrawn, allowing a direct access to the walls of a
previous shallow magma chamber. The magma in the
chamber may have withdrawn or drained via lower
elevation vents. Further focused mapping inside of such
volcanic caves may also allow to understand complex
geochemical and hydrothermal processes occurring
underground, which are usually unobservable by the human
senses, while a volcano is still active.

In addition to the new discoveries, two known Park caves
were surveyed, Cueva Sucre, and Túnel del Estero. Sucre
is a 340 m long braided tube segment open to visitors on a
self led trail within the National Park. Estero is located on
the coast, literally in the surf. The tube is entered via a roof
collapse on the beach and the tube extends < 100 m in to
the ocean. Unusal for cave exploration, it is possible to hear
the surf impacting the outer shell of the tube while inside.
Observations also revealed that water levels within the cave
are tidal. Estero also represents a dark shallow and calm
17
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Figure 4. Cinder mound in Triple Volcán. (Peter Sprouse).

saltwater environment that could yield interesting biological
discoveries.

has been done in order to determine the gas levels of lava
tubes and set a base line for various gases. Such as baseline
would not only establish rates and concentrations of some
specific gases, but also to understand whether the gases
contribute (indirectly) to the greenhouse effect. Lastly,
direct measurement and monitoring of such gases will be
helpful to scientists and land managers reviewing
concentrations representing any danger for the health of
tourists, cavers and wildlife that may be using the caves.

The 2011 expedition team returned to Isabela island to
continue pushing leads, with permission to explore caves
within the boundaries of Galapagos National Park.
Additionally, we were able to work with Park guides familiar
with Sierra Negra, and caves in the area. Several new caves
were added to the database, including additional caves with
giant tortoise remains in areas where tortoises are no longer
found on the surface. Bad weather prohibited travel along
the coast to investigate a new caving area, so teams relocated
in mid expedition to begin working on Santa Cruz Island.
Teams began the survey of Caverna La Llegada, a large tube
segment high on the northern slope of Santa Cruz. Over
500 m were mapped in this “stacked tube”, where evidence
of at least three different flows was observed along a
common path. A second important discovery was “The
Pyramid” a pit conduit described earlier in this paper.

Measurements were performed in October–November of
2012 with a RAE-3000 instrument. Such insturmentation
allows measurement of gases in the range of ppb´s.
Measurements in caves in Santa Cruz (Gallardo´s cave and
Premicias) as well as in Isabela Island (Cave of Sucre and
open gas emissions sites like Volcan Chico and Minas
Azufrales) were taken every five seconds and averaged
every minute. Typical observation times ranged from
20–45 minutes.
The data obtained in our preliminary measurements were
much higher than the data obtained in limestone caves in
the Amazonian lowland (September–November 2012).
Limestone cave data determination reached ranges of
5–380 ppb for H2S and 500–1,400 ppb for NO2. Data for
Santa Cruz island caves reached levels of around 460 and
830 ppb for H2S as well as 2,600 and 4,600 ppb for NO2
respectively. Sucre Cave, a cave open to tourists, on Isabela
Island reached higher values than other gas sites having up
to 560 ppb for H2S and above 6,200 ppb for NO2. H2S and
NO2 are both highly toxic and even lethal with certain
concentrations. Both gases are heavier than air, and tend to
accumulate at the bottom of poorly ventilated spaces such
as lava tubes and magma chambers. Nonetheless, all data
except the NO2 data obtained in Sucre Cave are below any
health risks. The data range obtained for NO2 in the Sucre

4. Science
4.1. Volcanic gas measurements
Geochemical and also isotopic gas investigation have been
conducted since 2000 in the Galapagos, focused at well
known and very particular (tourist) gas emission sites such
as Volcan Chico and Minas Azufres at Sierra Negra volcano
as well as at the sulfur area of Alcedo volcano (Goff et al.
2000). More recently, work has included a fumarole/plume
and diffuse gas emission mapping of the Sierra Negra
caldera at Isabela Island (Padron et al. 2012). Measurements
of visible and diffuse gas emission were conducted in 2006
at the summit of Sierra Negra volcano, Gálapagos, with the
intent to better characterize degassing after the 2005
eruption (Padron et al. 2012). However, no previous work
18
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5. Discussion and future work
Our understanding of the caves of the Gálapagos
archepelego has only scratched the surface. Despite being
a world famous location, little is known about the
geography, geology, and biology of the caves thoughout the
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Expeditions in 2013 will continue exploration and science
on Isabela, and Santa Cruz. Team members will also
support fieldtrip activities for the Sixteenth International
Symposium on Vulcanospeleolgy to be held in Gálapagos
in 2014.
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The turning point in the discovery of sandstone caves occurred in 2002. Czech and Slovak members of hiking expedition
visiting Roraima tepui in Venezuela discovered and explored first meters of the cave system called Crystal Eyes (Sistema
Ojos de Cristal). In early 2004, a team led by Charles Brewer Carias discovered a massive sandstone karst spring on top
of mesa Churi tepui in Masizo Chimantá in Venezuelan state Boliviar. In the following years a team of international
scientists has documented over 30 km of horizontal caves on this mesa. Caves Colibri, Muchimuk and Brewer were
connected in 2009 into one cave system called Sistema Charles Brewer. The Czech team played very important role in
9 speleological expeditions into the “Lost World”. During expeditions the endemic cave fauna has been described, but
several spider species are awaiting detailed research due to their significant contribution to the development of secondary
opal fills, so called Spider stalactites created by capture of aerosol saturated solution of SiO2 on cobweb fibers. Other
unique secondary fillings are opal stromatolites. These white spherical bodies with a diameter up to one meter or the
coatings on the wall are created by single-celled microorganisms.

1. Introduction

Ten years later Brewer, was the first to descend into the
world’s mightiest abysses Sima Mayor and Sima Menor on
the mesa Sarisariñama. The diameter and depth of the
bigger and deeper Sima Mayor exceeds 350 meters!
Although he did not discover any further underground caves
in either Sima Mayor or Sima Menor, in his book he
published in great details the hypothesis about karst
drainage of Sarisariñama table mountain.

Exactly a hundred years ago, science fiction writer Arthur
Conan Doyle introduced his famous novel “The Lost
World”. He was probably inspired by lecture by Sir Everard
im Thurn – the first conqueror of the top of Roraima tepui
plateau. The plot of Doyle’s novel has been placed on
similar mesas (table mountains) in Guayana highlands. By
the mid 20th century it was known that the world of the
Mesozoic dinosaurs is only a fiction of the writer.
Nevertheless thanks to the uniqueness of the habitat of
endemic life it has been accepted even by the scientific
community under the name “Lost World”.

In the following years, the Brazilian and Venezuelan cavers
tried intensively to find another cave in the sandstone. Since
the global onset of the Single-rope technique, speleoalpinists
focused on crevice abyss. These tectonic faults are hundred
meters deep and often stretch several kilometers along the
full length of the mesas. Today we know that these tectonic
fissures can actually cut through a large cave system, or even
drain into it water out of part of the plateau. The probability
of pinpointing the exact place where the source of horizontal
cave river starts is very small. Speleologist is tied to rope
not only figuratively but also physically. Movement or rather
traverse on the bottom of tectonic fissures through rubble
and boulders the size of small houses, also covered with
dense vegetation, is at a distance virtually impossible. Yet in
the brazilian abyss of the Gruta do Centenario in the Serra
de Caraca mountains has been documented 4.7 km of such
fissures into the depth of 481 m. This fissure abyss held the
first place in charts in the world for the longest and deepest
quartzite cave for 20 years.

The Table Mountains of the Guyana highlands consist
exclusively of quartz sandstone in places metamorphosed
to quartzite. When we simplify the geological processes, we
can say, that the sand was deposited 1.5 billion years ago in
a shallow freshwater sea. Only roughly 65 million years ago
the entire area of the Guayan shield was raised approx.
4 km above the sea level.
There are several hypotheses about the formation process
of the mountain.
One of them is a collision of Earth with a smaller planet.
The actual formation of the table mountains and pinnacles
is then easily explained by erosion processes on which all
geologists agree. The erosion process continues to this day.

The turning point in the discovery of sandstone caves
occurred in 2002. Czech and Slovak members of hiking
expedition visiting Roraima tepui discovered and explored
first meters of the cave system called Sistema Ojos de
Cristal (Crystal Eyes). The following year members of the
Czech and Slovak Speleological Society expedition
measured several kilometers of tunnels in Ojos de Cristal
cave system. In the immediate vicinity of the cave were
discovered and documented additional underground
locations. Cueva Gilberto, Cueva El Hotel Guacharo and
Cueva Asfixiadora.

2. History of exploration
The cave in Guyana sandstone mountains was first time
mentioned by the Jesuit missionary Filippo Salvatore Gilii
in 1782. He placed the cave on the Carivirri today known as
Autana. The first expedition to explore this cave was led by
Charles Brewer Carías from Venezuela in 1971. The
entrances can be seen in a perpendicular wall of rock towers
thousand meters above the ground. The researchers were
unloaded from a helicopter at the top of the mountain. The
Cueva Autana, the name the researchers gave to the cave,
was graded in terms of genesis in the category of river caves.

In 2005, the Venezuelan Speleological Society continued in
our work, added to our mentioned caves and extended the
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Table 1. The longest quartzite caves of the world.
Sistema Muchimuk

17.8 km/±230 m

Venezuela

Churí tepui

SVCN-ČSS-SSS-SOPDS (2009)

Cueva Ojos de Cristal
Gruta do Centenario
Sistema de la Araña

8.2 km/± 85 m
4.7 km/-481 m

Venezuela
Brazil

Roraima tepui
Serra do Caraça

ČSS-SSS, SVE (2009)
Gruppo Bambuí (2009)

Cueva Cortina, Araña, Eladio (Auchimpé)

4 km/±120 m

Venezuela

Churí tepui

SVCN-ČSS-SSS (2009)

Cueva Zuna
Sistema Dal Cin-Maripak
Gruta da Bocaina
Sima Auyán-tepuy Noroeste
Gruta das Bromélias
Sima Aonda Superior
Magnet cave
Bat’s, Giant’s, “Climber’s” System
Krem Dam

3.5 km
3.5 km
3.2 km/-404 m
2.9 km/-370 m
2.7 km
2.1 km/-320 m
2.0 km
1.63 km
1.3 km

Venezuela
Venezuela
Brazil
Venezuela
Brazil
Venezuela
South Africa
South Africa
India

Churí tepui
Akopán tepui
Serra do Caraça
Auyán-tepuy
Ibitipoca
Auyán-tepui
Northern Transvaal
Cape Peninsula
Meghalaya

SVCN-SSS (2009)
LAVENTA (2009)
Gruppo Bambuí (2005)
SSI-SVE (1996)
Augusto S. Auler (2002)
SSI-SVE (1996)
Martini J. (1990)
Tim Truluck (1996)
Tony Oldham

Cueva Brever, Diablo, Colibrí, Muchimuk

SVCN – Sociedad Venezolana de Cincias Naturales
ČSS – Czech Speleological Society
SSS – Slovak Speleological Society
SVE – Venezuelan Speleological Society
SSI, Laventa – Speleological Society Italiano
SO PDS – Croatian Speleological Federation

measured length of Ojos de Cristal cave up to 8.2 km. The
system Ojos de Cristal cave became for a short period of
time the longest cave in the world in the quartz sandstones.
(In literature there was even mentioned length over 10 km.
This error happened by misinterpreting the results of our
and Venezuelan expeditions and especially by combining
the measurements of all caves in Roraima tepui into one
single number, which are not part of the Sistema Ojos de
Cristal.)
In early 2004, a team led by Charles Brewer Carías
discovered a massive sandstone karst spring on top of mesa
Churí tepui in Masizo Chimantá in Venezuelan state
Bolivar. In the following years a team of international
scientists has documented over 30 km of horizontal caves
on this mesa. Caves Colibri, Muchimuk and Brewer were
connected in 2009 into one cave system called Sistema
Charles Brewer. And so the primacy of the Ojos de Cristal
was doubly defeated.
During these expeditions the endemic cave fauna has been
described: Grasshopper Hydrolutos breweri (Derka and
Fedor 2010) and nearly blind beetle Dyscolus sp. (Moravec
et al. In press). Several spider species are awaiting detailed
research due to their significant contribution to the
development of secondary opal fills, so called Spider
stalactites created by capture of aerosol saturated solution
of SiO2 on cobweb fibers.

Figure 1. Map of caves on Churí tepui.

Other unique secondary fillings are opal stromatolites.
These white spherical bodies with a diameter up to one
meter or the coatings on the wall are created by singlecelled microorganisms. By using the Th/Uh dating it was
established that the age of stromatolite with the diameter of
10 cm is 408 thousand years (Lundberg et al. 2010).

References
Derka T, Fedor P, 2010. Hydrolutos breweri sp. n., a new aquatic
Lutosini species (Orthoptera: Anostostomatidae) from Churítepui (Chimantá Massif, Venezuela). Zootaxa 2653: 51–59.
Auckland.
Lundberg J, Brewer-Carias Ch, McFarlane DA, 2010. Preliminary
results from U-Th dating of glacial-interglacial deposition
cycles in a silica speleothem from Venezuela. Quaternary
Research 74(1): 113–120. Washington.

3. Summary
The Czech team played very important part in
9 speleological expeditions into the Lost World. In the
coming years members of the Czech Speleological Society
are planning to continue the research of sandstone caves in
Venezuela.

Moravec J, Mlejnek R, Guerrero R, (In prep.). Dyscolus
(Brewerites, subgen. nov.) audyi sp. nov., a new endogean
Platynini (Coleoptera: Carabidae: Harpalinae) from the Sistema
Charles Brewer (Churí-tepui, Chimantá Massif) in Venezuela.
Zootaxa. Auckland.
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Figure 2. The river flowing through the vast spaces of the Sistema Charles Brewer has a variable flow. During the rainy season the
water surface may rise in a few minutes to a few cubic meters per second.

Figure 3. Ojos de Cristal cave was the first major river cave discovered in quartz sandstones in the world. The Czechs and Slovaks
participated in this discovery.
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Figure 4. Roraima tepui – the mesas of Guyana highlands consist exclusively of quartz sandstone (photo by Charles Brewer Carías).

Figure 5. The columns of strengthened parent rock are characteristic feature of sandstone caves. Cueva Eladio – Churí tepui.
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Research of Northern Velebit started in the early 90s by Slovak cavers. From then on, each year at least one caving
expedition is carried out in the Northern Velebit. In 22 years in the Northern Velebit area a total of 348 caves were explored
of which three caves are deeper than 1,000 m, five caves are deeper than 500 m, nine caves deeper than 200 m, and 27
caves deeper than 100 meters. Other explored caves do not reach 100 m of depth. Most of cave entrances are located at
an altitude between 1,400 to 1,600 m.
Basic morphological features of Velebit caves are verticality and the incidence of major verticals. The biggest discovered
verticals are located in Patkov gušt (P553), Cave systemVelebita (P513), Meduza (P333) and in Cave system Lukina jama
(P329). Five verticals are deeper than 200 m and 100 m verticals are quite common.
The majority of Croatian caving associations participated in the cave research but the most of those expeditions were
organized by the Speleological Committee of Croatian Mountaineering Association. During all these years of research an
excellent international cooperation was formed with cavers from Slovakia, Hungary, Belgium, Polish, Lithuania, France,
Italy, Switzerland, Great Britain, Slovenia, Spain, Bulgaria, USA and Serbia.
In the last four years, there were four expeditions. In the summer of 2009 Lubuška jama was resurveyed and some new
parts was explored. During summers of 2010 and 2011 Cave system Lukina jama was resurveyed and also some new parts
was explored and in the summer 2012 in Cave system Velebita exploration were continued. Expedition leaders were Luka
Mudronja and Ronald Železnjak. Results of these expeditions are presented in this article.

Northern Velebit is a mountainous region between the
Adriatic Sea and the Ličko-Gacko Polje. It begins at the
saddle of Oltari in the north and spreads over to the saddle
of Veliki Alan in the south with a length of 17 km and a
maximum width of the massif of 30 km. The middle part of
the massif reaches a height of almost 1,700 m (Mali
Rajinac, 1,699 m). Despite being only several kilometres
away from the sea, the area of Mount Velebit is influenced
by the mountain climate. The mean annual precipitation in
Northern Velebit is around 2,000 mm. In the highest parts
of the massif, the snow cover remains on the ground for
over 100 days in a year. The mean annual temperature is
about 4 °C.
Velebit has always attracted people, not only with its
valuable flora and fauna, but also with its natural beauty on
the border between the mountains and the sea. Ever since
the beginning of systematic speleological surveys in 1990,
Velebit has constantly surprised cavers.
Figure 1. Mt. Velebit position.

2. Geology of Northern Velebit
The area of Northern Velebit is composed of
lithostratigraphic units ranging from Middle Triassic to
Paleogene Age (Mamužić et al. 1969, Sokač 1973, Velić et
al. 1974). The Middle Triassic deposits are predominantly
composed of limestone. Tuff and tuffite occur laterally in
the uppermost part. The lower part of Upper Triassic is

1. Introduction
Mount Velebit, with its 145 km in length, is the longest
Croatian mountain (Figure 1). Its strike is NW-SE direction,
and it spreads over three Croatian regions: Lika, Dalmacija
and Hrvatsko primorje.
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Northern Velebit is composed of Jurassic sediments, which
have deposited continuously under almost identical
conditions and which contain carbonate rocks only.
Limestone prevails in the composition of deposits, but
dolomites are also present. Generally, Jurassic sediments
are very permeable units, but in some locations dolomite
inhibits groundwater flows and acts as a relative barrier (the
Apatišan area) (Pavičić, 1997). The thickness of Jurassic
deposits is approximately 2,850 m. However, speleological
explorations have revealed a more complex geology of
Northern Velebit. For example, Lukina Jama contains
deposits of carbonate breccias from -450 to -700 m and
from -750 to -950 m. A similar situation occurs in Slovačka
Jama as well. This poses a number of questions related to
their stratigraphy and tectonic movements (Lacković 1994,
Šmida 1999).
In the investigated area, the well permeable Cretaceous
sediments have not greater importance. At a narrow belt
along Adriatic coast they are represented by limstonedolomite alteration. In the Lika region on the side of Mt.
Velebit (Lipovo polje) deposits are composed of limestones
intercalated by dolomite and calcareous breccias.
The significant part of the area concerned is covered by
Jelar formation of Upper Paleogene age. Its origin is closely
related on strong tectonic movements, which effected the
area during that time (Bahun, 1974). In the hinterland (Lika)
they are partially permeable but in the higher positions on
Northern Velebit calcareous breccias are highly permeable.
This can best be seen in the spectacular landscape of
Hajdučki and Rožanski kukovi area (Figure 3), as well as
the numerous karstic phenomena and the deepest caves of
Croatia among them. The thickness of calcareous breccias
is up to 300 m (Kuhta and Bakšić, 2001).

Figure 2. General groundwater flow directions tested by tracing
and according geological structure (Prelogović 1989, Prelogović
et. al., 1998, Blašković, 1998, Velić and Velić, 2009, Stroj, 2010)
1) Tertiary calcareous breccias; 2) Eocene flysch sediments;
3) Cretaceous carbonate rocks; 4) Jurrasic carbonate rocks;
5) Triassic carbonate and clastic rocks; 6) Paleozoic sediments;
7) Regional fault/fault zone; 8) Significant fault; 9) Anticlinale
axis; 10) Sinclinale axis; 11) Regional significant spring zones;
12) Traced sinlholes; 13) Sinking area; 14) Hydrogeological
watershed; 15) Groundwater flow direction; 16) Assumed
groundwater flow direction; 17) Deep caves main orientation
18) Most important faults.

The geological structure is the consequence of two main
periods of tectonic activity. During the Tertiary tectonic
cycle, which lasted from Eocene to the end of Miocene,
compressive movements oriented NE-SW reached their
cumulative maximum with orogenesis of the Dinarides. As
the consequence of mentioned regional tangential stress, the
deep nappa structures, folds and regional faults of Dinaric
strike (NW-SI) have been formed. During the later,
Neotectonic period, the main stress changed to N-S,
resulting in further uplift and transpressive deformation of
older structures, which were broken in the smaller structural
units and tectonic blocks.

characterized by the sequence of clastic rocks up to 200 m
thick represented by shale and sandstones. Carbonate
sedimentation proceeded with 250 m thick dolomite
deposits. Due to a lower permeability as the consequence
of lithological composition (clastic and dolomites), and
structural position in the central part of an anticline
structure, the Triassic sediments form the complex
hydrogeological barrier of Mt. Velebit. The largest part of

On the basis of geology of the studied area and the basic
tectonics involved, distinctive areas, structural units and

Figure 3. Rožanski kukovi on Northern Velebit.
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faults that influence the hydrogeology of the terrain and
karstification processes development presented on Figure 2.
Numbers mark the most important faults that effected the
development of numerous deep caves in the investigated
area.

The Bakovac fault (2) is very strong normal fault. The
horizontal movements along it are not observed but the
vertical displacement is estimated on about 1,500 m
(Prelogović, 1989). After Blašković (1998) this fault is
reversal whitch means different hidrogeology interpretation.
The fault interrupted extension of the Velebit complex
barrier and significantly effected the hydrogeological
relations in the area. In geomorphologic sense, the Bakovac
fault represents the boundary between Middle and North
Velebit.

The regional longitudinal reversal Velebit fault (1) located
in the coastal area, on the surface manifested as 4–6 km
wide faulting zone, represents the boundary between
Dinaricum and Adriaticum megastructural units. The
tangential movement is estimated on 6–8 km.

Figure 4. Cross section of Northern Velebit massif with profiles of deep pits. Big Halls are shown with numbers: 1 – in Cave System Velebita
– 253,260 m3; 2 – in Ledena jama – 192,000 m3; 3 – in Cave System Lukina jama – 118,750 m3; 4 – in Slovačka jama – 72,000 m3.

Another reason is sought in the process of retrograde
karstification caused by uplifting of mountain massif, i.e.
lowering of the erosion basis. Influence of active fault zones
and advancement of the karstification process are not
mutually exclusive, but probably act together. The karst
areas upstream (Lika hinterland) and downstream (Velebit
Mountain Massif) from the zone of sudden water level fall
are hydraulically mutually separated, and can be analyzed
as separate parts of the cascade system. This enables
significantly different directions of underground flow
within different parts of the system (Stroj, 2010).

The Lomska Duliba fault (3) is located on the northern
boundary of the investigated area. The vertical displacement
is estimated on 150 m.
All mentioned faults have been very active during
Neotectonic period. The vertical neotectonic movements
were estimated on the basis of deformations of the Jelar
formation, position of the Pliocene and Quaternary deposits,
comparison with neighbouring areas and disposition and
deformation of geomorphologic elements. In the area
concerned, the summary amplitudes of these movements
reach 1,600 m.

Mentioned tectonic activity, the emergence of concentrated
flows of water which descend to the bottom of deep
sinkholes in times of climate change and melting of
glaciers. Tertiary carbonate breccia resistance to mechanical
erosion enabled remarkable development and preservation
of corrosion landforms (ledges), inside of which the
entrances of the most important caves are situated. Smaller
glaciers of the peak segments of the relief did not have
enough ice mass and pronounced horizontal movement that
would destroy karst morphology of the terrain below.
Finally an important factor and is a very deep vadose zone
within the carbonate massif.

Speleological exploration of deep caves on the Northern
Velebit show a very deep vadose zone within the central
part of the carbonate massif. Considerably higher
underground water level in the sinking areas indicates a
sudden fall of the water level in the east part of the massif.
One of the reasons for this can be the hydrogeological
function of active fault zones which might act as partial
barriers for underground water flows. The active faults
partially direct underground water flows parallel to their
own strike (toward NNW) in the upstream area, but also
dispersing and allowing the restrained flows to pass directly
toward the Velebit channel at the same time (Figure 2).
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3. Northern Velebit pits

most important factor in the development of large
underground vertical dimensions.

Research of Northern Velebit started in the early 90s by
Slovak cavers, members of the Speleology Club of
Comenius University. From then on, each year at least one
caving expedition is carried out in the Northern Velebit.

Verticals formed that way are beneath the surface, without
an external entrance (example is the large vertical in Cave
system Velebita) and due to denudation of the surface
ground external entrance for some pits was subsequently
opened (Patkov gušt).

In 22 years in the Northern Velebit area a total of 348 caves
were explored of which three caves are deeper than
1,000 m, five caves are deeper than 500 m, nine caves
deeper than 200 m, and 27 caves deeper than 100 meters.
Other explored caves do not reach 100 m of depth. Most of
cave entrances are located at an altitude between 1,400 to
1,600 m.

In older carbonate beds, under the influence of higher
density discontinuity and slightly inclined layer surfaces,
canals are generally somewhat less steep, with smaller pits
and narrower meanders. It must be noted that the lower
parts of these caves are also very vertical.
Vertical morphology of caves in vadose zone of Northern
Velebit massif indicates the abrupt rise of this terrain,
whereby there was probably not enough time for the
formation of significant horizontal phreatic and epiphreatic
channel systems at different altitudes in the massif.
Interesting phenomena are large halls (Figure 4 – Velebita
253,260 m3, Ledena jama 192,000 m3, Lukina jama
118,750 m3) and smaller halls and fragments of the
horizontal channels (Slovačka jama – hall 72,000 m3),
whose formation is associated with vadose flows within the
massif, and are in the range from 494 to 563 m above the
sea level, high above the present phreatic zone, but 13 to
82 m above Lika river sinkhole.

Basic morphological features of Velebit caves are verticality
and the incidence of major verticals (Figure 4).
The biggest discovered verticals are located in caves:
Patkov gušt (P553), Cave system Velebita (P513), Meduza
(P333) and in Cave system Lukina jama – Trojama (P329)
(Bakšić 2006). Five verticals are deeper than 200 m and
100 m verticals are quite common. Vertical morphology of
the pits is most distinct in the parts built of massive tertiary
breccia that is why after entering the older stratified
deposits, probably of Jurassic age, this morphology is partly
alleviated.
The reason is unbedded breccia, for which the karstification
relates solely to systems of steep to vertical cracks. Great
persistence and low incidence of cracks in the breccia
favors the development of extremely deep and spacious
verticals, which typically occur at the intersections of
cracks. Concentrating of flows towards the most permeable
parts of the rock mass mechanisms of epikarstic zone is the

Only the hall in Ledena jama is at slightly higher altitude
between 924 and 957 m. These subterranean spaces are
traces of the earlier stages of karstification, which were
largely disintegrated and fragmented in more recent tectonic
movements. Figure 5 shows plans and dominant direction

Figure 5. Plans of Northern Velebit deep caves.
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bottom of the cave, while the expedition at Cave system
Velebita was made to explore promising parts of the cave.

of channels of most significant caves in the Northern
Velebit. According to the directions of channels dominant
orientation discontinuity by which the karstification
occurred can be well observed.

4.1. Expedition “Lubuška jama 2009”

Lukina jama and Lubuška jama channels (both located in
Hajdučki kukovi partially overlapping in plan) are
dominantly oriented in NW–SE direction, and subordinatly
in NNW–SSE and SSE–NNW. Slovačka jama (Rožanski
kukovi) formed to an equal extent by orientation systems
NW–SE and NNE–SSW and is less pronounced in NE–SW.

During expedition to Lubuška jama in 2009 a new map of
the cave was drafted M 1:500. According to the newly
created map, depth of the pit is smaller and amounts to
-508 m and the length increased to 2,164 m.
The most important finding of this expedition was, most
likely, a new species of stigobiontne leech currently on
DNA analysis.

Cave system Velebita (located in the westernmost part of
Rožanski kukovi) predominantly oriented in NNE–SSW
direction and subordinately in WNW–ESE and NE–SW. In
Meduza cave, also located in the western part of Rožanski
kukovi orientation of the channels are very similar to those
in Velebita, with even more pronounced dominance of
channel oriented in NNE–SSW direction.

4.2. Expeditions “Lukina jama 2010” and “Lukina jama
2011”
A new map of Cave system Lukina jama” from the entrance
Trojama (Manual II) to the bottom of the cave was made.
However, drawing of the Cave system Lukina jama from
the entrance Lukina jama to the junction of Trojama could
not be repeated because at 60 m of depth in Lukina jama an
ice-snow cap prevented the passage.

Directions of the channels are largely in line with structural
features. From directions of channels increasing importance
of discontinuity of orientation NNE–SSW is noticeable in
the Northern Velebit in a westerly direction, probably as a
consequence of approaching the zone of Velebit fault. At
the direction of east, the greatest influence on the direction
of development of karst channels are gradually taken over
by discontinuities oriented in NW–SE.

Newly determined depth of the Cave system Lukina jama
is -1,421 m (poligon was made to a depth of -1,409 m).
Length is 3,730 m and the volume is about 313,000 m3.

In caves occurrence of snow and ice is relatively common.
In 118 pits (34 %) snow and ice was recorded. Usually if
forms at the depth of 50 m and goes even up to a depth of
over 500 m. The deepest recorded occurrence of snow and
ice was in Patkov gušt cave at a depth of -553 m and it was
the snow and ice that fell mainly in the higher parts of the
pit. Increased melting of snow and ice over the past 20-odd
years was observed (opening passages in the depth).

By comparing the map of Lukin jama made in 1993 and
1994 with the one made in 2010 (Figure 6) it was concluded
thet the maps differ for 0.94 %. According to UIS Mapping
Grades (Häuselmann 2012) the mark would be UISv2
5-4-BF.

The majority of Croatian caving associations participated
in the cave research of Northern Velebit but he most of those
expeditions were organized by the Speleological Committee
of Croatian Mountaineering Association. During all these
years of research an excellent international cooperation was
formed with cavers from Slovakia, Hungary, Belgium,
Polish, Lithuania, France, Italy, Switzerland, Great Britain,
Slovenia, Spain, Bulgaria, USA and Serbia.

4. Resuls of new caving expeditions
In the last four years, during summers, there were four
expeditions: “Lubuška jama 2009”, “Lukina jama 2010”,
“Lukina jama 2011” and “Velebita 2012”. Expedition
leaders were Luka Mudronja and Ronald Železnjak.
Entrance to Lubuška jama was found on 11/09/2000 by
Polish cavers from Bobry Žagan ans Gawra Grozow
associations accompanied by cavers from SO PDS Velebit
from Zagreb. During two expeditions they explored
Lubuška jama to a depth of -521 m. Possibility of further
progress and connection to the Cave system Lukina jama
encouraged the organization of expedition 2009 to try to
find a passage to the Cave system Lukina jama.
Expedition in the Cave system Lukina jama was made for
resurveying and because of the dive into a siphon at the

Figure 6. Comparison of two surveys of Cave system Lukina jama
from 1994 and 2010.
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Junction of “Vjetroviti channel” with the bottom of the pit
was proven.

Bedek J. et al. 2012: Fauna dubokih jama Sjevernog Velebita,
Znanstveno-stručni skup “Posebne vrijednosti dubokog krša”,
Krasno (in Croatian).

During 2010 expedition two dives were made in Congeria
siphon at the bottom of Lukina jama. The first dive in the
length of 135 m and depth 20 m were made by Ivica
Ćukušić and Robert Erhardt, and the second dive in length
from 135 to 40 m depth was performed by Branko Jalžić.

Bilandžija H, Hmura D, Jalžić B, Ćetković H, 2012. Što molekule
kažu o spužvama i školjkašima iz Lukine jame? Primjena
molekularno-genetičkih metoda u biospeleologiji, Znanstvenostručni skup “Posebne vrijednosti dubokog krša”, Krasno (in
Croatian).

On this occasion living specimens of cave bivalves
(Congeria kusceri) were found in the siphon, which
determined the second known populations of shellfish in
Lika, and fourth in Croatia. Unexpected finding was so far
the only known underground cave sponge Eunapius
subterraneus (Bilandžija et al. 2012; Bedek et al., 2012).
There is significant biospeleological finding of one new
springtails species Disparrhopalites sp. nov. provisionaly
assigned to genus Parisotoma (Čuković and Lukić 2012).

Blašković I, 1998. The Two Stages of Structural Formation of the
Coastal Belt of the External Dinarides. Geol. Croat., 51/1,
75–89, Zagreb.
Čuković T, Lukić M, 2012. Nove svojte skokuna (Collembola) u
dubokim jamama Velebita, Znanstveno-stručni skup “Posebne
vrijednosti dubokog krša”, Krasno (in Croatian).
Hauselmann Ph, 2012. UIS Mapping Grades, version 2,
http://www.uisic.uis-speleo.org/UISmappingGrades.pdf
Kuhta M, Bakšić D, 2001. Karstification Dynamics and
Development of the Deep Caves on the North Velebit Mt.
Croatia, 13th International Congress of Speleology, Brasil.

During expeditions 2010 and 2011 scientific research of
Cave system Lukina jama was conducted on 20 measuring
points from the entrance to the bottom. Cave geology,
microclimate parameters, radon concentration, water
quality and dynamics were investigated.

Lacković D, 1994. (Ne) povezanost geologije i speleologije –
primjer Lukine jame, Velebiten, br. 16, 31–32, Zagreb (in
Croatian).
Mamužić P, Milan A, Korolija B, Borović I, Majcen Ž, 1969.
Osnovna geološka karta, list Rab L 33–114, 1:100,000. –
Institut za geološka istraživanja, Zagreb, Savezni geološki
zavod, Beograd (in Croatian).

4.3. Expedition “Cave system Velebita 2011”
The main goal of this expedition was to continue previous
scientific research (Paar, 2008) of geological, physical,
chemical and biological properties of the cave (scientific
project “Investigation of deep pits of North Velebit National
park”). There is significant biospeleological finding of one
new springtails species of the genera Tritomurus (Čuković
and Lukić 2012).

Paar D, Ujević M, Bakšić D, Lacković D, Čop A, Radolić V, 2008.
Physical and Chemical Research in Velebita pit (Croatia). Acta
carsologica. 37, 2–3; 273–278.
Pavičić A, 1997. Hydrogeological evaluation of water retaining
properties of the Kosinj reservoir (Lika, Croatia). – Geologia
Croatica, 50/2, 289–298, Zagreb.

Cavers was continued in promising and open channels in
Velebita vertical shafts, but they failed to go further. During
the expedition, 43 new caves were found. Their exploration
will continue in 2013.

Prelogović E, 1989. Neotektonski pokreti u podrucju sjevernog
Velebita i dijela Like. Geol. vjesnik 42, 133–147, Zagreb (in
Croatian).
Prelogović E, Kuk V, Buljan R, 1998. The structural fabric and
seismotectonic activity of Northern Velebit: Some new
observations. RGN zbornik, 10, 39–42, Zagreb (in Croatian).

5. Conclusion

Sokač B, 1973. Geologija Velebita. – Disertacija, Prirodoslovnomatematički fakultet, Zagreb (in Croatian).

Cave research of Croatian deep caves spurred the
development of the Croatian caving, scientific research,
development of cave rescue and enabled international
cooperation.

Stroj A, 2010. Underground water flows in the hinterland of the
Velebit channel coastal karst springs, Doctoral thesis,
University of Zagreb, Faculty of Mining, geology and
petroleum engineering.
Šmida B. et al., 1999. Velebit – Reportaž z objavovania hlbokych
priepasti-Chorvatska v rokah 1990–1998, Slovenska
Speleologicka Spoločnost, 1–118, Prešov, Slovačka (In Slovak).

Acknowledgments
We thank the Northern Velebit National Park for their
cooperation and support in speleological research.

Velić I, Bahun S, Sokač B, Galović I, 1974. Osnovna geološka
karta, list Otočac L 33–115, 1:100,000 i Tumač. – Institut za
geološka istraživanja, Zagreb, Savezni geološki zavod,
Beograd (in Croatian).

References

Velić I, Velić J, 2009. Od morskih plićaka do planine. Geološki
vodič kroz Nacionalni park Sjeverni Velebit. JU NP Sjeverni
Velebit, 140 (in Croatian).

Bahun S, 1974. Tektogeneza Velebita i postanak Jelar-naslaga.
Geološki vjesnik, 27, 35–51, Zagreb (in Croatian).
Bakšić D, Paar D, 2006. Croatia and the Deep Caves of Northern
Velebit. Alpine Karst, vol 2., ed. J. & T. Oliphant, 105–124,
Cave books, Dayton, USA.

29

Exploration and Cave Techniques – oral

2013 ICS Proceedings

BEST-PRACTICE TRAINING APPROACHES FOR MITIGATING CAVING
HAZARDS AND ENHANCING CAVE EXPLORATION TECHNIQUES FOR
SMALL GROUPS OF CAVERS
Aaron Bird1, 2 and Melissa Sawa3
Occupational Safety and Health Program, Oakland University, Rochester, MI, US, bird2@oakland.edu
2
Safety and Techniques Committee, National Speleological Society, Huntsville, AL, US
2
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1

Close calls, a.k.a. near misses, were studied to identify environmental conditions and human behaviors associated with
root cause hazards that could lead to mishaps during cave exploration. Subsequently, training approaches were examined
to establish best practices that could be used to inform cave explorers about major caving hazards, thus helping to mitigate
potential for hazards becoming undesired events. Online questionnaires were completed by an international audience of
cave explorers to determine environmental conditions and human acts related to close call events experienced or observed
during cave exploration. As reported by survey participants, close calls were associated with vertical exposure, rockfall,
cave surface integrity, lack of attention, misestimation of the integrity of the cave surface, and physical exhaustion.
Interviews were conducted with caving experts to ascertain perceptions of best-practice training techniques for optimizing
training curriculum development in order to better inform cave explorers about cave hazards. Based on the findings of
this study, a focused training technique is proposed for the audience of smaller group, less-experienced cave explorers to
effectively inform and prepare them to overcome hazards in caving as well as to enhance their overall cave exploration
experience.

1. Introduction

2. Methods

Caving for recreational and scientific purposes is a very
fulfilling and worthwhile endeavor. Many thousands of
people safely visit caves each year to engage in scientific,
physical, and personal exploration. However, for those who
are not adequately prepared, great risk may be taken by
entering a cave. Caving is known to be a dangerous activity.
There have been numerous injuries and deaths in caves that
could have been avoided had the individuals involved taken
action to prepare for hazards associated with cave
exploration. While it is impossible to address or prepare for
every situation in a cave, it is fully possible, and a collective
responsibility, to take whatever actions we can to avoid
adverse situations and overcome hazards that could lead to
injuries, illnesses, or deaths of individuals. Hazards in caves
are known to include darkness, poor contact with surfaces,
water, temperature, rock fall, and inattention. In addition to
these, Sparrow (2009) includes biological hazards and
Burger (2006) adds bad air. Both authors also discuss cave
complexity as a hazard. However, hazards alone represent
only the potential for what may occur. In reality, it is the
combination of undesirable human acts and adverse
environmental conditions that allow a hazard to become a
mishap.

Data were obtained through an online questionnaire
available to cave explorers from May 2011 through January
2012. In addition, interviews were conducted with caving
experts in February and March 2012. The online
questionnaires consisted of sixteen questions designed to
reveal information about the environmental conditions and
human acts associated with close call events that occurred
during cave exploration (see Table 1). The US-based
National Speleological Society assisted with questionnaire
distribution via emails to Society members. In addition,
URLs linked to the questionnaire were posted on the Cave
Chat (US) and UKCaving.com online discussion forums. It
is likely that subsequent distribution of the questionnaire
URLs occurred through personal and group emails.
Table 1. Categories in close calls questionnaire.
Category

Training is used to inform about hazards and to prepare for
safe and effective exploration. Through training and
education, cavers’ awareness of the hazards associated with
caving increases, thereby reducing likelihood of injuries,
illnesses, and fatalities. Training and education also can
have the benefit of enhancing the experience of visiting the
cave. Thus, through adequate preparation, the cave explorer
will become knowledgeable of the hazardous cave
environment and skillful in the traverse thereof, making the
experience positive and beneficial.

Questions in category

Characteristics of cave explorers
involved in the close call

3

Characteristics of the cave in which
the close call event occurred

4

Conditions present in cave when
close call event occurred

3

Human acts and behavior associated
with close call event

4

Specifics of close call event

2

Individual interviews were conducted by email with eleven
caving-skills training experts from Austria, United
Kingdom, and United States (see Table 2). They were each
asked ten questions related to caving-skills training, hazards
in caves, and perceived impacts of training.
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3. Results and discussion

The interviewed experts responded to a number of questions
about caving-skills training. Of the responses, six of the
eleven indicated that training would be more effective if it
was conducted in the cave environment. Three believe it is
most effective if first conducted on the surface then
underground and two believe it is best conducted in a
classroom setting. Questions were also asked about
potential negative outcomes of caving-skills training. Six
of eleven indicated that overconfidence could be a negative
outcome, two reported that there would be no negative
outcomes, and one each indicated poorly designed
curriculum, inflexible training requirements, and increased
impact on the cave environment.

A total of 181 responses were received for the online
questionnaire on close call events in cave exploration.
Respondents were from the US (81 %), UK (9 %), Mexico
(4 %), Austria (1 %), and Spain (1 %). The remainders were
individual responses from Afghanistan, Belize, Canada,
New Zealand, and Ukraine. Among the respondents, 56 %
reported having had formal caving-skills training, 37 %
reported having informal caving-skills training, and the
remainder reported having none. Responses revealed that
vertical exposure, rock fall, and poor contact were the most
prevalent environmental hazards leading to cavers
experiencing a near-miss event. Responses also revealed
lack of attention, overestimating quality of contact with the
cave surface, and exhaustion as the three most prevalent
human acts related to near-miss incidents in caves.

Table 3. Top five most prevalent mishaps and close calls in US
cave exploration.

Table 2. Experts interviewed for this study.

Mishaps*

Close calls

Falls

Vertical

Name

Organization

Equipment issues

Rockfall

Christian Berghold

Austrian Speleological
Association, AUT

Rockfall

Slippery, poor contact

Christopher Binding

Association of Caving
Instructors, UK

Trapped/Stranded

Water related

Lost

Trapped/Stranded

Jansen Cardy

National Speleological Society,
National Cave Rescue
Commission, US

John Harman

West Virginia University
Student Grotto, NSS, US

Patricia Kambesis

International Projects, Cave
Research Foundation, US

Allen Maddox

Philadelphia Grotto, NSS, US

George Plant

Carlton Lodge Outdoor Centre,
ACI, UK

Philip Rykwalder

Cave Now, Inc, US

Geary Schindel

Edwards Aquifer Authority, US

Gregory Springer

West Virginia Association
for Cave Studies, US

George Veni

National Cave and Karst
Research Institute, US

*Keeler, R. (2011), American Caving Accidents.

The interviewed experts were asked for their definitions of
formal caving skills training. A majority indicated that
formal training is equivalent to courses that are designed
and structured. Others commented that passing of
experience and knowledge in a structured way would also
constitute formal training. Regardless of the nuances, all
but one expert agreed that formal caving-skills training is
effective for reducing the chance that cave explorers could
be injured or killed while traversing caves. Patricia
Kambesis, states, “Training…is the most proactive means
for providing cavers with a toolbox of techniques, skills,
mindset, and philosophy.” Jansen Cardy suggests that
training can reduce chances of mishap through teamwork
because “…students are taught to communicate and work
together to achieve a common goal.” Christopher Binding
states, “…formal training is a distillation of the experiences
and techniques of many hundreds of person-years of caving
knowledge (that) massively advances the trial-and-error
approach.” Lastly, George Plant adds that because formal
training brings together people with experience and
qualification, “…we can avoid making the same mistakes”
that others may have already made. Collectively, it is clear
that those with extensive knowledge and experience of
caves and caving value training.

The eleven caving skills experts interviewed for this study
were asked to choose just one hazard of caving. Four of
eleven selected falls and/or gravity, two indicated water,
two selected hypothermia, two selected misestimation and
lack of attention, and one selected rockfall. While it is not
possible to directly compare near-miss events to mishaps
resulting in injury or death, it is useful to look at the moreprevalent hazard occurrences in both categories. Among
mishaps, falls occur most frequently in US caves (Keeler
2011). This corresponds with accidents at home and at
work, where falls are also the highest prevalence mishap.
The second most-prevalent mishap occurring in US caves
involves equipment issues. Rockfall is next, followed by
being trapped or stranded. Finishing the list for mishaps is
being lost. For close calls, however, the list is somewhat
different. Most prevalent among close calls is vertical
issues, followed by rockfall, slippery surfaces or other poor
contact conditions, water-related hazards, and being trapped
or stranded. Tables 4a and 4b contain complete response
information from the close calls portion of this study.

This outcome is consistent with research findings by Bird,
Sawa, and Wiles (submitted, in review) in which over 90 %
of UK and US cavers (n = 133) responded to a questionnaire
and indicated that both formal and informal training allows
them to more safely explore caves. This research further
established that informal caving-skills training is very
prevalent, and appears to be effective. Philip Rykwalder
notes, “…the injury/death rate among skilled cavers is low
– surprisingly low – for the amount of risk we take and the
number of trips that we go on weekly.”
Informal training may be likened to the mentor-apprentice
model where growth in knowledge and skill occurs
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Table 4a. Hazardous conditions associated with close calls in cave exploration.
Of the hazardous conditions listed below, which do you feel were associated with the close-call event (near miss)
you experinced or observed? (Select all that apply.)
Hazardous condition

% Responses (n = 165)

Vertical exposure

45.1

Rockfall or rock-shofting potential

36.1

Slippery or other poor contact conditions

29.9

Water, other than high or deep water

18.8

Tight cave passage

16.7

Temperature too high or too low

14.6

High or deep water

7.6

Bad air

4.9

Table 4b. Human acts associated with close calls in cave exploration.
Of the human-related acts listed below, which do you feel were associated with the close-call event (near miss)
you experienced or observed? (Select all that apply.)
Human Acts

% Responses (n = 111)

Not paying attention

46.9

Did not check integrity of contact point

23.4

Became exhausted

16.2

Did not inspect equipment

14.4

Entered cave beyond current abilities

12.6

Tight cave passage

13.5

Chose incorrect clothing or footwear

12.6

Attempted movement (climb, squeeze, descent, etc.) beyond abilities

12.6

Misestimated water depth

2.7

Inadequate lighting (batteries not charged, lack of backup lights)

1.8

gradually over time, usually through on-site learning and
practice. Many regard this approach as more desirable than
formal training. Informal training is certainly more
personable, as it is likely conducted in one-on-one settings
or in small groups. Trainees may feel more comfortable in
this learning environment and thus may receive guidance
more readily, as well as more freely provide feedback about
their current status, which the trainer can use to further
enhance the learning experience. However, informal
training is possibly conducted with fewer rigors than formal
training, which means that important materials may not be
covered in great enough detail or may be missed altogether.
Informal training is further contrasted with formal training
in the settings where learning occurs. Formal training is
usually conducted in a designed environment, such as a
classroom. Trainees are then walked through exercises in a
controlled environment above ground and then guided
through the exercises in a relatively controlled environment
in the cave. While a large number of research participants
have indicated that informal training is preferred and
effective, one of the key upsides of formal skills training is
that it can be delivered to larger groups of people.
Furthermore, because it is a designed teaching approach, it
will necessarily have established learning objectives, a
means for delivering the curriculum, and metrics for
measuring learning outcomes. However, there are
downsides, as well. In particular, people who prefer to be
taught in smaller groups or who have slower learning paces
may have more difficulty retaining the delivered
information in a structured environment.

With informal, apprentice-style training, – assuming a qualified
and experienced mentor – the learning and demonstration of
outcomes usually happens at the student’s pace. It has been
shown that a reflection period after introduction of new
material helps to enhance learning (Bleakley 2000). With
formal training, this may or may not occur, depending on the
design of the curriculum. For informal training, this likely
occurs naturally and may indeed be the reason why informal
training appears to be so successful.
Whether training is formal or informal, for most-effective
teaching and learning, the training should be designed.
Learning objectives should be established up front and from
there different teaching approaches would be applied, as
appropriate, to address the needed topics of instruction.
Having structure, Geary Schindel states, is more effective
because it “…allows you to cover more issues more
quickly.” In addition to the structure of the course,
knowledge and skill of the instructors or mentors is also
essential. John Harman suggests, “…the best way to learn
is to do serious caving with people that have advanced skills
and lots of experience.” Thus, by combining some structure
through the establishment of learning objectives with
extensive knowledge and skill of highly experienced
individuals, the training can be conducted more efficiently
and the result can be more effective.
Quality of instructors is paramount to successfully bring
others to a high level of cave exploration functionality. Even
so, on the receiving end, the learners’ capabilities to absorb
information and understand concepts, techniques, tools, the
cave environment, and their own behaviors in the cave are
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exercises, instructors or mentors “…can point out specific
hazards and correct mistakes as they see them.” Allen
Maddox states, “For the novice, I like classroom type
followed by in-cave activity.” Christian Berghold agrees,
“…that exercises alone won’t suffice,” and adds, “…a
combination of classroom lectures…and in-cave training”
in addition to dry, outside-the-cave exercises are best for
delivery of content. Binding recommends that after
information is delivered in a classroom-like environment,
the hands-on experience in the cave will allow cavers to
“immediately define and apply specific dynamic examples
with compelling relevance.” He further makes the
recommendation that training should be limited to small
groups of a few people at a time, especially for single rope
techniques.

Table 5. Questions to consider for designing caving-skills training.
Questions
Training goals established by mentor and trainees in concert?
Mentor/Instructor knowledgable, skilled,
and experienced for helping trainees to achieve goals?
What are the trainees’ learning styles?
What are the trainees’ experience levels?
What are the learning objectives that flow
from the overall training goals?
What are the ideal/desired training locations?
What specific teaching and learning tasks need to be
accomplished to achieve learning objectives?
How will trainees’ learning be measured?

just as important. Previous research conducted by the
authors revealed that cavers are generally of post-college
ages and thus could be classified as adult learners.

Based on outcomes of the expert interviews, several clear
themes emerge: (1) training should be designed and
conducted in a step-by-step manner, (2) training should be
conducted by those with appropriate levels of knowledge
and experience, (3) learning environments should be
optimized for best retention of material, (4) curriculum
should be specific for the hazards and topics being
addressed, and (5) class sizes should be small. Further,
based on literature research, (6) the learning styles and
experience levels of the trainees should be assessed to
determine best delivery of content for the audience being
trained. It should be noted that the above numbered themes
are areas where training bodies such as ACI, NCRC, ASA,
etc. have for some time successfully applied best-practice
caving-skills training approaches. These groups have
curriculum development and review committees who vet
content so that it is up-to-date and pertinent to the training
being conducted. However, research by Bird, Sawa, and
Wiles (submitted, in review), revealed that informal training
conducted at the level of caving clubs and among
individuals is very widespread and thus the benefits of the
larger caving-skills training organizations may not be felt
by many cavers and potential cavers. Further, a review of
injury and fatality reports shows that lack of experience and
lack of effective training are often causes for mishaps
(Keeler 2011). Following from this, the tailored training
approach presented here is focused toward smaller groups
of less-experience cave explorers and incorporates guidance
for developing checklists (Seifert 2009) in order to ensure
that important aspects are covered. Table 5 proposes a
number of questions that may be helpful in the initial design
of the training curriculum.

For most effective caving-skills training, it is especially
important to develop strategies that cater to the needs of the
adult caver. A preferred method of teaching adult learners
is with “hands-on learning” which is a concept used quite
frequently in informal, apprentice-mentor style for training
because there is an opportunity for trainees to practice and
receive constructive feedback (Olivero, Bane, Kopelman
1997) and reflect on their experiences (Bleakley 2000).
Focusing on “discovery learning” optimizes adult-style
learning. In this approach, the individuals are motivated to
learn through their desire to understand in detail what they
are learning (Knowles et al. 1998). George Veni shares,
“Using a cave [for training] also tends to create a better
respect and appreciation for caves than I’ve ever been able
to relay in a classroom,” and adds that “caving conditions
can be simulated on the surface, but do not simulate the
psychological element found in the natural environment.”
A plurality of experts interviewed for this work indicate that
if a single learning environment must be chosen, it is to
conduct training in the cave. It is known that adult-style
discovery learning is best accomplished in the environment
where the work will be conducted. Even so, a caution may
be in order. Christopher Binding notes, “…trainees tend to
be distracted from listening by being keen to get hands-on
with the shiny bits of kit nearby.” This comment emphasizes
the importance of maintaining the learners’ attention before
engaging in active components of the training.
Several experts recommend that a combination of training
locations, such as classroom followed by in-cave, hands-on
training can be very effective. The structured classroom
setting with few distractions will allow for clear delivery of
instructions, which can then be followed by discovery
learning shortly thereafter in the cave environment. This
very model has been used by a number of organizations that
routinely conduct training and education related to caves
and caving, namely the Association of Caving Instructors,
the Austrian Speleological Association, and the Hoffman
Institute at Western Kentucky University. Schindel suggests
that the classroom lecture may be better suited for
facilitating discussion of hazards associated with caves in
general, while “…in-cave training may work work well for
hazards associated with the cave…” in which the learning
is taking place. Gregory Springer adds that during in-cave

Answering the questions in Table 5 requires knowing the
cave conditions and human actions that will be addressed
through training, hence the importance of the mentor being
knowledgable and experienced for the caves and caving
regions for which training is being prepared. For novicelevel cave explorers, referencing the most prevalent caving
hazards and close calls provides a good starting point. For
example, Table 3 lists falls as a common mishap or close
call in caves, so a primary training objective could be to
successfully move through the cave without falling or
stumbling. The learning objective in this case is for the
trainees to develop balance and movement strategies that
allow them to remain in control of their bodies as they move
through the rocky, slippery, and otherwise uneven surfaces
of the cave. After answers are established for the questions
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Figure 1. Sample training form for preparing a caver descend and ascend a 10-meter pit.

in Table 5, a more-specific form (Figure 1) can be used to
clearly state the components of the training that will be
conducted to address the particular hazard.

the goals, measure the outcomes, and provide feedback,
regardless of which training design or record-keeping
formats may be used.

Another example could be vertical issues, which is the first
close call listed in Table 3. This hazard is significant as it
could lead to serious injury or death. Figure 1 is a sample
form completed for a training scenario to descend and
ascend a 10-meter pit. It is important to establish
measureable learning outcomes for which a clear evaluation
can be made. For example, in the given scenario Mssr.
Casteret evaluates Mr. Collins’ ability to identify and apply
vertical caving equipment. The learning outcomes are as
follows: list and describe equipment used for ascending and
descending a 10 m pit; demonstrate ability to use ascending
and descending equipment to safety rappel into and ascend
out of a 10 m pit. At the bottom of the form, Mssr. Casteret
provides feedback to Mr. Collins about actions he can
improve upon. The form used in the example scenario is
just one way of keeping track of small-group training
learning objectives, learning outcomes, and feedback to
trainees. Mentors and trainees are, of course, free to use
whatever approach they would like for the specific training
they are conducting. However, it is important to establish

It has been mentioned previously in this paper that the
classroom makes for an ideal distraction-free learning
environment. However, an educational classroom is, of
course, not necessarily required for small groups. Instead,
“classroom learning” can take place in the living room of a
participant’s home, in an office or a coffee shop, on a park
bench, or any other comfortable environment, provided it
is distraction free. Even the mountainside where the cave
is located can be a “classroom,” although greater care may
be needed to ensure the beautiful surroundings do not
become distracting. On the receiving end, the students and
trainees must practice what they’ve learned. At the
appropriate time, and before embarking on a challenging
caving trip, the trainees should demonstrate their knowledge
and skill to the more-experienced and higher-skilled
mentors. This is the measure of learning achieved, i.e. of
progress made. Direct measures of learning can include a
range of options from written exams to physically
demonstrating to the instructor or mentor that the student
can accomplish the task at hand.
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4. Conclusions
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community. The authors also acknowledge the Oakland
University Insitutional Review Board for guidance and
oversight in this research and the reviewers for their
thoughtful comments. The authors wish to thank the NSS
Safety and Techniques committee members for their ideas,
feedback, and guidance over the past two years that this
research has been conducted, and in particular Dr. Rane
Curl for his continued guidance and long-standing
commitment to safe caving, worldwide. Finally, the authors
are grateful to Gary Bush and Bruce Smith for their reviews
of this paper.

The panel of experts interviewed in this research indicate
that designed training delivered by qualified and
experienced cavers to small groups of people in optimized
learning environments is most effective for preparing
people to safely and conscientiously explore the cave
environment. In particular, training should focus on human
acts and environmental conditions that lead to mishaps. In
addition to the primary hazards already listed above, human
acts that should be prepared for include paying attention to
surroundings, assessment of integrity of cave surface,
physical fitness, and equipment inspection. Preparation
should be made for in-cave environmental conditions
including vertical exposure, rockfall or rock-shifting
potential, slippery and poor-contact conditions, water, tight
cave passages, temperature, and air quality. The hazards,
human acts, and environmental conditions described in this
paper are generalized to all cave exploration, whereas the
specific ones that should be prepared for are dependent on
the caves and regions where exploration will take place.
Mentors, instructors, and/or curriculum designers will select
topics appropriate to the conditions for which training is
being designed. Further references are available to ensure
proper techniques are being taught. In addition to the texts
by Sparrow (2009) and Burger (2006), Alpine Caving
Techniques (Marbach and Tourte 2002) and On Rope
(Smith and Padgett 1997) provide excellent information for
developing caving skills.
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The passing of information in a controlled, structured, and
documented manner from those with more knowledge and
experience to those who are developing their knowledge
and skills will help to reduce injuries and illnesses, as well
as to hopefully eliminate fatalities that occur in cave
exploration. This process has the additional benefit of
giving cave explorers greater ability to make the most of
their underground exploration, thus enhancing the overall
caving experience.

Sparrow A, 2009. The Complete Caving Manual Wiltshire:
Crowood, 117–127.
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CAVING IN THE ABODE OF THE CLOUDS – MEGHALAYA,
NORTH EAST INDIA
Simon Brooks
C/o 11 Margery Close, Lodge Farm Chase, Ashbourne, Derbyshire, DE6 1GZ, UK Simonj.brooks@btopenworld.com

Meghalaya in North East India is blessed with good limestone and a warm, wet climate that results in many fine caves. In
the last 21 years 24 mostly multi-national expeditions have explored/partially explored 892 caves yielding over 398.6 kms
of cave passage. The caves are found in a band of limestone/karst that runs along the southern fringe of the Meghalaya
plateau. Exploration from 1992 to 1999 took place in many locations across Meghalaya and developed a productive
collaborative partnership with local Indian cavers. From 2000 to 2009 the main focus of exploration was on the Shnongrim
Ridge in the Jaintia Hills where over the years 157 kms of cave passage were explored. During this period the Krem Liat
Prah Cave System, discovered in 2002, was extended, linked into other systems and eventually connected to Krem Labit
Moolasngi and Krem Rubong in 2008 to create a cave system of 30.9 kms in length – India’s longest cave and first cave
system in the Indian Sub-continent to have in excess of 30 kms of passage. In 2009 the focus moved away from the
Shnongrim Ridge to the Pala Range and the Kopili River Valley where exploration has remained until 2013. In this area
some 53 kms of cave passage has been explored including the Krem Tyngheng – Dieng Jem system that at 21.3 kms is
currently India’s 3rd longest cave. From 1999 onwards several of the expeditions have undertaken small scale Biospeleological investigations utilising skills and interest within the expedition team. In the last three years (2011 to 2013)
this element has had a more substantial presence with more in-depth and systematic studies and recording taking place.
This lecture gives an overview of the limestone and caves of Meghalaya, the exploration from 1992 to 2013 looking in
more detail at the more recent 2012 and 2013 expeditions and the tensions between the economic exploitation of the
limestone resource and cave conservation.

1. Introduction

noted for its waterfalls and deep jungle clad north to south
valleys.

The Caving in the Abode of the Clouds Project takes its
name from the Sanskrit meaning of the word “Meghalaya”
which literally translates to “Abode of the Clouds”. This is
in recognition of the fact that, because of its geography,
Meghalaya is often enveloped in cloud, which results in
world record rainfall. This feature, added to a warm climate
and extensive areas of limestone, has created many fine
caves, making Meghalaya of great interest to the
International Caving fraternity. In 1992, a small team of
four European Cavers were able to visit Meghalaya and the
Khasi, Jaintia and Garo hills, finding many caves and, more
significantly, realising the huge caving potential of the
region. In 1994, contact was made with Brian D. Kharpran
Daly and Donbok Syiemlieh of the Shillong based
Meghalaya Adventurers Association and since that time the
systematic exploration of caves across Meghalaya has been
undertaken as a partnership between Indian, European and
American Cave Explorers. This productive collaboration is
known as the Caving in the Abode of the Clouds Project.

The Garo Hills to the west are lower in elevation, with an
average height of 450 to 600 metres above sea level and are
more deeply dissected. The limestone is found in a more or
less continuous band that runs along the entire southern
fringe of the state. This band of limestone is approximately
300 kms in length east to west and between 10 to 25 m in
depth, north to south. Despite 25 expeditions being made
to Meghalaya since 1992, significant areas of Limestone
remain unexplored.

2. Recent Cave Exploration
1992 – A small team of four European Cavers were able to
visit Meghalaya and the Khasi, Jaintia and Garo hills,
finding many caves and mapping just over 9 kms of new
cave passage. In the Khasi Hills, Krem Mawmluh was
explored and mapped for 3.7 kms becoming (November
1992) India’s longest cave and Krem Dam also in the Khasi
Hills for 1.2 kms. In the Garo Hills, the well-known Krem
Siju Dobhakol, partially explored by Kemp and Chopra
from the Museum of Natural History in Calcutta in 1922
was extended from 1.2 kms to 2.9 kms. This initial
expedition paved the way for access to Meghalaya and
established that there was indeed considerable caving
potential.

The State of Meghalaya lies between 25.47 degrees to 26.15
degrees of latitude north and between 89.45 degrees to
97.47 degrees of longitude east. It extends for about 300
kilometres in length from west to east and about 100
kilometres in width from north to south covering an area of
22,429 square kilometres.
Meghalaya is composed of three ranges of hills, which have
given their names to the three main tribes. The Khasi and
Jaintia Hills of central and eastern Meghalaya present a
panorama of a plateau of grasslands, hills and river valleys.
The height of the plateau is generally between 1,500 metres
and 2,000 metres above sea level. The southern edge of the
plateau drops steeply to the plains of Bangladesh and is

1994 – Contact was made with Brian D. Kharpran Daly and
Donbok Syiemlieh of the Shillong based Meghalaya
Adventurers Association and visits the Khasi, Jaintia and
Garo Hills by a small European Team of 8 cavers saw
another 14 kms of cave passage explored and mapped. In
the Khasi Hills, Krem Mawmluh was extended from
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1999 – A small reconnaissance expedition by members of
Wells Catheral School visits the Shnongrim Ridge in the
Jaintia Hills and explores and maps 4+ kms of new cave
passage.
2000 – A Multi-National Expedition (14 cavers, including
4 Indian cavers) visits the Khasi Hills and the Shnongrim
Ridge in the Jaintia Hills and explores and maps 20+ kms
of new cave passage. Exploration and mapping on the
Shnongrim Ridge includes Krem Mawshun at 3.3 kms in
length, Krem Wah Ryngo at 3.3 kms, Um Sngad at 2.4 kms
and Krem Shrieh with its massive 97 m deep shaft at 8.7
kms. The latter becoming (February 2000) India’s 4th
longest cave.

Figure 1. Square Passage – Siju Dhobakhol, Garo Hills.

3.7 kms to 4.5 kms in length and Krem Dam from 1.2 kms
to just over 2.0 kms becoming India’s longest cave formed
in sandstone (March 1994). In the Garo Hills, Tetenkol was
explored and mapped for 5.1 kms over taking Krem
Mawmluh as India’s longest cave (February 1994).
1995 – A small Multi-National Expedition (9 cavers,
including 2 Indian cavers) visits the Khasi, Jaintia and Garo
Hills and explores and maps 10+ kms of new cave passage.
In the Jaintia Hills, the sizable Krem Pubon Lashing was
explored for 1.7 kms and in the Lumshnong area (Jaintia
Hills) Krem Kot Sati was explored and mapped for 2.6 kms
and left very much ongoing.
1996 – A small German/Indian expedition based itself at
Lumshnong in the Jaintia Hills and explores and maps 9+
kms of new cave passage with Krem Um Lawan partially
explored and mapped for 6.3 kms.
1997 – A larger Multi-National Expedition (16 cavers,
including 5 Indian cavers) returned to Lumshnong in the
Jaintia Hills and explores and maps 25+ kms of new cave
passage connecting Krem Kot Sati to Krem Um Lawan to
create a 19.2 km long system becoming (February 1997)
India’s longest cave. Just to the north of Lumshnong in the
Musianglamare area Synrang Pamiang was explored and
mapped for 1.7 kms. Krem Lymput in the Nongiri Area for
2.7 kms and Krem Pubon Lashing extended from 1.8 kms
to 3.0 kms in length.
1998 – A Multi-National Expedition (18 cavers, including
4 Indian cavers) visits the Khasi and Jaintia Hills explores
and maps 26+ kms of new cave passage. At Nongiri in the
East Khasi Hills, Krem Lymput was extended from 2.7 kms
to 6.5 kms. In the Lunshnong Area Krem Kot Sati/Um
Lawan was extended from 19.2 kms to 21.2 kms and
Synrang Pamiang from 1.7 kms to 4.8 kms. In the Lukka
Valley lying to the east of Lumnshnong, Pielkhlieng Pouk,
a massive river cave was partially explored and mapped for
2.5 kms.

Figure 2. Key Hole passage, Krem Mawshun.

2001 – A large Multi-National Expedition (26 cavers,
including 4 Indian cavers) visits the Khasi Hills and the
Shnongrim Ridge in the Jaintia Hills and explores and maps
35+ kms of new cave passage. At Borsora in the West Khasi
Hills, Krem Khlieh Kherthang is explored and mapped for
2.8 kms and Ronga for 1.9 kms. On the Shnongrim Ridge
in the Jaintia Hills, Krem Umthloo is explored and mapped
for 12.4 kms becoming (February 2001) India’s 3rd longest
cave. In the same Area Krem Shynrong Labit is explored
and mapped for 5.7 kms and Krem Risang for 4.5 kms.

1999 – A Multi-National expedition (17 cavers, including
4 Indian cavers) visits the Khasi and Jaintia Hills and
explores and maps 27+ kms of new passage. In the
Lumshnong Area (Jaintia Hills) the impressive river cave
of Synrang Pamiang was extended from 6.2 kms to 14 kms
to become India’s 2nd longest cave (February 1998). In the
Lukka Valley the even more impressive Pielkhlieng Pouk
was connected to Seilkan Pouk to create a 9.7 kms long
system to become (February 1999) India’s 3rd longest cave.

2002 – A large Multi-National Expedition 923 cavers,
including 3 Indian cavers) visits the Khasi, Shnongrim
Ridge in the Jaintia and Garo Hills explores and maps
22.5+ kms of new cave passage. In the West Garo Hills
(Asakree area) 5.5 kms are explored and mapped in a
variety of caves. In the south Garo Hills 2.6 kms are
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15.9+ kms of new cave passage. The Krem Liat
Prah/Labit/Um Im System was extended from 22.2 to 25.2
kms in length, Pielklieng Pouk/Sielkan Pouk, a huge river
cave, was extended from 10.4 to 12.4 kms in length and yet
more cave systems on the Shnongrim Ridge were linked
together.

explored and mapped and on the Shnongrim Ridge (Jaintia
Hills), the impressively proportioned Krem Liat Prah is
explored and mapped for 5.9 kms.
2002 – A small USA led Expedition (13 cavers, including
4 Indian cavers) visits the Lum Lawpaw plateau near to
Nongjri in the West Khasi Hills and explores and maps
6+ kms of new cave passage. Krem Mawtynhiang is
explored and mapped for 3.0 kms and remains as India’s
longest Sandstone Cave.

2008 – A large Multi-National Expedition (40 cavers,
including 3 Indian cavers) based on the Shnongrim Ridge
and visiting the nearby Pala Range in the Jaintia Hills
explores 14 kms of new cave passage. The linking of the
Liat Prah Cave System to Krem Labit (Moolasgni) via a
3 m sump free dive and the connection of two other
potholes plus the resurgence cave Krem Rubong into the
system along with surveying of new side passages created
a cave system of 30.9 kms in length. This firmly established
this system as the longest cave known to date (May 2013)
in the Indian Sub-continent and more significantly made it
the first Indian Sub-continent cave to exceed 30 kms in
length. The extension of Krem Tyngheng in the Samasi area
from 9.8 kms to 12.9 kms in length, via some long swims,
to make it (February 2008) Indian Sub-continent’s 5th
longest cave and the partial exploration and surveying of
two other caves in the Kopili area; Krem Labbit Kseh at
0.9 kms in length and Krem Bylliat at 0.6 kms in length.
Krem Umthloo, was extended to 18.1 kms in length
maintaining it as the 3rd longest cave (March 2008) in the
Indian Sub-Continent. The extension of several existing
caves in the area including: Um Sngad River Sink, extended
from 1.25 km to 2.15 km in length and ongoing; Krem
Kdong Thloo extended from 1.18 km to 1.58 kms. Krem
Synrang Ngap was extended from 4.5 kms to 4.9 kms and
Krem Mawshun from 3.3 to 3.6 kms. Additionally the
discovery and exploration of several new caves in a
previously blank NE section of the Ridge near to the Liat
Prah system including Krem Lumthymme at 1.1 km in

2002 – A small Italian/German Expedition (9 cavers,
including Indian cavers) visits the South Garo Hills and in
the Asakree area and explores and maps 2.7+ kms of new
cave passage in Sang Kni Ikgilram, which remains the
longest cave in the Asakree area.
2003 – Large Multi-National Expedition (33 Cavers,
including 9 Indian Cavers) based mainly on the Shnongrim
Ridge in the Jaintia Hills, but with satellite teams visiting
the West Khasi and Garo Hills, explore and map 25.7+ kms
of new cave passage. On the Shnongrim Ridge Krem Liat
Prah was extended from 5.9 kms to 8.3 kms in length and
Krem Umthloo from 12.6 kms to 13.4 kms to become
(March 2003) India’s 3rd longest cave. The exploration team
included a number of Biologists that undertook BioSpeleological investigations in some of the caves.
2004 – Large Multi-National Expedition (24 Cavers,
including 7 Indian Cavers) based on the Shnongrim Ridge
in the Jaintia Hills explores and maps 17.1+ kms of new
cave passage. Krem Liat Prah was extended from 8.4 kms
to 14.6 kms taking it from India’s 6th longest cave (February
2004) to India’s 2nd longest. Krem Krang Wah (Tigers
Mouth Cave) with its 93 m deep shaft entrance was
explored for 2.2 kms and Krem Tyngheng in the nearby
Samasi (Pala Range) area partially explored for 3.75 kms
along fine river passage.
2005 – Large Multi-National Expedition (28 cavers,
including 6 Indian cavers) based largely on the Shnongrim
Ridge in the Jaintia Hills and also visiting the West Khasi
Hills explores and maps 19+ kms of new cave passage. On
the Shnongrim Ridge Krem Liat Prah was linked to Krem
Um Im to create a system of 15.9 kms in length, India’s 2nd
longest in 2005. In the adjacent Samasi Area (Pala Range)
Krem Tyngheng was extended from 3.75 kms to 5.3 kms.
2006 – Large Multi-National Expedition (28 Cavers,
including 5 Indian Cavers) based on the Shnongrim Ridge
in the Jaintia Hills explore and map 15.4 + kms of new cave
passage. The 2006 expedition anticipated the completion of
the exploration on the Shnongrim Ridge and in Samasi.
However, it saw an existing cave system (Krem Liat
Prah/Um Im) linked to (Krem Labit Khaidong) and
extended to create a 22+ km system which at that time
(February 2006) was India’s new longest cave. In the
adjacent Samasi Area Krem Tyngheng was extended from
5.3 kms to 7.7 kms in length. During the course of the
expedition yet more huge relic and river passage was
explored, indicating the Shnongrim Ridge was far from
finished.

Figure 3. River passage in lower section of Krem Tyngheng/
Diengjem System.

length, that unfortunately failed to connect into the Liat
Prah system. The discovery and exploration of two new
caves on the south flank of the ridge, Krem Thapbalong Sim
for 0.3 kms in length and ongoing and Krem Shyrong
Shrieh is 1.39 kms in length and on-going. In addition to
the cave exploration, an International Conference entitled
‘Discover Meghalaya – The Caving Experience’ was held
at the Pinewood Hotel in Shillong on the 22nd to the 23rd
February. The Government of Meghalaya Tourism

2007 – A large Multi-National Expedition (33 Cavers,
including 3 Indian Cavers) based on the Shnongrim Ridge
and the adjacent (Lukka) area in the Jaintia Hills explores
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exploration there was significant bio-speleological
investigation undertaken in some cave sites with a particular
focus on bats – this bat survey, undertaken by Manuel Ruedi
of the Geneva Museum of Natural History, led to the
detection of a species of Murina bat – new to science. It was
later named Murina Jaintiana to honour the tribe of the
Jaintias who had given their warm and welcoming
hospitality to the expedition for so many years.

Department and the MAA (Meghalaya Adventurers
Association) hosted this with a significant input being made
by the European team members. The conference was
attended by some members of the expedition, the MAA and
over 60 delegates drawn from the Meghalaya Government
and its various departments along with representatives from
the coal and limestone extraction industry and Adventure
Travel Agencies from across India and Bangladesh. The aim
of the conference was to raise awareness of the great cave
resource within Meghalaya; highlight the threats to the
caves posed by the recent increases in the limestone and
coal extraction industries and try to identify a ways of
addressing this issue; and to develop strategies to promote
the use of caves for tourism and local economic
development
2009 – A large Multi-National Expedition (28 cavers,
including 13 Indian cavers, 10 of which were from the
Indian Navy) based on the Shnongrim Ridge in the Jaintia
Hills explore and map 12.6 kms of new cave passage. In the
SW end of the Shnongrim Ridge, Krem Thapbalong Sim
(Humming Bird Cave) was connected to Krem Shyrong
Shrieh (Monkey Skull Cave) to create a system of 5.48 kms
in length. In the Kopili River Valley, Krem Labit Kseh was
extended from 0.88 kms to 1.65 kms. Krem Tyngheng in
the nearby Samasi (Pala Range) area was extended by
0.4 kms to 12.8 kms in length. Exploration of several caves
in the new Umkyrpong area saw Krem Dieng Jem (believed
at this time to be the resurgence for the Krem Tyngheng)
partially explored for 1.3 kms. 2009 was the last of the large
Shnongrim Ridge camps that had become synonymous with
the Caving in the Abode of the Clouds Project. In the period
from 2000 to 2009 the Shnongrim Ridge had yielded
157 kms of cave passage and become the area of Meghalaya
(and the Indian Sub-continent) with the greatest
concentration of known caves.

Figure 4. Krem Khung, main passage.

2012 – A large Multi-National Expedition (Two separate
teams with a total of 25 cavers, including 3 Indian cavers)
based in the Kopili/Larket Area in the Jaintia Hills and in
the Mawsynram/Balat Area in the East Khasi Hills explores
and maps 6.8+ kms and 6.1 kms of new cave passage
respectively. In the Kseh/Larket Area the main focus of the
exploration was in the new Krem Khung system where
5.1 kms of very large passage was explored. In the
Mawsynram/Balat Area Krem Mawphun was extended
from 1.7 kms to 2.5 kms in length becoming India’s 2nd
longest known cave to be formed in Sandstone. In addition
to the cave exploration in the Kopili/Larket area there was
on-going bio-speleological investigation undertaken.

2010 – A large Multi-National Expedition (35 cavers,
including 9 cavers from the Indian Navy) based in the
Umkyrpong/Kopili Area of the Jaintia Hills and at the start
of the expedition a satellite camp in the West Khasi Hills
explored and surveyed 25.1 kms of new cave passage. In
the Mawsynram Area in the East Khasi Hills, Krem
Mawphun was explored for 1.6 kms and Krem Lymbit for
0.8 kms along with several other smaller caves. At the main
expedition area in the Umkyrpong/Kopili Area in the Jaintia
Hills, Krem Dieng Jem was extended and connected to
Krem Tyngheng to create a sink to resurgence system of
21.1 kms in length becoming (March 2010) India’s 3rd
longest cave and the third cave in the Indian Sub-continent
to exceed 20 kms in length. Krem Labit Kseh in the Kopili
River Valley was extended from 1.6 kms to 4.7 kms. New
caves: Krem Man Krem was partially explored for 4.7 kms
and Krem Shalong (Misty Cave) for 2.6 kms and both left
ongoing.

2013 – A more modestly sized Multi-National Expedition
(17 Cavers, including 2 Indian Cavers) based in the
Kopili/Larket Area in the Jaintia Hills explores and maps
9.1+ kms of new cave passage. Krem Khung was extended
from 5.1 kms to 7.3 kms in length to make it India’s 7th
longest cave and Krem Labit Kseh, on the banks of the
Kopili river, was extended from 6.4 kms to 7.2 kms to make
it India’s 9th longest cave. Alongside the cave exploration
the two associated Romanian biologists, the expedition
team biologist and their Indian counterpart from the Lady
Keane College in Shillong that were part of the exploration
team continued with the study the documentation of various
cave fauna in the area. On return to Shillong members of
the expedition and the Meghalaya Adventurers Association
attended the inauguration of the Bio-speleology Section of
the Zoology Museum at Lady Keane College, Shillong,
Meghalaya (India). The link between Lady Keane College,
the Meghalaya Adventurers’ Association (MAA) and the
Caving in the Abode of the Clouds Project will further
enhance the study and understanding of the bio-speleology
of Meghalaya. Building upon the bio-speleology
investigations that have been part of many Caving in the
Abode of the Clouds expeditions since the late 1990’s.

2011 – A Multi-National Expedition (22 cavers, including
3 Indian cavers) based in the Kopili/Pala Range Area in the
Jaintia Hills explores and maps 10+ kms of new cave
passage. The Krem Tyngheng/Dieng Jem system was
extended to 21.2 kms maintaining it as India’s 3rd longest
cave (March 2011). Krem Shalong was extended from
2,61 kms to 4.7 kms in length and a new cave Krem Labit
Mynlin explored for 1.6 kms. In addition to the cave
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3. Conclusion
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CAVE EXPLORATION IN IRAN
Simon Brooks
C/o 11 Margery Close, Lodge Farm Chase, Ashbourne, Derbyshire, DE6 1GZ UK, Simonj.brooks@btopenworld.com
In the early 1970’s Iran was one of the British overseas expedition areas of choice with Ghar Parau becoming the best
known Iranian cave because it was the focus of two major UK Expeditions in 1971 and 1972 that were striving for a world
depth record. Using the funding left over from these expeditions the Ghar Parau Foundation (GPF), a UK Overseas
Expedition Granting body that has supported many UK overseas expeditions ever since, was set up, immortalising the
cave name Ghar Parau in the UK. This paper gives and overview of the Karst and Cave in Iran and then describes the
history of cave exploration by both Iranian and Foreign Cave Explorers. The paper then gives an overview on the multinational expeditions to Iran that took place in Oct/Nov 2006, October 2007, October/November 2008 and most recently
in November/December 2011 that have offer training, explored and mapped caves alongside Iranian cavers in many areas
across Iran. As well as touching on the exploration history of Ghar Parau (Iran’s deepest and most well-known cave) and
reviewing the rapidly developing caving scene in Iran the paper provides an insight to this fantastic county and its people.

1. Overview and early cave exploration in Iran

major political change in Iran made the country largely
inaccessible for foreigners and exploration activities ceased
until the mid 1990’s. However, from 1976 through to 2003
numerous Iranian caving and mountaineering groups visited
Ghar Parau with many reaching the bottom and some new
passages and a second entrance being discovered. In 2004
a team from Kermanshah Mountaineering Club succeeded
in getting a diver into the terminal sump which appeared to
quickly close down and become impenetrable.

The Islamic Republic of Iran has an area of 1,648,000 sq kms
which is equivalent to 3× the size of France or 1/5 the size
of the USA. Of this land 11 % is Arable, 8 % Forests, 47 %
Pasture and the remaining 34 % Deserts and Mountains. Iran
has a rich and complicated Geological structure with many
natural resources. Limestone comprising of Cretaceous,
Jurassic, Triassic and Mesozoic is present across many areas
with the greatest concentrations being found in the Alborz
Mountains in the North of Iran and the Zagros Mountains
that run down the SW flank of Iran. Within this limestone
many caves are to be found and to date there are in excess
of 2,400 known caves in Iran.

In the mid 1990’s a Czechoslovakian team began exploring
the Salt Karst of Qesam Island in the far south of Iran where
they discovered Namakdan 3 which has subsequently been
extended to become the world longest Salt karst cave with
a length of 6,580 m. Regular on-going return trips to this
area have seen many more caves explored and mapped. In
2000 and 2001 a German-Iranian and then a GermanBritish-Iranian team explored and mapped Ghar Alisadr,
Iran’s most popular show cave, yielding 11,400 m of
passage. In 2003 a German-Swiss-Iranian team explored
and mapped the majority of Katalehkhor another of Iran’s
fine show caves that at 12,860 m is currently Iran’s longest
known cave.

Iran is a very well developed country with a strong oil based
economy. Tehran, Iran’s capital city is very modern and
vibrant and the Iranian People generally enjoy a good
standard of living that involves many cultural, social and
sporting activities. Iran has a population of over 70 million
people with around 70 % of the population being under 30
years of age. Iran’s geographical spread and geology mean
that within the country there is a great variety of landscapes.
These range from sub-tropical forests in the north, further
south and on the west, high mountain ranges and temperate
areas, and huge deserts and semi-arid areas in the south.

2. Recent cave exploration in Iran

Systematic cave exploration began in Iran in 1945 when
members of clubs such as the Damavand Club from Tehran
and the Hamadan Mountaineers from Hamadad began
visiting, exploring and mapping caves. Early pioneers
included; Manocher Mehran, Marafat, Changiz Shelkli and
Yousef Nejaei. In 1995 a publication “Caves and Mountains
of Iran” listed over 250 caves.

A return to Ghar Parau – October/November 2006.
In late October through to early November 2006 a team of
21 cavers lead by Yuri Evdokimov from Russia on a visit
to Iran as part of the “Parau 2006 Expedition”. The team
consisted of 19 cavers from various parts of Russia and
Shary Ghazy an Iranian caver who then lived in Germany
and Simon Brooks from the UK. The Russians were a
strong and well-equipped team with good experience of
deep caves at high altitude, including participants from the
deep Krubera-Voronja Project. The main aim of the
expedition was to reach the bottom of Ghar Parau, dive the
terminal sump and climb avens etc in an attempt to extend
(deepen) the cave, and, if time allowed, visit and extend
Ghar Sarab in the Hamadan Area.

In the early 1970’s Iran was a popular overseas expedition
area with Ghar Parau becoming the Iran’s best known cave
because it was the focus of two major UK Expeditions in
1971 and 1972 that were striving for a world depth record.
Following this the cave became the namesake of the UK
Overseas Expedition Granting body (the GPF) that has
supported many UK overseas expeditions ever since. In
1974 a Polish Team reached the bottom of Ghar Parau
where they confirmed that the cave had indeed finished. In
1973 Napier College Hydro-geological Expedition
surveyed 1,700 m in Ghar Sarab near to Hamadan. In 1979

Prior to joining the main team Simon Brooks and Shary
Ghazy travelled down to Hamadan, meeting up with Yousef
Nejaei from the Hamadan Mountaineers (Sina) Club. Two
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members of the Damavand Mountaineering Club in Tehran
and the Hamadan Mountaineering Club in Hamadan on a
small caving expedition. Building on the contacts made in
2006 the expedition had two aims; the first being to
conducting more cave exploration in Iran and second being
to support and train Iranian cavers to survey and record
caves.

days were spent in the Hamadan Area visiting the Ghar
Alisadr Show cave and Ghar Hizch (Hizch Cave, AKA
Ghar Hezej) where in excess of 520 m of dry horizontal
passage were mapped and photographed.
The Russians had been travelled overland from Moscow in
three very well laden vehicles and on the 29th October
arrived in Kermanshah where they set up a base camp.
Shary and Simon joined them, equipment was sorted, and
the following day the team began the ascent to Ghar Parau.
The weather in Kermanshah had been getting gradually
worst, cold with heavy rain and low cloud enveloping the
mountain tops. Laden with huge amounts of equipment
packed into massive rucksacks the team set off up the
mountain accompanied by Yousef Sornynia from the
Kermanshah Mountaineering Club.

The training element ran throughout the expedition and
involved several aspects. These varied from lectures and
training workshops delivered to audiences of Iranian cavers
at the start, middle and end of the expedition. To back up
the training session the Iranian Team members put their new
skills into practice by actually surveying the caves that were
being visited/explored during the expedition. At the end of
the expedition a gift of a Compass, Clinometer, Tape and
Survey Book were made to the Damavand Club, both as a
thank you, and to enable the Damavand Cavers and caving
members of the Hamadan Mountaineers to continue to
practice and develop their surveying skills.

Despite worsening weather, within two days, a forward
camp was set up on the Kul-e-Parau Plateau (Altitude
3,100 m) just 50 m from the entrance of Ghar Parau. The
team then began rigging the entrance pitches. Progress was
slow with pitches having to be re-bolted due to the
excessive amounts of water entering the cave rendering the
traditional (Those used by the 1971 and 1972 Expeditions
and apparently still used in the more recent visit by Iranian
teams) pitch hangs unsuitable. For the next few days the
Russians pushed onwards deeper into Ghar Parau as the
weather worsened, the temperature dropped to minus five
and it began snowing heavily. At a depth of around -400 m
the need to re-bolt/re-rig virtually every pitch and the
weather conditions indicated to the Russians that they were
quickly running out of time to reach the bottom of the cave,
dive the sump and climb avens. Somewhat disappointed and
frustrated they decided to cut their losses, de-rig Ghar Parau
and turn their attention to the many other shafts/entrances
on the plateau. Over 30 entrances a shafts were located,
some explored, with one reaching a depth of -100 m.

For the first part of the 2007 expedition Simon and four
members of the Damavand Club drove North of Tehran to
the town of Chalus on the Southern Coast of the Caspian
Sea where they spent three days visiting caves in this area.
On the way to Chalus, about one and a half hours North of
Tehran, Ghar Yakhmorad (Cave of the healing Ice) was
visited and 295 m of passage surveyed. This cave is well
known to the Iranian Cavers who use it as a site to introduce
people into the sport of caving. In the winter the cave
contains much ice and in the chambers in the lower parts of
the cave this remains throughout the year as green coloured
ice floors. Regretfully there was not time to complete the
survey of this cave but on subsequent visits Damavand Club
members have explored and surveyed it to over 700 m in
length. In the Chalus area itself the excellent Danal Cave
was explored. This fine resurgence cave was found to
contain over two kilometres of excellent streamway, many
side passages, one large chamber and one smaller but well
decorated chamber. During the visit to the cave some new
side passages were explored and many photographs taken.
Returning to Tehran a visit was made to the 400 m long Ask
Cave. This cave is again is well known to the Iranian Cavers
as a beginners cave and for its spectacular entrance that
looks squarely onto Damavand Peak, Iran’s highest
mountain.

Meanwhile Simon Brooks and Shary Ghazy had descended
from the plateau and arrived back in Hamadan on 3rd
November 2006 only to find the expected trip to the new
cave (Dodza Ghar/Smoking Cave) had been called off due
to a disagreement over ownership of the cave. As an
alternative a visit to Ghar Alisadr had been arranged to
assist the Hamadan TV Company in making a documentary
about the cave and about Yousef Nejaei who was one of the
original explorers of the cave in the 1960’s. The next day
the Hamadan TV Crew went to Ghar Sarab where yet more
filming was done. Ghar Sarab looking somewhat different
than it had in 2001 as a recently constructed irrigation
scheme taking water from the cave had succeeded in
lowering the water table in Sarab by over two metres.

After the visit to the Caspian Sea area, Simon returned to
Tehran and then he and Shary travelled to the North West
of Iran to the City of Mahabad where they were joined by
four members of the Hamadan Mountaineering Club. Here
accommodation and food was being provided by the
management of Sahoolan Cave, another of Iran’s fine show
caves, in return for accurately mapping the cave. Two days
were spent mapping, fully exploring and photographing the
cave that proved to be 771 m in length. It contained many
fine lake chambers which where surveyed using the boats
that take visitors through the cave. Leaving Mahabad the
Hamadan Mountaineers went directly to Hamadan whilst
Simon, Shary and Yousef Nejaei took a more leisurely two
day cross country route in order to visit the Kraftu Caves
and the Katalekhor Show Cave. The Kraftu Caves are well
known as an important archaeological site with the caves
multiple cliff entrances having been modified and adapted

On 5th November Simon returned to Tehran and then the
UK. Shary, Yousef and the Russians made a trip into Ghar
Sarab with the Hamadan TV Crew where they spent a
further two days exploring and filming, concluding that
there was a significant amount of un-surveyed and unexplored passage remaining.
Iran 2007 – Caving with the Damavand Club and the
Hamadan Mountaineers.
Between the 10th October to 28th October 2007 Simon
Brooks (Orpheus Caving Club, UK) and Shary Ghazy
(DAV Frankfurt Germany) returned to Iran and joined
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(Orpheus Caving Club, UK) returned to Iran and joined
members of the Damavand Mountaineering Club in Tehran
and the Hamadan Mountaineering Club in Hamadan to visit,
explore and survey caves in the North and Central West of
Iran. This visit built on the contacts made on visits to Iran
in 2006 and 2007 and followed shortly after an International
Speleological Expedition to Iran (ISEI-2008) that took
place between 23rd September and 6th October 2008.
The objectives of this trip were to survey and explored
Ghar-e-Danial (Danial Cave) in the Mazadaran Karst Area
on the southern edge of the Caspian Sea and to complete
the exploration and surveying of Ghar Sarab (Sarab Cave)
that is in the Hamadan Province in Central West Iran. The
second (and arguably the more important) objective was to
explore caves in Iran with the Iranian cavers and continue
the training and support of them in the skills of surveying
and recording.
Saturday 18th October saw the first day of surveying in
Ghar-e-Danial where 274 m was surveyed in the entrance
passages and into the large Talar-e-khoffash (Chamber of
the Bats) that lies some 200 m into the cave. The following
day another 300 m of cave passage was surveyed including
the Talar-e-khoffash chamber. This large breakdown
chamber (60 m by 110 m) rises steeply from the streamway
over a mass of boulders which are descended on its far side
to join the streamway again. By the end of the third day of
surveying another 380 m of excellent river passage,
cascades and streamway were surveyed from Talar-ekhoffash to just beyond the “duck” at Gozar-e-Javaanshaad.
Gozar-e-Javaanshaad is a very significant point in Ghar-eDanial as it is the point where the cave was originally
thought to end. However, a caver by the name of Ali
Javaanshaad passed this obstacle many years ago to reveal
a substantial amount of cave beyond. To an experienced
caver the significance of what lies beyond this obstacle is
all too apparent by the howling draught that greets you as
you prepare to pass through this classic “chin-in-the water”
duck. The following day another 364 m of yet more
magnificent and varied stream passage was surveyed to
reach the beautifully decorated Talar-e-Rizan (Rizan
Chamber/Chamber of fallen blocks). Wednesday 22nd
October saw a brilliant 11.5 hour long trip surveying from
Talar-e-Rizan to the small chamber that marks the known
end of the cave. This yielded another 833 m of surveyed
passage, but due to shortage of time left several side
passages un-surveyed. In four days Ghar-e-Danial had

Figure 1. Looking out of the entrance of Ask Cave.

as homes in times past. However, what was not expected
was that behind the many cliff entrances lies a large and
very spectacular phreatic cave with many passages and
large chambers. Ghar Katalekhor is both Iran’s longest cave
at 12.8 kms in length and also a very beautiful and well
visited Show Cave. Accompanied by a cave guide many of
the main areas of the cave were visited and photographs
taken.
Arriving in the Hamadan Area a base was established in
Sarab Village and four members of the Hamadan
Mountaineering Club and one member of the Damavand
Club (Tehran) joined Simon, Shary and Yousef. The plan
was to re-survey the nearby Ghar Sarab where recent
extraction of water for irrigation had dropped the cave water
level revealing new passage in addition to those that had
not been fully explored by the Napier College expedition
in 1973. Over the period of the next five days two thirds of
Ghar Sarab was re-surveyed along with a significant
amount of new and uncharted passage, yielding around
2 kms of surveyed passage, leaving the cave far from
finished. Whilst in the Sarab Area, Shary and Simon,
accompanied by a group of cavers from Hamadan’s Azad
University, went to visit Dodza Ghar (Smoking Cave).
Dodza Ghar proved to descend very steeply through
boulders and down steeply inclined chambers to reach a
large and beautiful lake chamber where the cave is likely to
continue. 406 m of passage was surveyed with the cave
reaching a depth of 154 m. (In 2011 another 400 + m was
added to the cave by an Iranian team) Returning to Tehran
the final two days of the expedition were spent visiting
friends and caving contacts.
Iran 2008 – Exploration, Mapping and Training with the
Damavand Club and the Hamadan Mountaineers. Between
the 16th October to 2nd November 2008, Simon Brooks

Figure 2. Talar-e-Rizan Chamber, Danal Cave.
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photographed to yield 195.5 m of passage with a vertical
range of 48.5 m. This cave situated near to the summit of a
mountain contained 3 pitches and some very well decorated
chambers. Travelling onward to the Mashad contact was
made with local cavers and Ghar Kardeh that lies near to
Kardeh Village to the north of Mashad visited. In this cave
the team split into two groups that together surveyed 336 m
in Kardeh’s labyrinth of passages. Subsequently return
visits by the Iranian teams have more than doubled its
length.

yielded 2,158 m of excellent passage and when the
remaining side passages are surveyed is likely to be in
excess of three kilometres in length. It is a superb, varied
and spectacular river cave and more significantly is likely
to be one of many in this part of Iran.
On the morning of the 25th October Simon Brooks travelled
down to Hamadan on the bus for the second part of the trip
which was to continue the exploration and surveying of
Ghar Sarab. Meeting up with a team consisting of; one
member of the Damavand Club: six members from the
Hamadan Mountaineers and a caver from Esfahan, the rest
of the day was then spent in Hamadan meeting friends,
discussing plans and making preparations for the on-going
exploration and surveying of Ghar Sarab. The following
morning the team left Hamadan and arrived in Sarab Village
to establish a comfortable, albeit unusual, expedition base
in the village Mosque.
Over the period of the next five days the nearby Ghar Sarab
was photographed, surveyed and extended adding 1,176 m
of new passage to the cave taking it to 2,959 m in length.
Surveying was done in two teams with Eshan Jabbar
leading one and Simon Brooks the other and the Iranian
team members putting the surveying skills they had
acquired in 2007 into practice by surveying the cave. The
Iranian team member quickly gained competence in cave
surveying, proving they were fast, accurate and enthusiastic.
On Thursday 30th October the team packed, tidied the
Mosque and took a car back to Hamadan. Over the next two
days Simon Brooks gave lectures and ran workshops on
cave exploration, recording and surveying to group of caver
in both Hamadan and Tehran.
Before leaving Iran a set of surveying equipment consisting
of a Suunto Compass and Clinometer, Tape and a Survey
Book was given to both the Damavand Club and to the
Hamadan Mountaineers. This was to say thank you and
most importantly enable them to continue to practice and
develop their surveying skills. Reports and surveys from
Iran indicate that they are making good use of this
equipment.

Figure 3. Formations in main chamber of Ghar Shakh.

Leaving Mashad and traveling by bus to Berjand another
caving contact was met and using his car the impressive
Dasht-e-Lut (Iran’s largest desert area) was crossed to reach
Kerman. Here contact was made with a local caving group
and the following day the team drove to the town of Sirjan
and then made a 1.5 hour desert crossing to reach Ghar Uta
which had been found and partially explored by the group
within the last year. Here the 33 m entrance pitch of the cave
was descended, photographs taken and a small amount of
surveying undertaken in the large dry breakdown chambers
that form the bulk of the cave. Moving on from Kerman to
Esfahan contact was made with a group of Esfahan cavers
and a cave known as Ghar Kalaroud that lies some 1.5 hour
drive north of Esfahan, near to the village of Kalaroud
visited. Surveying over period of two days saw 521 m of
passage surveyed in this fine cave. This cave has
subsequently been extended by over a kilometre.

During the course of the 2008 expedition 2,158 m was
surveyed in Danial Cave (Ghar-e-Danial), 13.6 m in Ghar
Danial Kuchik (Small Danial), 9 m in Ghar-e-estakhr Danial
(Pool Danial) and 1,176 m in Ghar Sarab taking the latter to
2,959.8 m in length.

3. 2001 Expedition to Iran
Between 17th November and 3rd December 2011 Simon
Brooks and Shary Ghazy returned to Iran where they visited
numerous karst areas in the vicinity of Nisaboor, Mashad,
Kerman, Esfahan and Hamadan, met Iranian caving groups
and assisted them in exploring, recording and mapping
caves.

In Hamadan contact was made with members of the
Hamadan Mountianeers and another caver and a camp
established in a house in the village of Sarab. From here
Ghar Sarab was accessed and the remaining sections of the
cave un-surveyed by the 2007 and 2008 visits were mapped
taking Ghar Sarab to 3,250 m in length. Returning to Tehran
a party to celebrate Mr Chengis Shelkli’s 84th Birthday and

The first area visited was the Chah Nasar Area that lies to
the south of Nishaboor in NW Iran. Here contact was made
with a local caving groups and a small cave, Ghar Chah
Nasar, was surveyed yielding a modest 62.8 m of passage
with a vertical range of 20.8 m. To the north of Nishaboor
a cave known as Ghar Shakh was explored, surveyed and
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60 years since the establishment of Iran first caving group
was organised. This also served as a goodbye event for
Simon and Shary.

In the above visit to Iran in 2006, 2007, 2008 and 2011
proved to be excellent with some fine cave passage
explored and surveyed and many new contacts made. Iran
on all occasions proved fascinating, the scenery was
beautiful and spectacular, the cities busy and modern and
the Iranian people hospitable, welcoming and friendly. The
links made with the cavers from the various clubs and
groups has grown from strength to strength and the
enthusiasm and energy of both the young and older
members is impressive. The opportunity of spending time
caving with the Iranian cavers and share skills and
knowledge were possibly the most enjoyable and rewarding
aspect of these trip.

4. More recent exploration
The 2003 Iran Cave Directory (1st Edition – Berliner
Hohlenkundliche Berichte) listed 850 caves and around this
time interest in caving and cave exploration by Iranian
cavers started to increase. In 2011 the “Iran Cavers and
Speleologist Association” (ICAS) was established and more
importantly a plethora of small independent caving groups
were becoming increasingly more active. The 3rd edition of
the Iran Cave Directory (2012) listed over 2,000 caves with
the actual number of known caves being in excess of 2,400.
The rise in the number of small independent caving group
and the availability of more cave related information and
equipment has meant that caving is becoming a more
popular activity in Iran. This is putting increasing pressure
on some of Iran’s most accessible and popular caves which
are being sullied by discarded rubbish consisting of bits of
clothing, food and drink containers and most significantly
kilometres of plastic string which many groups use to find
their way in and out of the caves. To address this situation
and to encourage groups to care for the caves one of the
very positive spin-offs from ICAS has been the promotion
of the Annual “Iran Clean Caves Day”, now in its 4th year
with the recent 2012 event taking place on 23rd September.
This was again very successful in all respects involving
over 50 groups who removed rubbish and other discarded
items from various caves all across Iran.
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CAVE EXPLORATION IN PAKISTAN
Simon Brooks
C/o 11 Margery Close, Lodge Farm Chase, Ashbourne, Derbyshire, DE6 1GZ, UK Simonj.brooks@btopenworld.com

Pakistan’s rich and varied culture, sometimes-sensitive geo-political situation and variable infrastructure can make the
search for caves within its extensive areas of limestone a challenging experience. With regular systematic cave exploration
only taking place from 1990 onwards and most recently in April/May 2006. The 2006 Expedition saw a total of 14 caves
explored and surveyed to yield 531 m of cave passage that took the total number of surveyed caves in Pakistan to 127
with a combined passage length of 6,230 m. This lecture gives an overview of the karst and caves in Pakistan and describes
the exploration that has taken place within this fine country from 1990 to 2006.

1. Introduction

The first 1990 expedition was a reconnaissance that visited
all the major karst areas in Pakistan and made some useful
contacts with officials and groups in Pakistan. In the
Karakorum Range in the very north of the country, between
the villages of Passu and Sost, very hard and highly
marbleised limestone have yielded some small caves,
seldom more than a few tens of metres in length. In North
West Frontier Province to the north of Peshawar the
impressively sized Kashmir Ghara. In Balochistan the Pir
Ghaib Ghara caves were located and explored for 90 m and
the exploration of Bartozai Ghara begun.

Pakistan’s rich and varied culture, sometimes-sensitive geopolitical situation and variable infrastructure can make the
search for caves within its extensive areas of limestone a
challenging experience.
Pakistan, covering an area of 803,944 sq. kms, stretches from
the Arabian Sea up to the high mountains of Central Asia.
Much of the country is mountainous with the mountain belt
stretching from the Karakorum Range in the north to the
Sulaman Range in the south/south west of the country. Within
this long chain of mountains are some significant areas of
limestone and karst that ranges from Triassic through to
Eocene in age. In the Karakorum Range in the very north of
the country, between the villages of Passu and Sost, very hard
and highly marbleised limestone have yielded some small
caves, seldom more than a few tens of metres in length. The
Chitral District also in the north has limestone but only a few
very small caves. Immediately north of Islamabad are the
limestone Margella Hills in which just over a dozen small
single chamber caves have been found whilst to the north of
Islamabad, between Muree and Abbottabad, is a large block
of limestone that also contains some small caves. To the north
and south of Peshawar lie the tribal areas of Karran and
Waziristan, both of which contain extensive tracts of
limestone and some caves. Small caves have been recorded
in the Khyber limestone that form the walls infamous Khyber
Pass. The largest areas of limestone and karst are found in
the semi-arid state of Balochistan. This comprises of
limestone surrounding the former hill station of Zairat,
mountainous limestone’s surrounding the provincial capital
of Quetta and the limestone’s of the Kalat Plateau further to
the south. It is here the largest and deepest caves are to be
found. Pir Ghaib Gharra situated in the Bolan pass being the
longest with 1270 m of passage and Kach Gharra near to
Zairat with a passage length of 353 m and a depth of -127 m.
The latter at an elevation of over 2,200 m asl, near the top of
limestone that is well in excess of 1,000 m thick give an
indication of the depth potential that may exist in Pakistan.

2. Cave exploration 1990 to 2006
Much of the systematic cave exploration in Pakistan has
been conducted from 1990 onwards by British Groups
(Orpheus Caving Club, Derbyshire, UK) working in
Partnership with Pakistani Cavers and Mountaineers based
in Quetta (Brooks 2001).

Figure 1. Siygazi Ghar, Balochistan, Pakistan.
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This was followed by another expedition in 1991 when a
small group of three British Cavers made contact with local
Pakistani Cavers/Mountaineers from the Quetta based
Chiltan Adventurers Association along with good contacts
in the Tribal Area’s of Balochistan in Western Pakistan. In
North West Frontier Province several caves were explored
in the Khyber Pass Area. In the Margella Hills to the North
of Islamabad Mohra Muradu Cave was explored for 148 m.
In Balochistan Pir Ghaib Ghara was extended from 90 m to
250 m, several small caves were explored in the Ziarat Area
and Bartozai Ghar explored for 250 m.

chamber measuring 40 m wide by 90 m long and 580 m of
surveyed passage became Pakistan’s second longest cave.
Other significant finds included Kach Gharra (Kach Cave)
located on the Peil Ghar Mountain (Elephant Mountain) that
contained a 35 m entrance pitch and an impressive 70 m
second pitch. With 350 m of passage and a depth of 127 m
it is Pakistan’s deepest cave to date. In October 2000 the
Pakistan Cave Research Association was formed to further
cave exploration and research in Pakistan. Based in Quetta
this organisation has very close links with the department
of Geology at the University of Balochistan and Geological
Survey of Pakistan also based in Quetta.

November 1994 saw a small team of three British cavers
return to Balochistan and the Margella Hills to the North of
Islamabad. These early expeditions had identified the main
caving areas, which between them had yielded some 2.2
km’s of cave passage divide between 43 separate caves.
Significant discoveries in Balochistan on this trip the
extension of Pir Ghaib Ghara No 1 its previous 1991
surveyed length of 250 m to 512 m and the exploration of
Bartozai Ghara to 330 m in length. Whilst in the Margella
Hills several small single chamber caves were explored
none of which were more than 100 m in length.

The most recent expedition in April/May 2006 saw a total
of 14 caves explored and surveyed to yield 531 m of cave
passage. Significant finds on this visit included Lamboor
Cave situated in the Aghbaragh Mountains to the west of
Quetta that is truly unique in Pakistan being the only known
active resurgence cave that has been found to date.
Although only having 48 m of passage the cave begins as a

October/November 1997 three British and one German
caver joined forces with members of the Quetta (Pakistan)
based Chiltan Adventurers Association as part of the 5th
Pakistan Joint Mountaineering and Cave Exploration
Expedition. Over a three week period 30 new caves were
explored and Pakistan’s longest cave (Pir Ghaib Ghara
No 1) was extended from its previous 1994 surveyed length
of 512 m to a significantly longer 1,270 m. This has firmly
established it a both Pakistan’s longest cave and the first
Pakistan cave to exceed 1 km in length
Figure 2. Vadose Streamway, Lamboor Cave, Balochistan.

November 2000 a team of five cavers from the UK (mostly
from the Orpheus Caving Club, Derbyshire) joined with
members of the Pakistan based Chiltan Adventures
Association (Balochistan) to participate in what was
described as the “7th Pak-Britain Mountaineering and Cave
Exploration Expedition 2000” during which the expedition
explored over 20 new caves in the mountains of the tribal
areas of Balochistan (Western Pakistan). Over the three
weeks of the expedition over 1.7 km’s of new passage was
explored and surveyed. Significant finds of the expedition
included the impressive Murghul Ghul Gharra (Cave of the
Bats Shit) located in the Harnai District that with a large

chest deep canal that opens into a chamber containing a
waterslide and a short section of vadose streamway.
North of the town of Sharigh that lies on the Southern side
of the Ziarat (Khalifat) Mountain range two small dry caves
were explored, Ghwa Ghara (Cow Cave) at 50 m in length
and Sharigh Ghara (Sharigh Cave) at 34 m. At a location to
the North of Sharigh two more caves were explored, Killi
Parri Ghara (Cave) at 94 m in length of passage and many
with fine formations and a second cave, Farishta Wazzar

Table 1. Pakistan Longest and Deepest Caves – May 2013.
Cave Name

Location/State

Surveyed Length

1.

Pir Ghaib Ghara

Balochistan

1,270 m

2.

Murghul Ghul Ghara

Balochistan

580 m

3.

Kach Ghara

Balochistan

353 m

4.

Bartozai Ghara

Balochistan

330 m

5.

Mohra Muradu Ghara

North West Frontier Province

148 m

1.

Kach Ghara

Balochistan

127 m

2.

Maraan Ghar Ghara

Balochistan

52.2 m

3.

Siyazgi Ghar

Balochistan

48.9 m

4.

Shabaz Sah Ghara

Balochistan

33 m

5.

Thaan Ghara

Balochistan

32.2 m

Longest

Deepest
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4. References

Ghara (Angles Wing Cave) began with an 11 m pitch and
again had many fine formations, one of which provided
inspiration for the caves name. In the Loralia Area six small
caves were explored in the remote Draggi valley whilst near
to Loralia itself Pathan Coat Ghara (Cave), AKA Shipana
Ghara (Shepherds Cave) proved to be somewhat larger with
87 m of passage an impressive entrance and a good sized
chamber. On the summit of the impressive Siygazi Ghar
(Siygazi Mountain) Siygazi Mountain Siygazi Pot was
explored and surveyed to yield 102 m of passage. At
2,470 m altitude this is the highest known cave in
Balochistan to date.

Brooks SJ, 2001. Cave Exploration in Pakistan 1990 to 2000,
B.C.R.A. Caves and Caving Spring/Summer 2001, 24–28.
Brooks SJ, 2006. Expedition Report, Pakistan 2006, B.C.R.A.
Speleology August 2006, 26.
Brooks SJ, 2006. Training and exploration in joint Balochistan
expedition. Descent 192 Oct/Nov 2006, 30.

3. Summary
To date there are 127 recorded caves in Pakistan with a
combined passage length of 6,230 m. The sometimessensitive geo-political situation and variable infrastructure
will continue to make the search for caves within its
extensive areas of limestone a challenging experience.
However the positive collaboration that has been formed
between the Orpheus Caving Club (UK) and the Pakistan
based Chiltan Adventurers Association (Balochistan) and
various government agencies is likely to lead to more
discoveries and a better understanding of the Pakistan Karst
and Caves.
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CLUB OF CLIMBERS AS A BASIS FOR TRAINING PROCESS OF CAVERS
Anatoliy Bulychov, Tatyana Sorokina
Novosibirsk State University, Pirogova str. 2, Novosibirsk 630090 Russia, bull@ngs.ru

Abstract. An exploration of Altai and Sayan (Russia) karst massifs by efforts of our Club was began in 1978 and has
given a discovery of the most technically difficult cave in Siberia (Altaiskaya Cave, almost 3 km of a vertical section to
climb up or descents) and the deepest one (Kektash Cave, -350 m), as well as a result in a significant contribution to the
Big Oreshnaya Cave (totally about 50 km length), the longest in the world and complicated, various in structure labyrinth
in conglomerates. All discoveries were possible to perform owe to a special climbing preparation and trainings on a base
of the Club of climbers of Novosibirsk State University. For the exploration needs a geophysical prospecting method was
elaborated to benchmark near surface cavities.
Абстрактная. Исследование карстовых массивов Алтая и Саян (Россия) усилиями нашего Клуба началось в 1978
году и дало открытие самой технически сложной пещеры в Сибири (пещера Алтайская, почти 3 км протяжённость
лазания вверх или спусков) и самой глубокой пещеры (пещера Кёкташ, -350 м), а также внесло значительный
вклад в пещеру Большая Орешная (общая длина около 50 км), самый протяжённый в мире, сложный,
разнообразный по структуре лабиринт в конгломератах. Совершить все открытия оказалось возможным благодаря
специальной скалолазной подготовке и тренировкам на базе Клуба скалолазов Новосибирского Государственного
Университета. Для исследовательских нужд был разработан разведывательный геофизический метод для отсечки
близповерхностных пещерных пустот.

1. Introduction

as a net of cracks and faults significantly developed (Цыкин
1990). Geomorphologic position of cave massif is favorable
for penetration and movement of underground waters.

Peculiarity of caves in Siberia consists in a necessity of
either free or aid rock climbing. Our Club members
appeared to be one of the first in the world who had been
practicing in 70th an aid technique of sheer wall ascents
inside caves (Bulychov 1999). To get to the large subhorizontal storeys discovered one has to climb up as high
as 40–180 m hanging walls using a serious mountain skill.

3. Premise
Our Club was organized as a large group of scientific
researches of Academic institutes of famous Academic town
and students of well-known University who were infatuated
in rock-climbing and cross-country skiing. We preferred to
climb outdoor, so once found out caves in Siberia to be a
perfect object to enjoy a long pitching climbs (one of the
best training ground occurred to be Torgashinskaya Cave
situated near the border of the city Krasnoyarsk). We
noticed having a good climbing skill makes passing of a
sportive route in a cave much faster.

2. Geography and geology
Altaiskaya and Kektash caves are located in 15km to the
north-west from village Kamlak on Seminsky range of
mountainous Altai on the plateau “Clean Swamps”. Altitude
of an entrance is 800 m; basis of erosion is 380 m. Rocks
in caves are presented by dense limestone of low Cembriy
of blue color. Abundant net of faults results in many leveled
complicated system of galleries, passages, former ancient
streams and contemporary rivers.

4. Training routine
Cycles of our training process are conditioned by local
weather. In Siberia usually there is 6 months snow cover,
so a year is commonly divided to a winter season and not
winter one. That’s why we are fond of cross-country skiing
as there is nothing to do else in a sense of moving activity
but in turn, we live among marvellous forest and still can
enjoy a transparent clean air, fir-trees, pines, cedars, lovely
prepared ski treks. Skiing is incentive for endurance and
stamina. So in winter all of us are going for race skiing at
least 3 times a week, least 15–20 km every time, and 1 time
a week is dedicated to indoor rock climbing (2 hours of
pleasant training). In not winter season, contrary, only 1
time a week is devoted to a race cross-country running and
3 times (3 hours every) are disposed to outdoor rock
climbing. Supplementary, every day morning and evening
exercises (half of hour every) are certainly compulsory. The

Big Oreshnaya Cave is located in 3 km to the east from
village with the same name in Mansky region of East
Sayan. Altitude of an entrance is 590 m; basis of erosion is
350 m. The cave is developed in brown-red conglomerates
of Lower Ordovician with significantly contained limestone
and dolomite pebbles filled in gravelites of quartz-calcitedolomite material. There are lots of lakes, streams with
temporary or continuous water flow, several sumps, a
number of gaps, shafts, huge faults, many places with
beautiful draperies and stalactite cascades. Much clayeysand-aleurite material is located everywhere on a floor of
cave passages and grottos (Tsykin 1985). There are no
distinct storeys in the cave. Labyrinth is very intricate,
tangled and too complex. A reason of rare karstification of
conglomerates may be in a high porosity of rocks as well
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least 10 days to spend inside the cave. Huge shafts climbed
up are definitely memorable – Giants (110 m), Birth day
(170 m), named in memory of Olga (180 m), Tube (70 m),
4th Sump (30 m), Sphinx (30 m), Red-White (25 m), Merry
river (several 30 m), Old river (several 40 m), etc.

schedule of trainings is the same for any age of a Club
member (no matter, 16 or 55 years old he/she is), intensity
and loading are relevant to a rank of functional readiness
(usually it depends on an age but not strictly correlated). If
one is a sportsman it is mandatory to pass current medical
reviews and a deep medical exam before every expedition.
Regularity, permanency, execution of prescribed tasks of a
coach appears to be an irrefutable statement of a training
process.

In Kektash Cave in 1997 the final mud sump was overcame
by upper gallery, as a result the deepest point in Siberia was
achieved (-350 m).

Determined daily regime (sleep, work, training, relax),
nourishment (correct and balanced), neither harm habits nor
bad addictions are also necessary to follow.

7. Ethics, philosophy
A sense of caving (and any sport) is implied in our Club to
gain bright colors of life, to be wise and wealthy (spiritually,
of course not to context of money), to sustain a healthy way
of life.

As a rule we proceed mostly a free climbing either leading
or top belay. But recently more aid climbing is demanded.
In cave to ascend 40–180 m hanging face is mandatory to
use a wide range of mountaineering technique such as storm
climbing stairs, telescopic platform, cams, nuts, rock-fifi,
rurks, sky hooks, pitons, bolts, etc. Experienced Club
members are generally prepared to lead on rocks 6c+, 7a,
A2/C2, to ascend in mountains V, TD.

Cruelty in usual sports can result in bruises, damaged joints,
tendons, knuckles, broken bones. We suppose a cruelty
(even meanness) in caving (and mountaineering) is believed
to jeopardize mates or one by instigating to stamped to do
insane brave exploits for vanity. A cost of a mistake made
here can be a lost life.

5. Geophysical method

We advise our young members to never prevail upon
themselves, no heroism but to be sober, prudent and to
enjoy a training process and being on nature. In expedition
one has to be courageous to retreat if ominous danger is
evident or already foreseen. We appeal to overcome a route
not due to a desperate audacity but according to a skill and
experience that are being improved by regular and
persistent trainings.

To benchmark emptinesses situated close to a surface
(5–10 m depth) the seismic-electric effect method was
elaborated (Bulychov 2000). The source of elastic waves is
repeated blow of a heavy sledge-hammer. The working
frequency is 200–500 Hz. The receiver consists of grounded
electrodes and sensitive magnetic film. Compared with
other methods the advantage of the treatment of a signal of
reflected waves in terms of our method is that the signal is
distinctly traced on a receiver in such field conditions
(Sorokina and Bulychov 2000).

8. Conclusions
We have performed a school of cavers as far as our
followers in face of young generation have continued our
life’s work. They have discovered in Altaiskaya Cave by
means of climbing up the new large system “Through
blackthorns to the stars”, found out and explored the new
large “Kat-Shu Cave” near the Teletskoye Lake (Shwarts
2012), investigated many other (not so large yet) caves.

6. Results
Our climbing skill allowed us to make the first significant
success in 1978 in Big Oreshnaya Cave. We overcame up
the waterfall “Adventure” against a water flow and found
spacious system of galleries with rare calcite flowers. In
1988 the author climbed up 70 m sheer wall with a help of
Struchkov Igor and discovered three tremendous systems
“Strem-Lotos-Siberian”. In 1994 the author climbed up
40 m hanging face above the bottom Sump with an
assistance of Badazkov Dmitry and discovered the large
system “Overlake”.

In general speleology and caving have a boundless potential
to bring up young generation in harmony with a peace, to
enhance a social cognition, self-perfecting, feeling a balance
and serenity on nature and in daily life.
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EXPLORATIONS AND DOCUMENTATION ON THE ATEPETACO KARST
SYSTEM (HUEYTAMALCO, PUEBLA, MEXICO)
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1
Gruppo Grotte Milano CAI Sem, Via Volta 22, 20121 Milano, Italy. bos958@gmail.com, marzia.rossi@fastwebmail.it
2
Museo Civico di Scienze Naturali di Bergamo, Piazza Cittadella 10, 24129 Bergamo, Italy. fconfortini@comune.bg.it
3
Unión de Rescate e Investigación de Oquedades Naturales (URION), México DF. ccg_boboli@yahoo.com.mx,
vintor_81@hotmail.com, jesusdominava@yahoo.com.mx, sergioespeleo@hotmail.com, vengati@hotmail.com
4
ANS Le Taddarite, Via Terrasanta 46, 90141 Palermo, Italy. rosi.davi79@gmail.com, marco.vattano@unipa.it
5
SpeleoClub Ibleo, Via Cairoli 41, Ragusa, Italy. angelo.iemmolo@tin.it
6
ECOGEO srl, Via F.lli Calvi 2, 24122 Bergamo, Italy. ecogeo@ecogeo.net
7
Speleo Club Orobico CAI Bergamo Sez. Antonio Locatelli, Via Pizzo della Presolan 15, 24125 Bergamo, Italy.
speleopitufo@email.it
8
GS Bergamasco Le Nottole – Castello della Marigolda,Via Marigolda 11/a, 24035 Curno, Italy. ipogeorge@email.it
9
Department of Earth and Sea Science, University of Palermo, Via Archirafi 22, 90123 Palermo, Italy
marco.vattano@unipa.it

Since 1998, ongoing exploration in the Hueytamalco area (State of Puebla, Mexico) was carried as a joint collaboration
between Italian and Mexican cavers. The results of these activities are summarized in the following paper. In time, several
caves have been explored, the biggest of which have been recognized as belonging to a single karst system, called
“Atepetaco karst system”.
At present the system reaches 12,100 m of total surveyed length and 222 m of depth. However the total length of the
system could be further increased by finding new connections with other caves which shows hydrological connections to
the main system and with new explorations.
The caves referred to the “Atepetaco karst system” are carved in the San Pedro Fm. limestones of the Upper Jurassic,
affected by orthogonal fracture systems and reverse low-angle faults.
Topographic surveys, photographic and cinematographic documentation were collected during each expedition including
geolithological and hydrological analyses in the area (15 km2). Preliminary archaeological and biological observations of
the explored caves were also obtained. Some archaeological findings have been delivered to the University of Mexico City.
Several conferences were organized for the public opinion in order to show the features of the different caves of this area,
and to highlight the issues related to the vulnerability of karst aquifers.

1. Introduction

was connected to Resumidero de Miquizco, the system then
reached 2.3 km with 5 entrances. The Resumidero de
Miquizco and Cuevas Viento – Mama Mia (up to 6.9 km)
systems were only 25 m apart (Rossi et al. 2012). In 2012,
the Cuevas Viento – Mama Mia was connected to Miquizco
system, by overcoming a landslide and a sump. Few days
after, Cueva de Las Lagartijas up to 800 m long was
connected to the same system (Rossi et al. 2012).

In this work, we intend to summarize the main results
achieved during 5 speleological expeditions in
Hueytamalco area, (State of Puebla, Mexico) occurred in
1998, 2002, 2008, 2010 and 2012, in the frame of a project
called Tláloc. During these expeditions, thanks to the joint
efforts of cavers from Sicily, Lombardy and Mexico, many
cavities were discovered.

The latest explorations allowed to better define the
extensions and characteristics of the “Atepetaco karst
system”. Surveys, photographic and cinematographic
documentation were collected including the realization of
geolithological and hydrological analyses of the area
(15 km2).

These cavities were initially explored as independent caves
but subsequently extensively connected to each other,
allowing to delineate a single complex, named “Atepetaco
system”. This system is 12,100 m long and 222 m high. In
1998, Resumidero de Miquizco was explored, discovering
3 entrances with a total length of 1.5 km. In 2002, the Cueva
de Los Cochinos was also explored (500 m of total length).

Preliminary archaeological and biological observations of
the explored caves were also obtained. Some archaeological
findings have been delivered to the University of Mexico
City. In addition, a remarkable sensitization campaign of
the public opinion (on issues related to the vulnerability of
karst aquifers) was conducted.

In 2008, the entrances of Cueva del Viento and Cueva de
Mama Mia were discovered and during the exploration, the
two caves were connected. The length of the system reached
5.5 km with 4 entrances (Iemmolo et al. 2008). In 2010
Cueva del Camarón (600 m), partially explored in 2002,
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2. Geographical and geological settings

Jurassic). This formation is composed of a sequence of dark
grey calicilutites, blandly stratified in parallel beds, with an
alternation of thin marly limestone layers, with lens and
nodules of chert. Occasionally, it is possible to find in the
sequence, layers rich in ammonoids, echinoids, bilvalves
and corals. This formation, is generally sub-outcropping
and visible along road trenches, (e.g., in the proximity of
the Rancho Viejo sink cave).

The site studied is located in the north-eastern zone of the
Puebla State (Mexico) in the proximity of the village
Atepataco, in the Municipality of Hueytamalco. The area is
included between the UTM zone PT 0674000 – 0677000 E
and UTM 14Q PT 2205000 – 2209000 N. It is part of the
tectono-stratigrafic system of the Cuenca Sierra Madre
Oriental of the Terreno Maya. Surface and underground
explorations allowed to recognize the sequences of the
outcropping and sub-outcropping litho-stratigraphic units
(Confortini and Marsetti in press).

The complex of carbonatic rocks is eroded on the top
showing a unconforbable contact with the above volcanic
unit. The unit is located on the central part of the studied

Figure 1. Location and geological map of the investigated area (after SGM – Servicio Geologico Mexicano).

area dipping towards NE with average values between
5 and 10°. The monoclinalic setting of the carbonatic rocks
can be associated to the uplift of the East Cuenca Sierra
Madre occurred during the Cenozoic.

The oldest unity of the stratigraphic sequence is the
Cahuasas Fm (Middle Jurassic, JbjbLm-Cgp in Fig. 1) which
irregularly outcrops in the investigated area. It is composed
of non-karstifiable terrigenous rocks with fine and massivily
bedded pinky-beige sandstones, with clasts of quartz. The
sandstones gradually evolve into reddish marls with thin
beds dipping towards NNE and average value of 15°.

The youngest formation is formed of Cenozoic vulcanites
mainly composed of andesitic tufa and breccias of the
Andesita Teziutlan Fm. (Pliocene, TplA-TA in Fig. 1), and
of ignimbrites with rhyolitc tufa of the Ignimbrita Xaltipan
Fm. (Pleistocene, QpgtIg-TR in Fig. 1).

The following unit, hosting the karst system, is composed
of carbonatic rocks with two distinct comformable
formations in gradual transiction. The lowest formation,
San Pedro Fm, (Upper Jurassic, JkCz in Fig.1), is composed
of a sequence of grey-beige compact layers of calcirudites
with metric thickness. In some isolated cases, white biocalcirudites with gasteropods and broken coral fossils can
be found in the San Pedro Fm. These corals are occasionally
substituted by iron oxides. Decimetric nodules of grey or
black chert can be found at the bottom of the sequence.

The contact with the underlying units is erosional
confirming the existence of a long phase of subaereal
remodelling of the sedimentary sequence. Highly alterated
pyroclastic deposits, with cineritic matrix and centimetric
pomice, can in places overly the summit of the limestone
relief with discontinuous and thin covers. These deposits
can partly fill some entrances of the karst system.

The Atepetaco and Las Piedras villages are located on the
tabular relief belonging to the San Pedro Fm. This relief is
characterized by pinnacular karst. In the estearn sectors, in
the proximity of the Rio La Garita river, the carbonatic
outcrop is delimited by morphoselective scarps ten of
meters high.

2.1. Water analyses
The water analyses (temperature, Ph, conductivity) were
carried out during the surveys of the caves, along the
resurgences located in the proximity of the Rio La Garita
river. The temperature of the air circulating into the caves
varies between 19–21 °C, influencing the temperatures of
the internal waters which vary from 18 in the deepest part
of the caves to few degrees higher, closer to the surface. The
Ph values vary from 6 in the proximity of the surface where

The upper part of the unit, which is not indicated in the
geological map because of the little extensions of the
outcrops in the area, is part of the Pimienta Fm. (Upper
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the waters circulate around volcanic rocks overlying the
carbonatic rocks, to a value of 7.5 in the subterranean waters
of the deepest part of the caves and in correspondence of
the resurgences. The electric conductivity changes from
30 mS for the superficial waters, to 50 mS in the deepest
part of the cave, reaching a value of 170 mS in the
resurgences. A decrease of the ph and conductivity values
can be attributed to water inputs from the surface to the
underground system circulating through the sink caves
and/or dolines.

Table 1. List of the explored caves with total length and depth
indicated. The stars mark the caves referred to the Atepetaco
system.
Cave

Length (m) Depth (m) Year of
exploration
Cueva de las Lagartijas *
800
173
1998
Resumidero de Miquizco*
2,109
120
1998
Cueva de las Cruces
48
13
2002
Cueva del Cocinero
190
67
2002
Cueva de Los Cochinos
983
125
2002
Cueva del Camarón*
672
59
2002
Cueva del Viento*
4,192
111
2008
Cueva de Mama Mia*
4,103
94
2008
Huertas Tri
62
33
2008
Cueva Gloria
53
13
2008
Enchonada
188
29
2008
Cueva de Victor
–
–
2008
Cueva de la Pequeña Agonia 57
6
2008
Sotano del Sendero
173
22
2008
Embudo de Rancho Viejo
250
101
2010
Ojo Escondido
49
36
2010
Embudito de Rancho Viejo
32
27
2010
Pozo Ostia
62
42
2012
Cueva Don Alfredo
363
99
2012

3. History of the explorations
The expeditions of the Tláloc prject in the Puebla State
(Mexico) started as a collaboration between cavers from
Sicily (Speleo Club Ibleo, SCI) and Mexico City (group
Union de Rescate e Investigaciòn en Oquedades Naturales,
URION). In 1998, the area of Teziutlan (Puebla), in the
municipality of Huyetamalco (Puebla) became of interest for
the expeditions. In this area the entrances of two caves, the
Cueva de Las Lagartijas and the Resumidero de Miquizco,
were already known and the latter one, was already explored
for a initial length of 1.5 km (see Table 1 for up to date total
length and depth values of the explored caves).

4. Brief archaeological notes

In 2002, new activities were organized along with
continuing the expeditions into the already known caves.
The caves of Cueva del Cocinero (190 m of total length L,
-57 m of depth D) and Cueva de Los Cochinos (500 m L,
-80 m D), were discovered and explored. Several new
entrances were located among which the entrance of Cueva
del Camarón (Pannuzzo et al. 2003). In 2008, two new
caves were discovered, these caves were named Cueva del
Viento e Cueva de Mama Mia, in a short lapse of time these
cave were connected reaching a total length of 5.5 km
(Pannuzzo et al. 2008; Dominguez-Navarro et al. 2009).

During one of the explorations (2010) of Tláloc project,
several rock shelters were discovered in the surroundings
of a river. Petroglyphs and paintings were founded inside
the shelters. These archaeological discoveries were
analyzed for the first time resulting of great interest for the
studied area. During the last campaign (2012), a cave with
entrance of large dimensions, named “Cueva Don Alfredo”,
was explored. In the interior remains of pottery,
corresponding to pots and cajetes, were founded in
proximity of the entrance. These potteries are associated to
rituals, probably occurring inside the cave, intended as a
prayer to the God Tláloc, for water and rain. It is nowadays
known that these kind of rituals were a common practice in
Mesoamerica. However no proofs of the occurrence of such
activities in the Huyetamalco area were previously
anywhere reported. The cultural group who inhabit these
caves is still not known. The only evidence is that these
findings can be attributed to periods previous to the Spanish
conquest, between 1000 and 1500 A.D.

A continuous exploration activity was carried out in 2008,
especially focussing on the Resumidero de Miquizco and on
the Cueva de Los Cochinos (explored for a further kilometer
in depth and reaching -80 m). Meanwhile three new small
caves were discovered (Huertas Tri, Cueva Gloria,
Enchonada). In 2010, the new-born system, Cueva del
Viento – Cueva de Mama Mia reached 6.9 km of total lenght
with 4 entrances. A distance of 25 m divides this system
from the Resumidero de Miquizco which, thanks to the
junction with the Cueva del Camarón and new explorations
campaigns, reached a total of 2.5 km and 5 entrances.
Surface search activities allowed to discovered new minor
caves such as the Cueva de Victor, the Cueva de la Pequeña
Agonia, the Embudo de Rancho Viejo.

5. The caves
The Atapetaco karst system (Fig. 2) is located along a
monocline blandly inclined towards nord-east in
correspondence of the contact between the carbonatic rocks
and the non-karstifiable substratum. This system was
divided into three main sub systems of major caves
spreading on two main levels and characterized by large
rooms (Resumidero de Miquizco, Cueva de Mama Mia e
Cueva del Viento). Along with the main system, several
minor caves have been explored and occasionally connected
with other caves previously explored.

In 2010, the Sotano del Sendero, discovered in 2002, was
explored again. Last expedition occurred in April 2012,
when the exploration of the Embudo de Rancho Viejo
(-75 m D) and the Resumidero de Miquizco was completed
with the latest being connected with the Viento – Mama Mia
system. In addition, the exploration of the Cueva de Las
Lagartijas (L 800) was completed and connected to the
above mentioned system. The connections of the different
systems and caves allowed to delineate a new system called
Atepetaco which reaches a total length of 12 km and depth
of 200 m (Fig. 2; Tab. 1).
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Figure 2. 3D view of the Atepetaco karst system.

The main branch of the cave shows a series of large
breakdown rooms, one of which characterized by the
presence of two twin shafts (Sotanos de los Ojos), 70 m
long from the surface (Fig. 3). The junction with the Cueva
del Camarón is located in the eastern sector of the cave,
while along the main branch and following the underground
river, it is possible to reach the sump which is in connection
with the Cueva de Mama.

5.1. Resumidero de Miquizco
Il Resumidero de Miquizco is a sink cave located at the end
of a blind valley which is characterized by a vertical wall
70 m long. This active cave is fed by a river with a capacity
that, even in the dry seasons, reaches few hundred meters
per second.

5.2. Cueva del Viento
The Cueva del Viento is located at the bottom of a rock
scarp 20 meters high. The main passage is a gallery with
large dimensions and the floor, along which a small stream
of water flow, is covered with thick clay (Fig. 4).

Figure 4. Cueva del Viento. Gallery showing an orthogonal
fracturation system on the roof (Photo A. Corna).

Below the gallery a more recent systems of branches are
located showing a pattern strongly influenced by the
fracture systems of the host rocks. These branches are
active, with the waters coming from several secondary
branches which often show a loop pattern.
The secondary branches are connected with several cavities
located upwards of the Viento portion as shown by the
discovery of the junction between these branches and the

Figure 3. Resumidero de Miquizco. Large chamber in
correspondence of the Sotanos de los Ojos (Photo M. Vattano).
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is characterized by a narrow passage which gives access to
a shaft 33m deep (Pannuzzo et al. 2005). A gently dipping
gallery is located at the base of the shaft. This gallery
follows the same tectonic direction towards which the
galleries of entire Atepetaco System inclined (NNW-SSE
and NNE-SSW). From the base of the shaft it is possible to
go upstream, and downstream into the cave. In both
directions, a small underground river can be found.

Cueva de las Lagartijas and Resumidero de Miquizco.
Several small passages connect the lower active conduits to
the upper inactive galleries. Between these galleries, the
Pomice, is characterized by a pond with floating pumice
fragments and connected with the Asuncion shaft (50 m,
connected with the external surface). Another gallery, called
the Puzzone lake, feed the stream that converges towards
the resurgences, and a sump which is presumably connected
with another small resurgence located between the entrance
of the Cueva de Mama Mia and the Cueva del Viento. A
gallery of large dimensions is located along the main
passage (12 m long, 8 m high). This gallery is characterized
by a roof showing a clear system of fracturation of the host
rock (Fig. 4). At the end of this gallery it is possible to reach
smaller passages among which, the one in connection with
the Resumidero de Miquizco, can be found. A large room,
(Salon Pack, 30 m wide, 15 high and 70 m long) opened
along the main passage, is in connection with the Cueva de
Mama Mia.

The upstream portion of cave is composed of a series of
potholes and small climbs becoming impracticable, after
about 100 meters from the base of the shaft. The
downstream portion is longer and more complex and, as the
upstream, characterized by small jumps and potholes. The
initial part leads to a chamber with breakdown blocks which
almost completely block the room. These chaotic deposits
can be overcome only passing through small passages after
which the gallery continues with its trend of short jumps
and water flows. After a small passage, the cave changes its
appearance and the gallery tends to go low and wide until
reaching a 15 m deep shaft. After the shaft, greater amount
of waters can be found in the rooms of the cave. These
water flows can be bypassed following a path composed of
a sequence of jumps followed by a chamber filled with
breakdown deposits. After these deposits the galleries
continues until it ends up narrowing. The water flows enter
through a narrow slot in the proximity of which two small
not practicable passages can be found. The total length of
the cave reaches about 1,000 m with a depth of 80 m. The
topographic surveys of the cave show that the Cueva de los
Cochinos is connected to the Atepetaco system, with only
a few meters missing to be connected with the Cueva del
Viento in the Rio Negro branch. This part of the Atepetaco
karst system is the closest to the scarp which constitutes the
eastern boundary of the carbonatic outcrop.

5.3. Cueva de Mama Mia
The Cueva de Mama Mia is the main resurgence of the
Atepetaco system. The cave is characterized by imponent
rooms created by waters flowing inside the caves, which in
period of flood, reach considerable capacity. From the
entrance, characterized by breakdown deposits, it is
possible to walk through large galleries entirely carved by
scallops. Contrary to the Cueva del Viento, the main passage
is active and located at lower altitude. Large inactive rooms
and breakdown chambers are located, in the southern sector
of the cave.

5.5 Cueva de las Lagartijas
Not far north from the Atepetaco village, a stream enters a
small blind valley, forming the Cueva de las Lagartijas. The
first part of the cave, about 165 m, was already explored in
1998, up to a narrow passage impossible to overcome. This
portion of the cave is characterized by a slightly dipping
gallery, interrupted by small vertical jumps of a few meters
of depth. The gallery follows the stratigrapich bedding. The
water flows modelled the gallery which nowadays show a
section with width larger than the height. The eastern
portion is also characterized by a short secondary branch in
which the water still flows. During the 2012 explorations,
the narrow passage that had stopped the previous
exploration, was exceeded. After these passages the general
patter of the caves follows a wide and low conduct even if
occasional wider rooms can be found along the path. The
cave is characterized by homogeneous forms until reaching
a fissure between speleothems after which there is
crossroads. After few meters, the section of the eastern
branch of the cave becomes non practicable because of the
significant narrowing of the section. The western branch
instead continues with portions of different width, until a
narrow horizontal passage called “paso de los 60”. Only
petite cavers (those who weight less than 60 kg) were able
to overcome the passage. This ends in an 8 m shaft, the only
one in the cave that requires the use of ropes. From there

Figure 5. Cueva de Mama Mia. Main active flooded gallery
(Photo A. Corna).

In the active passage towards the west, smaller passages and
ponds with shrimps and small fishes coming from outside
the cave, can be seen. This sector of the cave is
characterized by large chambers until reaching a vertical
jump which gives access to the water (Fig. 5). Here the
passage is blocked by a breakdown which does not allow
any further prosecution precluding the possibility of finding
another connection with one of the branches of the
Resumidero de Miquizco.
5.4. Cueva de los Cochinos
The entrance of the Cueva de los Cochinos opens on the
side of the deepest zone of a collapsed doline. This entrance
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forward, the dimensions of the gallery increase, because of
the confluence of several water flows and thanks to tectonic
discontinuities that have forced a vertical development of
the rooms.

“Atepetaco karst system” as a system characterized by
active galleries sized by the maximum flood and with a
rapid circulation of waters.
During the 2012 expedition, a paper was written in
collaboration with some exponents of the local villages, and
subsequently distributed to the municipal authorities and
rest of the population. The text, aims not only to illustrate
the caves of the karst system, but also suggests norms and
behaviors to adopt to safeguard the caves when accessing
them. For the protection of these environments, in order to
minimize pollution of both surface and karst systems, the
exploration team has also tried to organize campaigns of
sensitization for the local population.

The stream, flowing on an inclined plane, ends up in a
striking waterfall and generates one of the most remarkable
sector of the cave. Passing the waterfall, numerous
speleothems (e.g., stalactites, columns, stalagmites and
white flowstones) can be found (Fig. 6).

The activities in the Atepetaco area have yet to be continued
in order to complete the exploration of the secondary
branches of several caves already known and also to
connect different caves for which the connection is, at
present, only hypothesized. These explorations will allow
us to obtain a complete knowledge on the system, which
will be used in future surveys in adjacent areas.
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Figure 6. Cueva de las Lagartijas. Gallery characterized by white
speleothems (Photo G. Gurrieri).

The gallery leads to a last room where a narrow downward
fracture is in communication with one of the branches of
the Cueva del Viento. The total depth is 173 m and the total
surveyed length is 800 m. Several other secondary branches
will be explored in future expeditions

6. Discussion and Conclusions
Years of explorations enabled us to identify, although still
in a non-definitive way, the structure and features of the
“Atepetaco karst system”. This system is entirely developed
in the limestones of the San Pedro Fm. (Upper Jurassic)
with passages slightly inclined, and parallel to the main
discontinuities of the host rock, (i.e. fracturation, bedding
and low-angle reverse faults).
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JULIAN ALPS, SLOVENIA

1

Matthew D. Covington1,2, Matic Di Batista2
Department of Geosciences, University of Arkansas, Ozark Hall, Fayetteville, AR 72703, USA, mcoving@uark.edu
2
Društvo za raziskovanje jam Ljubljana, Slovenia

During the fall of 2010, we discovered a small blowing hole in the forests above the plateau Pokljuka in the Julian Alps
of Slovenia. The air flow was impressive, but it appeared that a lot of work would be needed in order to make it human
size. A little less than a year later, we returned to the site to try a bit of digging and see what we could find. On five different
days during fall of 2011 we returned to the blowing hole to dig. Most of the work simply required removal of loose rocks
and debris that had likely filled the hole as a result of frost shatter. Our biggest challenge was that the unstable walls of
debris were frequently collapsing back into the dig, requiring us to remove much more material than would otherwise be
necessary. We were beginning to wonder whether the effort was sustainable, when on the fifth digging effort we made an
initial breakthrough into a small chamber and a narrow meander passage beyond. The cave continued as a narrow meander
with a few small free climbs for about 100 m before we reached the first pitch. From there, the cave began to descend
rapidly, but at the bottom of every pit we found another narrow meander that we had to negotiate before reaching the next
shaft. Over a few months of exploration, the cave reached a depth around 150 m, where it became more horizontal.
Exploration beyond this point was initially quite challenging due to narrow passages, but eventually we found a way
through to a nearly kilometer-long fossil meander passage that gradually descended into the mountain. Currently, the cave
is 429 m deep and 1,731 m long, making it both the longest and deepest cave on Pokljuka. The current bottom of the cave
is at a sump, and ongoing efforts are attempting to follow the airflow and find a bypass. Many side passages and upper
levels remain unexplored. In addition to efforts in the main cave, time was spent searching for other caves in the area. In
particular, the direction of airflow suggests that the main entrance is a lower entrance, and many possible cave entrances
have been located on the plateau above the cave. The depth potential of the area is approximately 1,000 m.

Figure 1.California Dreamin’, the deepest pit in the cave. Photo
by Matic Di Batista.

Figure 3. Squeezing through narrow passages at -150 m. Photo
by Matic Di Batista.

Figure 2. West-east profile of the cave.
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This exploration report combines a brief introduction to glacier caves and their relevance to glaciology with summaries
of recent expeditions in the Arctic (Svalbard) and the Himalayas (Nepal). In the fall of 2012, as part of multi-year research
efforts, team members undertook caving expeditions to caves in the glaciers of Svalbard and in the Ngozumpa glacier in
the Khumbu region in Nepal. A number of caves were explored and mapped. The main objective was to collect data to
better understand the formation of such caves and how they relate to the glacial hydrologic system.

Figure 1. Sitting in front of a cave entrance on the debris-covered Ngozumpa glacier. Photo: David Ochel.

1. Background

and timescales of glacier cave formation is important for
predicting the response of earth’s glaciers to future climate
change.

Glacier caves are formed by glacial melt water draining
along fractures, into moulins, and along the beds of glaciers.
Frictional heating within the water leads to melting of the
ice, enlarging passages to form an efficient flow system.
Glacier caves play an important role in determining the
sliding speeds of glaciers, since they are one of the factors
that control water pressure at the bed of the glacier. Large
pulses of melt water can lead to water backing up within
the system, building up large pressures beneath the glacier.
These large water pressures can lead to faster glacial sliding.
On the other hand, once glacier caves form an efficient flow
system, melt water can be routed through the glacier
without creating such high pressures, and glacial sliding
rates will decrease. Therefore, understanding the patterns

2. Svalbard Expedition
Ken Mankoff, a PhD student from the University of
California – Santa Cruz, organized the expedition to
Svalbard. Jason Gulley and Matt Covington assisted with
the field work and logistics.
The main objective of this expedition was to construct a 3D
model of a cave system for later use in fluid flow
simulations. The field site was Jaskinie Ptasiego Mozdka,
a cave near the Polish Polar Research Station that reforms
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The team of four cavers (Jason, David Ochel, Vickie Siegel,
Pati Spellman) spent two weeks in the Sherpa village of
Gokyo (4,790 m elevation), which offers easy access to the
southern part of the glacier. About a dozen potential cave
entrances were identified and checked during that time,
leading to the exploration of four caves.
One cave was confirmed to have been surveyed in 2009,
and had experienced multiple modifications since then
(development of a new passage, plugging of a previous
entrance). Another cave, well decorated, is pending
confirmation as to its existence in 2005 and 2006. Two new
caves were found – one insignificant in size, but well
decorated; the other with more vertical development than
had been previously experienced on the glaciers in the
Solukhumbu district.

Figure 2. Vertical cave entrance on the Fugle Glacier in Svalbard.
Photo: Jason Gulley.

annually on the Fugle Glacier. In addition to a traditional
cave survey, data was collected to construct 3D models of
the cave using two different, recently developed techniques.
One technique employed an Xbox Kinect as an inexpensive
3D scanner. This allows millimeter-resolution data to be
collected and later stitched together into a single model.

Figure 3. Using an Xbox Kinect to survey a cave. Photo: Jason
Gulley.

The second technique employed an algorithm called
Structure-from-Motion, which combines large sets of
photos using pattern recognition techniques and weaves
them into a 3D model. Several thousand photos were taken
in the cave for this purpose, and the technique produced
stunning results.

3. Nepal Expedition

Figure 4. In a cave on the Ngozumpa. Photo: Jason Gulley.

In November 2012, Jason Gulley led an expedition to the
debris-covered Ngozumpa Glacier in the Khumbu (Everest
region) of Nepal. The objectives included:

In addition, the team assisted the non-profit organization
GlacierWorks (http://www.glacierworks.org) in their video
and photographic documentation of the scientific relevance
of glacier caves. Videos and photos from the trip will be
used to create educational material about research on
Himalayan glaciers.

1. Perform reconnaissance on the glacier to determine how
recent expansion and deepening of supraglacial lakes had
affected cave formation processes. Additionally, we
sought to determine how many caves that had been
mapped on previous expeditions in 2005, 2006 and 2009
had survived lake basin expansion.
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The extensive and virtually untouched karst of the Shan plateau is well known from literature. Access is very difficult due
to common regional unrest causing travel restrictions in combination with a very limited road network. Few investigations
have been carried out since independence in 1948, notably those by Dunkley (1988), Mouret (1995–98), Bence (1998)
and La Venta (2004–05). This series could be continued by four expeditions from 2010–12 within the Myanmar Cave
Documentation Project in cooperation with Myanmar authorities. Caving areas near Hopon, Ywangan and Pinlaung were
visited confirming the presence of larger river cave systems. In total 44 caves with an overall length of 16.9 km were
documented and new longest and deepest caves of the country discovered. These are Khau Khaung (Ywangan) with
2,355 m length and Mai Lone Kho (Pinlaung) with -160 m depth.

1. Introduction

The table below gives an overview of the ten longest caves
of Myanmar. It shows that only few caves of significant
length are known despite the addition of several new caves
over the last years.

Only a few regions on Earth are more unknown than
Myanmar with regard to their speleological potential. This
is due to the long chosen international isolation of the
country, the absence of local speleologists and the difficult
access to the mostly remote karst areas. First knowledge
about caves originates from British colonial times where
caves were used for weekend outings. Kusch (1987)
provides a very good summary based on literature from this
period. A significant step was the discovery of prehistoric
paintings and excavations in Pindaya (also Pindah-Lin)
cave in 1960 by geologist U Khin Maung Kyaw.

Table 1. Longest caves of Myanmar with year of survey.
No.

Cave

Location

1
2

Ywangan
Taunggyi

8

Khauk Khaung
Mondowa Gu
Hopon Spring
Cave
White water
Buffalo and Tiger
Cave
Happy Monk
Cave
Leikte Gu
(active)
Maung Nyunt
Sinkhole
Naung See cave 2

9
10

3
4

The first modern investigations were by small teams in
reconnaissance style and took place from 1988 onwards:
Dunkley succeeded to use a window of opportunity for a
five day visit (Dunkley 1989) before the country closed
again. Mouret did intensive scouting while living in Yangon
in 1995 and Bence followed up by a systematic expedition
focusing on the Shan plateau (Bence 1998). Afterwards
visits by bat researches from the Harrison institute in the
UK (Bates 2004) enhanced the knowledge about the extent
of karst in Myanmar. These contacts were later used for two
expeditions of the Italian La Venta team to the Shan plateau
in 2004 an 2005, but these stopped afterwards since
permission could not be regained. The findings of these
groups were encouraging and indicated that Myanmar
possesses potential for long and deep caves comparable to
its neighboring countries.

5
6
7

Length
(m)
2,355
1,770

Surveyed
2012
1998

Hopon

1,655

2011

Hopon

1,343

2010

Hopon

975

2010

Kalaw

960

1998

Pinlaung

900

2005

Kutkai

859

Sadan Gu

Hpa-An

800

Barefoot Cave

Hopon

718

2011
2009
(1995)
2011

The objective of this article is to summarize previous
findings and report the results of speleological expeditions
to the Shan Plateau from 2010–2012. A geological overview
is followed by descriptions of the major caving areas and
conclusions with an outlook on the further caving potential.

The slow opening up of Myanmar with the intention to
promote tourism has created a favorable situation and lead
to a first contact at the International Tourist Fair in Berlin
in 2008. A personal introduction of a cave documentation
project followed in September by J. Dreybrodt based on the
experiences of the Northern Lao – European Cave Project
in the neighboring country Laos. This triggered the first
speleological reece to Hpa-An in Kayin state project a few
month later in January 2009. Afterwards several expeditions
lead by the authors focused on to the largest karst area of
Myanmar – the Shan plateau. The Myanmar Cave
Documentation project was then formed in its current state
to guarantee well documented expedition results as base for
future research activities of other groups and institutions.

2. Geography and Geology
The Shan Plateau, in the east of Myanmar, is approximately
600 × 500 km, and has the most extensive area of karst in
the country (Fig. 1). It consists of a complex series of
mountain chains and plateaus with an average height of
900–1,200 m. It rises abruptly from the central Myanmar
plain and comprises granite and gneiss with limestones,
clays and alluvium covering the bedrock. The limestone,
often called “Plateau Limestone” or the “Shan Dolomite
Group” has a thickness of more than 2,000 m in places. It
is mostly from the Carboniferous to Lower Triassic period,
with some earlier Ordovician elements and has underlying
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Figure 2. Karst landscape east of Taunggyi with N-S facing ridges
visible on the horizon.

for caves. Few roads cross the plateau, mainly linking major
cities like Mandalay or Taunggyi with important MyanmarChina border crossings for intensive trade. These roads are
only partially tarred and road works are common. Side
roads are dust roads and travel speed can be very low;
taking considerable time (measured in hours) for only few
10’s of km. In addition overnight stays are permitted only
in foreigner licensed accommodation, which are scare in
remote caving regions and therefore special permits are
required.
The Shan region is divided in three administrative states:
Northern Shan with the capital Lashio, Eastern Shan with
Kentung and Southern Shan with Taunggyi. These are again
divided in town ships that were historical ruled by local
leaders called Saopha. This local hierarchical structure
persists until today and large areas are self administered and
restricted for foreigners. Accessible are the roads from
Mandalay to Lashio and Taunggyi and the tourist area
around Inle lake. Most of South and East Shan state areas
require special permissions. The following sections give an
overview of visited areas, their regional settings and
presence of caves (Fig. 3). These areas are:

Figure 1. Limestone area of Shan States in Myanmar.

Devonian strata. Recently, a more detailed stratigraphic
assessment has been made (Oo et al. 2002), which divides
the carbonates into two main units: the Thitsipin Limestone
Formation (with five main sub-facies) passing transitionally
upwards into the Nwabangyi Dolomite Formation (with
four sub-facies). The presence of these abundant carbonate
beds has a major impact on the scenery in the Southern
Shan States, leading to “dramatic scarp and ridge scenery
and with spectacular karstic features” (Fig. 2). It is
characterised by a series of rounded ridges, N–S oriented
along the dominant structural trend, which separate
different basins flowing southward. The ridges are made up
mainly of carbonate rocks where a well-developed karst
landscape occurs.

• Kalaw, the most visited caving area
• Pinlaung, 40 km south of Kalaw in the same ridge
(restricted).
• Nyaungshwe, east of the Inle lake
• Hopon, 25 km east of Taunggyi (restricted)
• Ywangan, north of the famous Pindaya caves (partial
restricted)
• Lashio and Kutkai (restricted)

The Shan plateau shows many of the typical geomorphic
features of tropical countries. Topography is controlled
mainly by lythology: where clastic rocks outcrop, the
landscape consists of rounded hills, with a thick cover of
soil, conversely, in the carbonate areas the relief displays
abrupt ridges, conical hills and large closed depressions.
The carbonates that form the Shan Plateau also form a
natural geographic break between the elevated and cooler
plateau states and the hotter lowlands to the east. The
Salween river limits the area to the east though it is not
proven if further areas of lime stone are present. British
expeditions to the Myanmar border in Yunnan confirmed
the presence of regional well developed lime stone areas
with large river caves and Tiankengs (Talling 2012).

3.1. Kalaw
The significance of the area comes from its relatively easy
access for the first expeditions of Mouret, Bence and La
Venta. Historically it is a well known British hill top town
for escaping the hot summers in the plain. The town sits at
1300 m altitude on the northern end of a large limestone
ridge with scenic hills and deep valleys in the south and
west. Several small caves are located in easy reach of town
and were the first visited (Leikte Gu ie.). They vary from
fossil caves with conglomerate ceilings to sink holes with
active streams. Several river caves were found mostly south
and west of the town by the La Venta expeditions which
require steep descents of about 400 m down to the valleys
(Fig. 4). Due to the difficult access by road and trail the

3. Karst Areas
Access to the vast area of the Shan plateau is one of the
limiting factors in obtaining an overview of the potential
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traversing one of the ridges (The Shwe Cave). The main
sinkhole is reached by few hours walk and the
disappearance of a major river confirmed. However the
50 m pitch with a waterfall and porous walls could not be
descended and remains a challenge.

Figure 3. Geographical map of the Shan states. Visited caving areas
are marked by black circles: 1 Kalaw, 2 Pinlaung, 3 Nyaungshwe,
4 Hopon, 5 Ywangan, 6 Lashio, 7 Kutkai.

Figure 5. View over Pinlaung towards the main lime stone ridges
in the west.

The 2012 team focused on the immediate surroundings of
Pinlaung. Six caves of a few hundred meters length were
surveyed. These are the caves 5 km north-west of town near
the village Minbu: Nanpa Gu (322 m), Bilu Chaung Ye
Hwut Gu (340 m) and Kyan Lin Gu (277 m).The visit to
the eastern hills with a communication station on top proved
also successful. A large entrance of 40 m height and 80 m
width was spotted from its top and visited (Fig. 6). A large
day light chamber slopes down followed by two pitches
until the cave ends in a lake at -160 m. With all side
passages Mai Lone Kho Cave is 545 m long and is now the
deepest cave of Myanmar (Fig. 7). Similarly Zee Yauk cave
is just close by along the same ridge with a depth of
-110 m. The nearby village Hti Hwali has two other cave
entrances with immediate pitches which were not
descended.

caves are not fully surveyed, mostly the entrances have been
recorded and the first hundred metres checked.

The whole area requires a more systematic investigation,
including exploration of known open leads.

Figure 4. Hiking west of Kalaw down to the river cave Twin ii Gu.
The next N-S facing ridge is clearly visible.

3.3. Nyaungshwe

Two caves were revisited near Pinwon 12 km south east of
Kalaw close to the rail way tracks in 2012. The Twin ii Gu
fossil and river cave were surveyed to a length of 282 m
and 490 m stopping in a wide open river passage with wind.
A train ride confirmed the assumed further potential for
caves especially near Sindaung station about 10 km south
of Kalaw.

Nyaungshwe is the main tourist town on Inle lake. The
caves are commonly known and used by monasteries for
religious purposes. The area is on the border to the selfadministered restricted Pa-O area were other caves are
mentioned by local guides. In 2012 six caves 10 km east of
Nyaungshwe were surveyed with the longest being Hta Ein
Gu (260 m) and Ye Htout (235 m).

3.2. Pinlaung
3.4. Hopon

A large sinkhole was seen during the domestic Yangon to
Heho flight by the 2005 La Venta expedition. This seems
to be the same sink hole already mentioned by Dunkley
(1998) near Pinlaung. It was immediately visited by a subteam. Geologically the area is in the same N-S ridge as
Kalaw. The city of Pinlaung is nestles nicely in a karst
valley and offers a convenient base for exploration (Fig. 5).
It is known for its cold weather at 1,400 m altitude. Large
river caves were found near the village of Phinton partially

The project became aware of this area by a travel related
article in a domestic in-flight magazine. The impressive
pictures of large well decorated halls triggered two
expeditions in 2010 and 2011. It is the most systematic
investigated and best documented region in the Shan states.
The reason is a mystic cave called Tham Sam that is
converted into a budddist shrine of the Pa-O tribe about
35 km east of Taunggyi near Hopon.
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Figure 8. Approaching the karst hills near Parpant.

Figure 6. Descending to the large entrance of Mai Lone Kho.

been extensively modified and levelled to accommodate
Buddha Statues and mystic animals. Nearby is beautiful
decorated Kyauk Sa Gu (Stone Scripture Cave, 313 m)
which has its name from sinter columns appearing through
a sky light like frozen stone slabs. Barefoot cave on the
opposite side of the valley is an active river cave of 718 m
length with two entrances. The resurging river enters into
Tham Sam Cave after a short distance.

Figure 7. Map of Mai Lone Kho.

Two areas are distinguished: a.) the Parpant area 8 km north
east of Hopon and b.) the Htam Sam area 15 km along the
main road. The Parpant area is at 1,200 m on the plateau
and consists of round shaped hills with fields in the plain
(Fig. 8). The well decorated passages form through caves
limited by the extension of the hill. The longest are White
Water Buffalo and Tiger cave (1,343 m), Happy Monk Cave
(975 m), Htam Kong Kiamg (654 m) and Hopon Spring
Cave (1,655 m). Hopon Spring Cave is well known from
its resurgence near the main road and public bathing and
washing place. A larger portal of 30 m width and 10 m
height opens up after a steep climb of 10 minutes. At the
bottom of the entrance chamber is a river passage that has
to be swum for 120 m until a dry water fall is reached. After
a technical climb of 5 m the main passage of about 10 m
width with strong wind is reached. It has a cascading active
stream which had in January a discharge of 2.4 cbm/s. After
about 1 km a surface shaft of 45 m depth connects. The
passage becomes narrower and sumps after 600 m.

Figure 9. The entrance of Tham Sam in 2011.

Tham Sam cave is located in a valley close to the main road
to Tachilek. It is made accessible by a new side road directly
in front of the entrance providing access to the Buddhist
pilgrims who come to pray at the cave (Fig. 9). The cave is
surveyed to a length of 584 m until an artificial lake.

Figure 10: Map of Tham Sam with the end lake on the left.

The further passage is blocked by a brick wall and access
is restricted (Fig. 10). It is said the cave continues beneath
the mountain for few more hours. The floors and walls have
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3.5. Ywangan
The Project first visited this area when on route to Lashio
from Taunggyi in 2011. Views from the expedition vehicle
suggested the region was karstic, which was substantiated
by subsequent geological research (Garson et al. 1976). As
a result this became the main focus of an expedition in
2011/2012. Fifteen entrances were located during the trip,
the highlight of which was Kyauk Khang (Fig. 11),
currently the longest known cave in the country at 2,355 m.
Ywangan is situated near a seasonal lake. This is reported
to fill up following the rainy season but with a slight lag.
This is interpreted to be a feature similar to the Irish term
“turlough”, being a karstic seasonal lake. However, it is
possible that there are superficial quaternary sediments in
the fertile basin around Ywangan which complicate the
local hydrogeology. Apart from the lake there are few
surface water features. In a number of small caves a shallow
local water table was encountered with the appearance of
cave adapted fish species. These areas do not appear to have
extensive large cave passage development, although
underlying rock is karstic.

Figure 12. The map of Kyauk Khang cave.

3.6. Lashio

The main cave explored during the expedition, Kyauk
Khaung, is a river sink in the Thitsipin limestone. Strangely,
the flow of water gradually reduces through the cave. It is
also not known where the water from the cave resurges,
although a closed basin of 5 km to the north is one
possibility. Kyauk Khaung contains extensive, large and
well decorated fossil galleries (Fig. 12). There are a number
of locations at which the cave is ongoing.

The area around Lashio was briefly visited in 2011 and
2012. It takes considerably time to reach it and is one long
day travel from Mandalay. In 2011 a significant resurgence
cave called Htam Nam Lay was identified near the village
of E-nai, approximately 15 km north and west of Lashio.
Study of satellite photography suggests this river cave could
be a through trip across one of the significant N-S trending
limestone ridges. However, it was soon determined that
access to Htam Nam Lay was practical only by motorbike,
which given the limited time meant the cave could not be
explored. The intention was to complete these tasks the
following year. However, regional instability prevented a
return in January 2012.

The majority of the other caves explored around Ywangan
appear to be within the Ordovician Doktoye Limestone
formation and are not so well developed.

The 2012 team instead mapped a few caves immediately to
the south of Lashio, some only 5 km from the city
centre.Three caves near the village of Khaung Ka are
located in an isolated limestone hill and comprise complex
interconnected passageways giving a high overall passage
density. The maximum length of these three caves is
207 m. Less than 1km to the north a small river cave, Lim
Nho was also mapped to 589 m length. However, there does
not appear to be significant carbonate deposits in the areas
immediately around the city. All the caves visited to the
south of Lashio are of spiritual significance.
3.7. Kutkai
In 2011 a reconnaissance was made in the area around the
town of Kutkai. The small town is an important staging post
on the trade route to the border with China at Muse. Access
to the area is restricted and it was not possible to visit all
the target areas around the town. The presence of carbonate
rocks both to the north and southeast of the area was
confirmed.
Approximately 2 km to the north of Kutcai is an area of
closed depressions within low relief. Here Naung See
2 cave was mapped to 859 m in length. The cave is a
complex mix of dry fossil galleries and small active
streamways. The cave clearly contains a substantial volume

Figure 11. The entrance to Kyauk Khang cave.
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TEN YEARS OF EXPLORATION AND OVER 100 KM OF CAVES
SURVEYED IN NORTHERN LAOS
Joerg Dreybrodt, Michael Laumanns, Helmut Steiner
Northern Lao – European Cave Project
joerg_dreybrodt@yahoo.de, michael.laumanns@bmf.bund.de, helmut.steiner@hoehlenkataster-hessen.de
The karst areas of northern Laos have been systematically investigated by the “Northern Lao-European Cave Project”
since 2002. Annual cave expeditions were conducted in eight regions of five different provinces. These regions host a
variety of karst landscapes ranging from highly karstified areas to tower karst and high altitude limestone plateaus. Major
river caves of several km lengths were found including the Tham Chom Ong System in Oudomxay province. With a length
of 17,150 m it is currently the 3rd longest cave of Laos and 10th longest in Southeast Asia. The total length of surveyed
passage reached in 2012 was over 103 km with a total of 254 caves. The cooperation with authorities, villages and
international development projects proved to be very useful and is one of the main reasons for a variety of research results
in cave documentation, ecotourism development, paleoclimate studies and biospeleology.

1. Introduction

significant cave each year is apparent. The longest cave
found so far is the Tham Chom Ong System (Oudomxay
province) with a total length of 17,150 m. It is currently the
10th longest cave in Southeast Asia and the 3rd longest in
Laos.

The Northern Lao-European Cave Project is an
international group of speleologists with the mission of
sustainable exploration and documentation of the major
caving areas of northern Laos. This is achieved by:

Table 1. The longest caves of northern Laos.

• inviting interested cavers to participate
• fruitful cooperation with the local authorities and
international development projects
• including local villagers as scouts and guides
• maintaining good contacts with other active caving groups
in Laos
• strictly publishing all results
Apart from the famous tower karst of Vang Vieng, which is
a domain of French colleagues and therefore not covered
by this article, northern Laos for many years was a blank
spot on the caving world map as most speleological
activities focused on the Khammouane karst in central
Laos. However, in 2000 a Dutch expedition achieved some
good discoveries in the Luang Prabang province with
7.4 km of passages surveyed in 16 caves (Eskes et al. 2004).

No. Cave name

Location

1
2
3
4
5
6
7
8
9
10

Oudomxay
Oudomxay
Vieng Xai
Sayabouli
Vieng Poukha
Vieng Poukha
Vieng Xai
Phou Khoun
Vieng Poukha
Nong Khiaw

Tham Chom Ong
Tham Na Thong
Tham Nam Long
Tham Nam Lot
Tham Nam Eng (resurgence)
Tham Nam Eng (fossile)
Tham Nam
Tham Seua / Tham Nam Lot
Tham Pasat System
Tham Doun Mai

Length
(m)
17,150
5,010
4,981
3,560
3,460
3,120
3,064
2,650
2,332
2,090

Explored
2009–2011
2010
2007–2008
2011
2005
2005
2007–2008
2005
2005–2006
2012

This article provides an overview of the geo-settings, the
visited areas, major caves and exploration results from
northern Laos as well as biospeleological studies.
Furthermore the attitude of the Lao people to their caves is
presented. A conclusion and an outlook on the future
activities of the Project conclude this article.

In February 2002 the German speleologist Joerg Dreybrodt
travelled to Laos and visited Luang Prabang as well as the
karst regions further north along the Nam Ou river. He
visited some caves at the shores of the Nam Ou upstream
of Muang Ngoy village. Having established contact with
David Eskes, the initiator of the Dutch expedition of 2000,
he prepared for a lightweight expedition in 2002,
accompanied by Michael Laumanns. Twelve easily
accessible caves were surveyed. A follow-up expedition
was conducted in 2003/04 reinforced by Helmut Steiner and
Wolfgang Zillig. This was the start of annual caving
expeditions to northern Laos with participants from various
countries and a team continuously increasing in size. A
major breakthrough was the 2005 expedition to Phou
Khoun (Luang Prabang province) and Vieng Phouka
(Luang Nam Tha province) where three long horizontal
caves of 2.6, 3.1 and 3.5 km respectively were surveyed
within only ten days. After that the average length of
surveyed cave passage was typically about 11 km during 15
expedition days. Table 1 shows the ten longest caves in
northern Laos. A clear trend showing the discovery of a

2. Geo-settings
According to Kiernan (2009) little reliable broad-scale
geological information is published, the most detailed work
being commercially-confidential mapping by overseas
mining companies. In northern Laos much of the limestone
is of Permian-Carboniferous age but Jurassic limestones
occur locally around Luang Prabang. The total carbonate
sequence may reach 5,000 m thick but noncarbonate
interbeds are common in some areas. The regional situation
is complex and the exact extensions of the limestone areas
are barely understood. The systematic search for karst
features on topographical maps scaled 1:100,000, available
from the National Geographical Institute in Vientiane, has
proven its usefulness with regard to the location of caves
(Steiner, in print). Also literature studies were invaluable.
Laumanns (2010) provides the most comprehensive
overview on the karst-related geo-settings of Laos.
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3. Karst areas

The Project became aware of caves by development
projects that promoted rural based ecotourism along the
main tourist trail from the Thai border town of Houaysay

• Four major karst areas are distinguished (see Fig. 1):
• The northwest with Vieng Phouka (Luang Nam Tha
province) and Oudomxay province;
• Three distinctive areas in Luang Prabang province,
stretching from Nong Khiaw to Phoukhoun;
• Vieng Xai and Vieng Thong in Houaphan province;
• Sayabouli in the extreme west.

Figure 3. Map of the Nam Eng Caves. The active river cave and
fossil cave are overlaying, but not connected.

to the ancient capital of Luang Prabang. Before that the area
was not expected to have a significant potential for caves,
but now it hosts 5 out of the 10 longest caves of northern
Laos. The caves near Vieng Phouka were mainly surveyed
in 2005. Most important is Tham Nam Eng with two
overlying systems of an active and a fossil level, 3,460 m
and 3,120 m in length (Fig. 3). Both cave levels remained
unconnected. The 3rd longest system of the area is Tham
Pasat 2,332 m in length. It consists of a through cave with
a scenic sinkhole entrance and three upper fossil levels with
separate entrances connecting via shafts to the active cave
level. Three expeditions in 2005, 2006 and 2012 extended
Tham Pasat to its current length and discovered several
other river caves several hundreds of metres in length
blocked by boulders or mud.

Figure 1. Karst areas of northern Laos covered by this article: 1.
Vieng Phouka, 2. Oudomxay, 3.Nong Khiaw, 4. Luang Prabang,
5. Phoukhoun, 6. Vieng Xai, 7. Vieng Thong, 8. Sayabouli.

3.1. Vieng Phouka and Oudomxay
Vieng Phouka and Oudomxay are located in the northeast
of Laos on major roads connecting to the important ChinaLao border town Boten. The northwest region is highly
karstified with the rivers incised into the limestone forming
a landscape of valleys with small rivers and low mountains
covered by a monsoon forest (Fig. 2).

Figure 4. Sinkhole entrance of Tham Pasat during the dry season.

The highlight since the Project started in 2002 was the
exploration of the Tham Chom Ong System. The provincial
tourism office in Oudomxay reported on its website a large
cave developed for ecotourism. No end of the cave had been
reached by the local villagers. A contact was made and the
project was invited to survey the cave in 2009. It was found
to stretch along a 4 km long mountain ridge with an
underground river and fossil passages with dimensions

Figure 2. Typical karst hill between rice fields near Vieng Phouka.
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3.2. Vieng Xai and Vieng Thong

20 m wide and 25 m high (Fig. 5 and 6). The cave is a
through trip and the whole traverse takes 3.5 hours with an
additional 1.5 hours to return from the northern entrance to
Chom Ong village. The cave river and the fossil level are
connected by steep passages and shafts in places. A large
tectonic fault resulted in two huge overlaying chambers
measuring 100 m by 30 m in length/width and a height of
up to 50 m each. In only 5 days the system was surveyed to
a length of 11.3 km. At the last day a connection between
the six known entrances was achieved. The cave system
was extended until 2011 to its final length of 17,150 m
(Fig. 7). Its southern section is now operated as a show cave
with LED spotlights and an information display. Visits with
overnight stays can be arranged through the tourism office
in Oudomxay.

The tower karst area of Vieng Xai in Houaphan province is
well known for its historical significance as former
headquarters of the ruling communist party (Pathet Lao)
during the American Vietnam war (Fig. 8). Consequently,
it was the subject of intense air bombing from 1964–1973,
forcing about 23,000 people to leave their villages and use
the surrounding natural caves as shelters. The caves were
enlarged, tunnels were dug, concrete ceilings inserted and
caves were used as bank, bakery, hospital, garage, and even
as a theatre (Kiernan 2012) (Fig. 9). Its remoteness in the
extreme northeast of Laos and its secrecy made the area off
limits to foreigners for a long time until the government
decided to develop the site as national monument (memorial
caves). We succeeded in 2007 to be the first permitted to
survey the caves. Beside the historical caves, underground
river courses with huge and well-decorated cave passages
were found. Many of them are through caves where a river
enters a karst hill, resurges and enters the next karst ridge.
Within three expeditions in 2007, 2008 and 2012 seventyfour caves were surveyed with over 28.7 km of mapped
passages. The region now holds the third and seventh
longest cave of northern Laos (Tham Nam Long at 5 km,
and Tham Nam at 3.1 km [Fig. 10]). The caves also
attracted the media and a film documentary was produced
for the French/German TV channel ARTE during the 2008
expedition highlighting a fascinating combination of karst
landscape, cave exploration and war time history.

Figure 5. Michael pointing at the inconspicuous limestone ridge
hosting the Tham Chom Ong System.

The speleogenesis of Tham Chom Ong appears to be
similar to many other caves in northern Laos, especially to
those in the Vieng Phouka area, where a strongly developed
karst was buried and subsequently uplifted showing many
remnants of sediment infillings (breccia) and calcite floors.
The latter also occurs in Tham Na Thong, which is located
a few kilometres further north. Tham Na Thong is a river
cave with a straight passage (10–15 m wide and 25–35 m
high) 5 km in length.

Figure 7. Map of Tham Chom Ong System showing its final length
of 17,150 m.

Figure 6. Fossil passage of the Tham Chom Ong System close to
the southern entrances.
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3.3. Luang Prabang

Further west in Houaphan province, the caving area north
of Vieng Thong was visited three times, mainly during stopovers. This region belongs to the Nam Et Phou Louey
National Park famous for its tiger preservation project with
caves mentioned in a World Wildlife Society report. The
area is also known from archeological excavations during
colonial times in 1923 (Tham Hang) and more recent times.
The road heading north to the Vietnam border was
systematically checked and many caves were surveyed, the
longest of which is Tham Thia Thong 1,360 m in length and
well decorated. Vasile Ersek from Oxford University
collected stalagmites for speleothem dating from this cave
in order to reconstruct the Quaternary history of the
Southeast Asian monsoon (Ersek 2011). Another surprising
discovery was Tham Kokai (1,125 m long), featuring a
main passage with its floor covered for hundreds of meters
by dry rim stone basins filled with calcite pearls.

Luang Prabang province of northern Laos resembles a
classical karst region. Early travellers reported on their
findings from this area, mainly on Pak Ou cave near Luang
Prabang city, famous for its thousands of ancient Buddha
statues. The first full scale Dutch expedition confirmed
good cave potential by mapping 7.4 km of cave passages in
the Nong Khiaw area along the Nam Ou river (e.g., Tham
Pageo at 1.5 km). The impressive landscape has steep
limestone cliffs covered by primary rain forest (Fig. 11).
The depth potential is considerable with the elevation of the
valley at about 360 m whereas the mountains summit at
1,700 m. The same applies for the table mountains around
Luang Prabang where karst ridges stretch over tens of
kilometers in a NNE to SSE direction with sparsely
populated plateaus. A three week expedition investigated
the valleys and the mountains by long walks and overnight
stays in villages. One cave of significant length was found
on the plateau (Tham Loum, 1.6 km). Most of the other
caves are a few hundred meters long, with a depth not
exceeding 60 m and they are of various forms including
single chambers, short fossil hill-top passages and mazelike systems near river level. The absence of any deep caves
still lacks explanation.
The longest currently known cave is Tham Doun Mai
(Muang Ngoy, 2,090 m, Fig.12), which is the upstream
section of 679 m long Tham Doun from which it is only
separated by a ~60 m long undived sump. The 2nd longest
is the Tham Seua/Tham Nam Lot System (2.6 km long)
near Phoukhoun, a village at the road junction of the
highway 13 to Xieng Khouang province. Two other caves
1.2 and 1.3 km in length (Tham Dout and Tham Deu) are
located not far towards the east. At the time of exploration
in 2007, the area was a stronghold of rebels and was only
accessible with a police escort.

Figure 8. Scenic tower karst near Vieng Xai.

Although Luang Prabang province seems to have limited
potential for caves it is of great archeological interest. Since
2005 the Middle Mekong Archeological Project (MMAP)
from Penn University (USA) has investigated cave
entrances based on the published expedition book from
2005.

Figure 9. Theatre in Memorial Cave Tham Khamtay

Figure 11. Karst scenery along the Nam Ou river upstream from
Nong Khiaw.

Figure 10. Main passage in Tham Nam Long.
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3.4. Sayabouli

and various insects prey on these. Top predators are the
longlegged centipede (Thereuopoda longicornis) and the
large huntsman spiders (Heteropoda spp and Sinopoda
spp.). Heteropoda show a distinct geographic pattern, the
species found in the Northern Laos caves being H. simplex,
while Vang Vieng and Khammouan caves harbour different
species. The more cave adapted Sinopoda species are
restricted to a single or a few caves. In Northern Laos six
different species are found, all only recently described.
They include Sinopoda tham from the Tham Chom Ong
system and Sinopoda peet from the recently found Tham
Doun Mai.

This area was only briefly visited in 2011. Like in
Oudomxay the project co-operated with the provincial
tourism department and a development aid project. The
investigations took place around the villages of Ban Keo
and Ban Nathang, about 40 km south of Sayabouli town.
Within only 5 days about 9.5 km of new passages were
mapped, including the 3,650 m long Tham Nam Lot – a
through cave with an underground stream and a long semifossil extension. The cave potential remains high and also
concerns other districts like Khop and Paklai. Interestingly,
the deepest cave of Thailand (Tham Pha Pueng, -367 m)
borders the Khop district, which indicates depth potential.
Regrettably, permission for a return visit to this province
has not yet been granted.

To date, eleven new species have been described from
specimens (see table 2 for Northern Laos).
Much of the collected material is still awaiting
classification, thus offering the prospect of more exciting
discoveries. Our inventory has to be regarded as being still
superficial, and every future collection will greatly add to
our understanding of the Lao cave fauna.

Figure 13. Sinopoda tham, a new species of huntsman spider
discovered in Tham Chom Ong.
Table 2. New species from caves of Northern Laos.
Species and Tax.

Province and Caves

Spiders:
Fam. Psechridae
Psechrus ancoralis
Bayer and Jäger, 2010

Luang Namtha: Tham Nam Eng, Tham Pasat Thia
1&2; Luang Prabang: Tham Seua-Tham Nam Lot;
Huaphan: Tham Mue; Oudomxai: Tham Na Thong

Fam. Pholcidae

Figure 12. Fossil passage of Tham Doun Mai featuring rimstone
basins.

Pholcus steineri Huber, 2011

Oudomxai: Tham Chom Ong, Tham Na Thong,
Tham Mokfek

Pholcus namou Huber, 2011

Luang Prabang: Tham Muay; Luang Namtha:
Tham Roj Ru

Pholcus namkhan
Huber, 2011

Luang Prabang: Tham Pha Man

Fam. Sparassidae

4. Biospeleogy
Surveys of the cave fauna have been an integral part of
expeditions from the beginning, because nothing on this
topic was previously known. The principal elements are
similar for all Laos caves. Cave crickets (Diestrammena or
closely related genera) of all sizes are found in almost any
cave. They most probably feed on fungus growing on guano
and other decaying organic material and constitute the main
prey of various predators. Other common consumers of
organic material and/or its fungi are millipedes and
woodlice. Cockroaches occur mainly in caves with
substantial guano buildup. A multitude of spiders, opiliones

Sinopoda steineri
Jäger, 2012

Luang Namtha: Tham Nam Eng

Sinopoda tham Jäger, 2012

Oudomxai: Tham Chom Ong, Tham Na Thong,
Tham Mokfek; Luang Namtha: Oung Pra Ngiene;
Luang Prabang: Tham Luang

Sinopoda sitkao Jäger, 2012

Luang Prabang: Tham Doun Mai

Sinopoda taa Jäger, 2012

Luang Prabang: Tham Nguen

Sinopoda suang Jäger, 2012

Huaphan: Tham Ho Neung

Sinopoda peet Jäger, 2012

Huaphan: Tham Ma Liong

Diplopoda, Fam.
Sinocallipodidae
Sinocallipus steineri
Stoev and Enghoff, 2011
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5. Caves and Culture

We are also grateful to the provincial Lao tourism offices
and international development organizations that assisted
with permissions and logistical support: the Dutch SNV, the
German GiZ and the European Union Microprojects. We
acknowledge furthermore the financial support of the
European Speleological Federation (FSE) as well as the US
National Speleological Society (NSS). Special thanks to
Siegfried Moser and our reliable guides Cheav Moua, Juu
Moua and Hong Tong.

Caving in Laos involves getting in touch with the local
villages and experiencing a diversity of hill tribes and rural
life. Caves are often known from fishing in the underground
streams or catching bats at the cave entrances. The Hmong
minority, who lives high up in the mountains, enter the
caves and know them very well. The Khmu, who are
peasants, usually know the cave entrances but have a
limited understanding of cave extensions. The impact of the
American war is easily visible in the heavily bombed
regions of Houphan, Xieng Khouang and Luang Prabang
provinces. Villagers are very reluctant to disclose
information since caves were used as shelters and hiding
places. The locals believe in ghosts and bad spirits that
influence life. Any visit to such a cave without the
permission of the nearby village can have serious
consequences for an expedition. Also unexploded ordnance
(UXO) might be present and the villagers are the only ones
who are aware of potential danger in the field.
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CZECH DISCOVERIES IN THE MAGANIK MTS., MONTENEGRO
Zdeněk Dvořák1, Vít Baldík2
Zdeněk Dvořák, Bosonožská 17, CZ-62500 Brno, Czech Republic
2
Czech Geological Survey, Leitnerova 22, CZ-65869 Brno, Czech Republic, vit.baldik@geology.cz
1

Caving Club Suchý žleb Brno (Czech Speleological Society) operates in Montenegro since 1983. Earlier, we mainly
explored in the Krivosinska area around Velji Hill near Boka Kotorska (Orjen Mts.). All discoveries and achievements
were published in several articles in Speleoforum Memorial Volumes. The most important papers dealed with the Pema
cave, Maglena jama and especially Goat’s hole (-662 m/1,700 m long), which is also our biggest discovery in this area.
The prospect of deep mountain systems attracted us so much that we decided to explore further inland in the High Karst
Zone, between the steep cliffs of Maganik Mts. near the town of Niksic, in the vicinity of canyon Mrtvice. This canyon
cuts through the surrounding massif of Cretaceous limestones into the depth of more than 1 km and creates the potential
of 1,000–1,800 m deep cave systems. Together with convenient structural pattern (more details in paper of Otava – Baldík
in this Proceedings) there were ideal conditions to start explorations in the untouched territory.

1. Maganik Explorations

which causes repeated narrowing of the shaft and at the
depth of 540 m closes up completely. Dark, less permeable
limestone indicates one of local thrust zones which are
visible at more places in deeper parts of cave systems of the
area. Quite powerful meander drains an abundant shower
of melted snow all the way to the next level, this time it is
about 60 m deep Black abyss, wonderful, bell-shaped
expanding well, which is unfortunately the last reflection
of monumental space that is lost in time. Asset flows
through very narrow cracks without drafts and older small
meanders are descending only few meters. In these places
we encountered for the very first time on Maganik another
typical feature. It was fairly unusual decoration represented
mainly by stalagmites, coatings and helictites in the shades
ranging from orange, red, dark brown to black color, a décor
reminiscent of the old ore mines.

The first time that we visited the Katun (settlement)
Maganik travelling on a bumpy mountain tarmac full of
bends and twists was in 2009. Since then we organized there
three-week long expeditions, undertaken in “alpine style”
in small groups, during which we managed to discover
several interesting places and objects. Even the transport of
material to the base camp at 2,000 m a.s.l. was an interesting
sport event.

2. Nyx Abyss
In the case of this cave we have hit the jackpot. Nyx was
the first entrance, which we decided to explore on Maganik
during our first, very strenuous expedition and at the same
time it was a unique find thanks to the discovery of 429 m
deep vertical, which the cave hid (today approx 12th deepest
in the world). Its location is also exceptional in its own way
because it is situated in the central area of Tresteni Hill in a
maze of tens of meters deep karren, among which winds the
only viable access path.

The parallel branch into which we got by traversing several
meters above the opening of Black abyss ended in a blind
end and same thing happened with the “Behind the
window” branch, turning at the shaft 429. The depth of the
cave reached 622 m, the length of the polygon exceeds
1 km.

Nyx was also surveyed in 2010 when we discovered its
furthest ends. The entrance is the example of “Light Hole
Abyss” 50 m deep and approximately as wide, which opens
up between two limestone ridges running parallel to each
other, whose bottom is covered with snow all year around.
From the bottom continues 60 meters deep shaft in the
shape of a star where descend must be done by means of a
narrow projection which bypasses several collapses of
mountain blocks and rocks, caught in the main gullet. After
this follows another snow covered area, this time a gentle
slope, leading the descend route away from the reach of the
daylight. In the dark a window opens up into a parallel
shaft, falling from the onset to the depth of 429 m and rising
up to a place under one of the cracks in the vicinity of the
input crater. The abyss is free of any breaks, ledges and
significant changes of direction. The opening of the crack
measuring 10× 1–2 m slowly rounds off into a fissure, in
the narrowest point 5 m wide but after 100 m slowly
expanding up to 30 × 7 m. However pure fosiliferous light
limestones change here into dark limestone with shale
intrcalations. They appear tens of meters above the bottom,

3. Aither Abyss
The Aither abyss is one of the largest underground
chambers in Montenegro. Although the entrance on the
surface is only few meters wide, already 150 meters below
the gullet the gap expands to 35 × 30 m. It is basically one
cave descending directly from the entrance into the depth
of 351 m in subhorizontal thick bedded pure limestone. The
main shaft is followedby short sequel, created by one
horizon and two parallel, approximately 30 m deep, shafts.
Their bottoms are clogged with fine debris and draft, which
is here fairly strong, disappears up the chimneys.

4. Propast pod Medvedici Abyss
The abyss called “Propast pod Medvedici” is the second
entrance, hiding on top of the mountain plateau called
“Tresteni vrch” that is worth mentioning. Its discovery was
preceded by an extended survey of deep labyrinth of
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fissures that this unusually developed karren fields offer.
The gap is located in the vicinity of a doline that is
surrounded on three sides by rocks. On the bottom of the
doline can be found the second entrance nearly covered by
rubble, merging more than 100 m bellow with the well
known part of “Propast pod Medvedici”. The entrance was
discovered in 2010 but we did not manage to organize the
expedition until one year later. The abyss represents
classical form known for this area based on subvertical
joints cutting through subhorizontal thick bedded limestone.
First tens of meters it respects the tectonics and does not
reach larger width, but gradually expends and after
connecting to the parallel gullet it becomes regular rim. In
the depth of 200 m from the entrance it narrows to very
narrow fissure without hopeful perspective.

Pure, well permeable light grey limestone subhorizontally
bedded and subvertically jointed is typical for the upper part
of the system. It is followed by dark varieties of pelitic
limestone in the lower parts and it determines the character
of the cave, which transforms from wild vertical sequences
into long horizons with almost no slope. Initially everything
is taking place according to the well know scenario. The
leading part falls swiftly, mainly thanks to the 200 meters
deep stair-step shaft, all the way to the depth -350 m. It is
already deep in the black-gray rock, through which
squeezes a narrow meander. The black limestone suddenly
widens out up to 80 m deep cascade, the enlargement is
caused by an old tributary in the form of monumental
chimney, which walls disappear in the dark. Next, there is
again meander, adhering strictly to the flat bedding, only
this time a little taller and in the upper storey easier to
traverse. Upstream there were also found several horizontal
sequels, intersecting younger vertical branches and
surprising by richly decorated corridors in the length of
several hundred meters (Fig. 3). In the depth of 500 m the
cave again begins to gain momentum, the tectonics and
composition of limestone changes and meanders interrupted
here and there by small precipices start quickly gaining
depth. In the depth of seven hundred meters below the
surface the subvertical jointing can be seen again when the
cave suddenly breaks into one hundred meter deep shaft.
Thus we come to the end of the known area that
encompasses steep cascades, with approximately 5 m wide
and 37 m deep conduit at the end of which several inflows
converge. Behind that the cave continues by inclined
crevice, probably parallel with a fault. On the surface
approximately one kilometer far from this point there is the
canyon of Mrtvice River.

5. Iron deep Abyss
One of the many monotonous descends into an infinite
number of sinks, cracks and pits eventually led us to the
coveted target. When it seemed that the cone of snow will
fill the entire bottom of the p 40, we found an opening the
size of a door in the bend of the shaft, partially hidden by
stump of a tree which was holding back a substantial part
of the snow, piled at the bottom. It is hard to say whether
the warm weather of the past winters caused that the other
40 m could be descended through caverns between the
glacier and the rock wall to a short horizon, leading the path
away from places that can be anytime covered by snow and
ice. The second half of the expedition of the year 2011 was
here. This year we were able to surpass the 500 m mark
below surface and one year later the cave brought us to just
over the magic kilometer depth.

Figure 1. Vertical of the Nyx system is cutting subhorizontal Cretaceous limestone beds.
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Figure 2. Section of the Iron Deep System, Maganik, Montenegro. Accuracy of measures BCRA 4C.
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Figure 3. Unusual color dripstone decoration in the Meander Kajícníků (see the section) 450 m below surface.

6. Discussion and Conclusions
Nowadays it is unclear whether the system is drained
directly into the canyon of the Mrtvica River. Other
possibility is the connection with the main resurgence of
Jama, located several km downstream. For now the length
of the Iron Deep system is three kilometers, and the depth
1,027 meters.
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EXPLORATION OF THE CHESTNUT RIDGE CAVE SYSTEM BATH AND
HIGHLAND COUNTIES, VIRGINIA
Mike Ficco
Butler Cave Conservation Society, mficco@mindspring.com
Chestnut Ridge, a small ridge straddling two synclinal valleys in Bath and Highland Counties, Virginia, has been the focus
of concentrated cave exploration activities for more than 50 years. The geology and topography of the ridge combine to
create body-size vadose canyon passages which typically follow the dip of the carbonate bedrock down to a large network
of trunk passages. Bobcat Cave was the first of three major caves to be explored on Chestnut Ridge. Exploration of Bobcat
spanned multiple decades, involving extensive digging before breaking into large trunk passage deep under the ridge.
Eventually, Bobcat was connected to the more recently discovered Blarneystone Cave, thereby creating the 21 km Chestnut
Ridge Cave System, then the deepest cave in Virginia. A third cave on the ridge, Burns Chestnut Ridge was also the site
of a multi-decade digging effort of monumental intensity and duration, ultimately resulting in a breakthrough into several
kilometers of large stream trunk, and surpassing the Chestnut Ridge system as Virginia’s deepest. Persistent digging in
Blarneystone’s Ghost Hall resulted in the 2003 discovery of an additional 8 km. of new passage and the connection to
Burns Chestnut Ridge, expanding the system to 33.6 km in length and 240 meters in depth.

1. Introduction

As it turns out, one of the elusive “keys to the system” was
an obscure blowing entrance first reported in 1957, and
located on the side of Chestnut Ridge; the exploration of
the cave passages under and astride that ridge would
consume the lives of three generations of cavers, and push
the physical and psychological limits of all of those
involved.

Hidden away amongst the ridges and valleys of the
Southeastern United States is a karst area known as the
Burnsville Cove. Situated near the boundary of Bath and
Highland Counties in the State of Virginia, the Burnsville
Cove has been the locus of systematic cave exploration and
scientific study for more than half a century.
Beginning with the exploration and survey of Breathing
Cave in 1954 followed shortly thereafter by the discovery
of Butler Cave in 1958 (Nicholson and Wefer 1982), cavers
quickly realized that a vast cave system was likely to exist
under the pastures and hardwood forest of the “Cove”. By
the 1970s, more than 29 km of cave passage had been
mapped, the majority of that being found in Breathing and
Butler Caves (approx. 7 km and 18 km respectively)
making them two of the longest known caves in Virginia.
However approximately 3.5 km separated Butler’s sumps
(siphons) and the suspected resurgence along the Bull
Pasture River Gorge to the Northeast, and attempts to find
additional entrances to tap into the potential downstream
portions of the system were largely unsuccessful.

2. Geographic and Geologic Setting
Chestnut Ridge is a small anticlinal ridge flanked by two
synclinal valleys, oriented in a northeast-southwest
direction and plunging slightly towards the northeast.
Cumulatively, these features comprise the Burnsville Cove.
The caves of Burnsville Cove are developed within Silurian
and Devonian Age carbonate rocks with a total thickness of
approximately 230 m (Hess and White 1982). This
carbonate stratigraphy as found in the Burnsville Cove,
typically includes multiple resistant beds of sandstone
which appear to influence passage development, resulting
in multi-layered passage profiles with passages sometimes
“perching” on top of the resistant beds.
Both surface and sub-surface drainage is predominantly
towards the northeast, with the majority of flow ultimately
discharging to the Bull Pasture River, primarily via several
karst springs distributed along a 700 m reach of the River.
The most significant of these springs are the Emory, Aqua
and Cathedral springs. Dye tracing studies have
demonstrated that discharge from Aqua spring primarily
represents drainage from the syncline along the northwest
side of Chestnut Ridge, while Cathedral Spring drains the
southeastern syncline. The role that Emory spring plays
within the context of Burnsville Cove hydrogeology is
likely minimal due to the location of its catchment area, and
the degree and character of karst development associated
with Emory Spring is not well understood.

Figure 1. Location of Chestnut Ridge and Related Features.
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3. Exploration

exploring an exciting new discovery right in their backyard
was more than enough incentive for them to endure
Bobcat’s misery.

3.1. Discovery of the Bobcat Entrance and Initial
Exploration

With the cave breaking out in numerous directions and trip
durations of 19+ hours becoming the norm, it was decided
to establish an underground camp and push the cave via
three- to five-day camp trips. While hauling camping
equipment through the entrance series was brutal, once
established, only food and other consumables had to be
replenished. Between March 1984 and August 1990,
approximately 14 kilometers of passage was mapped via 27
separate cave camps.

In 1957 Dave Nicholson discovered air blowing out of a
small cleft in a rock outcrop near the top of the northwest
side of Chestnut Ridge (Rosenfeld and Shifflett 1995). This
opening was subsequently enlarged with a crowbar and
approximately 300 m of passage was explored, most of it
consisting of torturous muddy canyon “ending” in an
impenetrable squeeze. The cave, then named Chestnut
Ridge Blowing Cave, was mostly forgotten for the next 22
years until a group of young cavers from the Shenandoah
Valley Grotto of the National Speleological Society (NSS)
visited the cave and were intrigued by the strong air flow
and the potential for a big cave under the ridge. This
resurgence of interest in what was renamed “Bobcat Cave”
thus kicked off the second wave of cave exploration in the
Burnsville Cove, introducing cavers to the struggles of
pushing Chestnut Ridge’s impossibly tight, muddy, entrance
series which have become the stuff of legend.
Using what was to become an integral tool in the
exploration under Chestnut Ridge, the Shenandoah Valley
Grotto (SVG) cavers blasted through the restriction that had
stymied previous exploration and discovered a continuing
sinuous canyon trending down-dip with a small trickle
stream. The canyon, barely large enough to accommodate
a wetsuit-clad caver lying on their side, was pushed through
multiple restrictions, and soon became known as Cyanide
Canyon due to its “poisonous” character. The down-dip
passage was interrupted with many short (1–3 meter)
climbable pitches and plunge pools as it headed down into
the heart of the ridge.

Figure 2. Bobcat Cave, Sixth of July Room. Photo by Ron
Simmons.

Discoveries to the north included highly decorated passages
adorned with anthodites and various forms of gypsum,
which up to that point had been largely absent from other
Burnsville Cove caves. There was plenty of large rambling
trunk passage being found, but an equal amount of less
friendly breakdown, pits, and climbs were encountered as
well. Perhaps the most exciting single discovery in Bobcat
was the Burnsville Turnpike, an impressively large (44 m
wide, 30 m tall) passage that stretched for more than 600 m
before becoming choked in breakdown. The Turnpike was
also notable in that it is developed within the Aqua drainage,
while the majority of Bobcat is in the Cathedral drainage.
The crossing of this drainage divide opened up the
possibilities for Bobcat to connect with Butler Cave and
other caves in the aqua drainage. Such a connection would
create a monster of a system.

The wind blowing through Cyanide Canyon was one of the
few things responsible for the sustained efforts in pushing
the cave during the period of 1982 through 1983. That
canyon, continuing ever deeper into the ridge, with so much
air flow, had to be going somewhere exciting. Then, in July
of 1983, it did! After approximately 500 m horizontally and
100 m in depth, the torturous entrance canyon intersected a
major trunk passage.
With renewed enthusiasm, a flurry of subsequent trips
discovered a largely dry paleo level trunk passage
developed along the strike (northeast-southwest trend).
Passage dimensions were an order of magnitude larger than
in cyanide canyon, and the drool of mud and water of
Cyanide Canyon was replaced by dry clay, sand and
gypsum crusts. In the southwestern direction, the cave
became dissected with multiple pits and downward-trending
passages ultimately leading to a sump at a depth of 220 m,
thereby replacing Butler Cave (189 m) as the deepest in
Virginia. Several small leads and digs remained in the
southern end of the cave, but the real action was found
going north, where the main trunk continued with numerous
side leads and a steady draft of air.

By 1990, the rate of new discoveries in Bobcat had
slackened, and caver motivation also ebbed to the point that
exploration in the cave was unofficially suspended.
However this did not represent an end to the interest in
Chestnut Ridge’s underground secrets, just a shift of
attention.
3.2. Blarneystone: Attention Shifted
Bobcat had demonstrated that significant cave development
existed under Chestnut Ridge, and that the small entrances
and sinks that dot the Ridge could be the key to finding
more. The Bobcat crew was motivated by that realization,
and had begun searching for and digging open potential
entrances. One of these candidates was a small shallow
depression on the southeastern side of the ridge,

Around this time several additional cavers joined what to
this point had been a very small group of SVG members
exploring Bobcat. These newcomers were largely
associated with the Butler Cave Conservation Society
(BCCS) which had been mapping the caves in the
Burnsville Cove for two decades. The prospects of
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approximately 1 km. southwest of the Bobcat entrance (and
15 m lower). On March 16, 1991, after just two hours of
digging the bottom fell out of the hole being dug in that
inconspicuous sink, thus opening the next chapter in the
exploration of Chestnut Ridge’s subsurface.

The southern end of Ghost Hall became truncated by a large
flowstone-infused breakdown collapse. However an
inconspicuous streamway (the Black Diamond Crawl) was
intersected in this collapse area, leading to approximately
2 km of interconnected passages. These discoveries
included Moon River to the west, and Beyond the Pearly
Gates and Slop Hollow to the east. These latter two
passages continued down-dip to the deepest point in the
cave at 181 m below the entrance.

The new entrance, named Blarneystone because it was
opened on St. Patrick’s Day, consisted of a narrow 10m
vertical rift whose sloping floor led to a series of short rope
pitches separated by a narrow muddy canyon. A strong
breeze blew through the passage and a small stream flowed
along the floor. The seasoned veterans of Bobcat
exploration were unsurprised when at the bottom of the
entrance pitches, the passage morphed into a torturous,
slimy canyon cutting diagonally down and across the dip
towards the northeast. The character of this canyon mirrored
that of Cyanide Canyon, and thus soon became known as
Strychnine Canyon for its similarly poisonous nature.

By the summer of 1994, Blarneystone had expanded to
more than 5.5 km in length. While many leads remained,
including an intriguing air-blowing dig above the
breakdown collapse at the south end of Ghost Hall, the
Burnsville cavers turned their attention back to the north
where their old friend Bobcat lurked just 53 m away.
Over the course of several trips in July and August of 1994,
the southern end of Bobcat and the northern end of
Blarneystone were pushed hard. Teams working
simultaneously from both caves first established an “air”
connection through the use of smoke bombs, followed by a
voice connection though the sediment-choked passages.
Then on August 20, 1994 a frenzy of digging, spurred on
by increasingly clear voices from each side, led to one of
those rare events that all cavers relish. Bobcat and
Blarneystone had become one; the 21 km long Chestnut
Ridge Cave System was born!

Several trips during the spring and summer of 1991 pushed
Strychnine Canyon, with its plethora of short awkward
downclimbs and tight squeezes, for a distance of approx.
300 m and to a depth of 120 m. Then in July of 1991, a bolt
traverse over a 10 m pitch, subsequently dubbed Artz’s
Attic, dropped the explorers into a 30 m wide trunk passage;
Ghost Hall.

3.3. Burns
Marion Smith, a well known caver from the American
Southeast, has referred to a number of Chestnut Ridge
cavers as “ultra horror specialists”, a reference to the severe
conditions endured while pushing the caves under Chestnut
Ridge. There is one cave in particular that provides a litmus
test for separating the “ultra horror specialists” from the
more common hardcore exploration cavers. That cave is
called Burns Chestnut Ridge, more affectionately known
simply as “Burns”.
Situated near the crest of Chestnut Ridge, approximately
2.4 km southwest and 15 m above the Bobcat entrance,
Burns is yet another obscure entrance that happens to blow
a steady gale of wind on cold winter days. The cave was
first discovered by Ike Nicholson in the 1950s (Shifflett
2003). Exploration at that time found approximately 60 m
of narrow canyon passage, and several short rope pitches,
ending at a point where the small stream flowed into
passage too small to follow.

Figure 3. Mike Kistler and the Ghost in Ghost Hall. Photo by
Nevin Davis.

Ghost Hall, so named because of a ghostly solitary
stalagmite perched in middle of the passage, stretched out
along strike for almost 200 m, mostly as 30 m × 20 m
borehole. Survey data indicated that Ghost Hall was aligned
with the southern end of Bobcat’s paleo trunk (called The
South Lead) and the two passages were developed at the
same elevation. Surely the passages were related, but would
they connect? Pushing the northeast end of Ghost Hall led
to spectacularly decorated passages festooned with
gypsum/aragonite chandeliers, anthodites and stal., and a
continuation of large trunk passage (Over Forty Passage).
However this continued for only 300 m before the trunk
degenerated into a complex area of sediment filled
passages, infeeding stream canyons, and vertical shafts.
While more than a kilometer of cave was mapped in this
area, with the airflow disappearing into this maze of
passages, it became obvious that a connection to Bobcat
was not going to be easy.

The 1960’s saw a renewed interest in the cave as a group of
Duke University cavers pushed the cave for another 100 m
through the liberal use of explosives (Shifflett 2003). The
sinuous narrow canyon passage they were following
continued down and across the limestone’s dip towards the
southeast. However by the early 1970s, the Duke group,
worn down by the cave’s unrelenting obstacles, lost
motivation and abandoned their efforts. About that time
Nevin Davis, one of the founding members of the BCCS,
continued the pushing of Burns as his pet project. He
discovered a bypass to the pinch that had stopped the Duke
team, and over the next three years methodically blasted
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through successive restrictions in the wet, contorted stream
canyon. Finding companions for these trips was difficult,
as most refused to return for a second round of the beatings
that the cave doled out to those brazen enough to enter.
Travel time from the pushing front to the entrance, a mere
250 m distance, was typically between two and three hours;
much of that being spent thrutching along while lying prone
in a muddy stream.

downstream streamway roared on for another 600 m of
exciting streamway, to a sump at a depth of 225 m below
the entrance. However a daring freeclimb accessed an upper
level sump bypass leading to more than 1 km of continuing
paleo-level trunk with multiple side leads. By the end of
1995, Burns had replaced Bobcat as the deepest cave in
Virginia.
Another exciting discovery was made in June 1996. A side
passage, a large hydraulic lift tube near the northeastern end
of the paleo-trunk, was pushed down a slope of sand and
gravel towards the southeast. After a few tens of meters the
lift tube intersected a large stream, the Cathedral River,
which drains the entire valley on the southeastern side of
Chestnut Ridge. This was the first time cavers had
encountered the main flow of the underground Cathedral
River and the excitement was palpable; this discovery could
be the key to tens of kilometers of passage in the up-stream
portions of the Cathedral Drainage. Alas, despite all of the
positive thoughts and wishes, an up-stream sump of the
river was encountered immediately around the corner.
Downstream, approximately 400 m of nice 6 m wide
canyon was mapped to a low-airspace near sump, extending
the depth of the cave to 240 m. Pushing beyond the near
sump would be risky, and with no detectable airflow, the
potential for continuing was low. The cave was shutting
down and the remaining leads did not look great,
particularly when considering the brutal 5–6 hour travel
time to get to the leads.

There was a hiatus in Burns activity during the latter half
of the 1970s, brought on by a dishearteningly narrow
bedrock slot through which the cave’s stream (and air)
flowed. However several SVG cavers, who would later be
instrumental in the exploration of Bobcat, provided an
infusion of energy to the project. Enlargement of the narrow
bedrock slot, subsequently named the Bone Crusher,
proceeded over the course of multiple trips; ultimately
breaking out into a small mud-filled room. Unfortunately,
celebration was premature as the cave continued to present
serious obstacles. Subsequent trips during the early 1980s
successfully dug and blasted through the Mud Room and
the Second Mud Crawl, stopping at yet another narrow
bedrock slot. By 1984 the exploration of Bobcat was in full
swing, therefore Burns and its funhouse of horrors received
little attention for the rest of the decade.

Several additional trips followed in an attempt to make
something go, with little success. The last of these occurred
during the summer of 1998, which involved a tricky aid
climb into a side passage off of the paleo-level trunk. The
climb, referred to as the “Pot Metal Piton Climb” led to a
drippy intersection of narrow canyons and a low stream
crawl. A hint of air flow was detected, but further
exploration was halted by exhaustion and the late hour.
That was 15 years ago, and it seemed unlikely that Burns,
then 3.8 km in length, would connect to the Chestnut Ridge
System. A large empty space on the map and considerable
lateral offset separated the two caves, and promising leads
were scarce. The fact that no one has been back to visit
Burns’ defining landmarks such as the Bone Crusher, the
Mud Crawls and Dead Cousin’s Pit, might suggest that the
story of Burns exploration is over. Not quite.

Figure 4. Ben Schwartz in the Burns Entrance Series. Photo by
Mike Ficco.

By the time 1990 rolled around, the wounds inflicted by
Burns had healed, and another surge of pushing activity was
launched. The vertical bedrock slot at the end of the Second
Mud Crawl was widened, and the passage ahead enlarged
to walking dimensions and dropped down a 10 m pitch.
Below, a narrow canyon continued, larger than before, but
the obstacles kept coming. Additional pinches were
encountered and passed, and with each one, the passage
ahead seemed to let up just a bit, suggesting that the cave
was finally going to break open. Then in June of 1995 it
did. A blast opened up the top of a 10 m pitch (Dead
Cousin’s Pit) into decidedly larger, flowstone covered
passage. More than 30 years of digging, hammering and
groveling had finally paid off!

3.4. Upper Ghost Hall and the Airblower
During the exploration of Blarneystone’s Ghost Hall, an
obscure drain was found atop the flowstone-covered
breakdown at the southern end of Ghost Hall. The fist-sized
hole was unremarkable except for the strong draft that blew
from it. Intermittent efforts to enlarge and follow this drain,
dubbed The Airblower, occurred throughout the 1990s with
limited success. The flowstone-cemented breakdown
resisted the effects of blasting, and diggers were forced to
work in wet, difficult conditions.

Beyond Dead Cousin’s Pit, the cave steadily lost elevation
as it trended down dip to the southeast, and dropped down
several short pitches. After approximately 200 m the cave
turned northeast along strike and the character changed to
a multi-level trunk with an active stream canyon developed
below an upper level paleo-trunk. Additional water was
picked up as infeeders came in from the sides. The

Then in 2001, a more sustained campaign of digging was
launched. The use of improved technologies such as lithium
battery-powered drills enabled more efficient, precision
excavation of rock. Following the Airblower’s namesake
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Figure 5. Map of the Chestnut Ridge Cave System.

draft, a passage was mined down through the cemented
breakdown in a corkscrew fashion. In October 2003 after
excavating nearly 23 vertical meters, the breakdown choke
yielded and the blackness of virgin borehole stretched out
into the distance.

Boulder Dash where a significant streamway (the Pigeon
Tooth River) and a tall dome complex were found.
However perhaps the most significant discovery of this
most recent period of Chestnut Ridge exploration was a
small muddy dig found along a shelf near ceiling level near
the southern end of Boulder Dash. Named Opportunity
Knocks, this blowing lead was excavated over the course
of several trips before taking off on a meandering route
towards the southwest. Consisting of a mix of low crawling
and vertical thrutching, all while thoroughly saturated in
mud, the route called the Outer Limits, was unpleasantly
reminiscent of a certain deep cave less than a km to the
southwest (i.e. Burns). For a good reason too, because on
December 3, 2005, after 748 m, a muddy low-airspace pool
was pushed at the end of Outer Limits, and a connection
was made to the top of Burns’ Pot Metal Piton Climb. Burns
was now part of the Chestnut Ridge Cave System!

A flurry of exploration followed. A paleo-level trunk, likely
a continuation of Ghost Hall, headed off to the southeast for
200 m before branching off in multiple directions.
Anthodites adorned the walls and ceiling of the 15 m wide
passage, and pits opened in the floor. One of these pits led
the way down to a massive lower level trunk running
northeast-southwest, 50 m below Anthodite Alley. This
breakdown-floored passage, called Boulder Dash,
continued southwest for close to 400 m to a muddy sump,
located tantalizingly close to the downstream terminus of
Burns.
To the northeast, Boulder Dash morphed into a network
of large phreatic tubes with steeply sloping, gravel-floored
lift tubes and multiple sumps. It was later determined that
Boulder Dash, and its northern extension “The Butler
Quarters”, function as a flood overflow route for the
Cathedral River, with floodwaters rising nearly 25 vertical
meters before flowing to the sumps in The Butler
Quarters.

All told, more than 8 km of passage has been mapped
beyond the Airblower dig, and the System’s length stands
at 33.6 km. Leads remain in several areas, including one
near the Burns connection that has potential to bypass the
Burns upstream sump thereby accessing the many
kilometers of theorized cave passage of the upper Cathedral
drainage. However the remoteness of some of these leads
presents a daunting challenge; travel time from the end of
Outer Limits to the Blarneystone entrance is more than
8 hours.

Additional breakouts of new exploration occurred in other
areas beyond the Airblower, including an area southeast of

82

Exploration and Cave Techniques – oral

2013 ICS Proceedings

3.5. Continued Exploration and Future Potential

the use of continuously evolving digging and prospecting
techniques, it’s not unreasonable to predict that a 60+
kilometer system may one day be found under the
Burnsville Cove.

Exploration continues under and around Chestnut Ridge.
Recent discoveries in Bobcat such as the Stomping
Borehole have inspired a renewed interest in the cave. New
caves have been found such as By the Road Cave (BTR)
which is strategically located in the Cathedral drainage
presenting the exciting potential for a bypass to the
upstream sump in Burns. If such a bypass is found, it is
reasonable to predict that 20–30 additional kilometers of
cave passage could be found. Recent efforts to reopen a
cave known as Robin’s Rift could also lead to
breakthroughs into the Cathedral drainage. Other new and
ongoing projects are too numerous to describe, however
based on past history, the system will continue to grow.
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Diving of the Aqua and Cathedral springs has revealed that
these resurgences are fed by conduits at significant depth,
making underwater exploration impractical using current
technologies.
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CAVES OF TONGZI, TUDI, JIELONG, WULONG COUNTY, CHONGQING,
CHINA – SIX YEARS AND COUNTING
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Between 2007 and 2012 expeditions of the Hong Meigui Cave Exploration Society have explored the karst and caves near
the towns of Tongzi, Tudi, and Jielong, in Wulong County, Chongqing, China. As of Spring 2012, 57 km of cave passage
has been documented and numerous additional caves, karst features, and springs have been identified. The caves are
located in the watersheds just west of the UNESCO South China Karst World Heritage sites that contains the Houping
Cave System which has over 125 km of related caves in addition to five classic tiankengs.
Most effort has been focused on the Quankou Dong (Spring Mouth Cave) System. Of particular note is Cloud Ladder
Hall which is believed to be the sixth largest room in the world by floor area and third by volume. Cloud Ladder Hall
likely represents a proto-tiankeng, that is, in near geologic time it will join the ranks of the giant open air tiankengs. The
Tongzi System has seen less work but has significant development.
The watershed consists of four elongated north south trending dolines, the longest of which is 11 km long and over 500
meters deep. These flow into a mountainous plateau which itself contains some very large sinkholes. The resurgence
entrance is 116 meters tall, 25 meters wide, and the resurgence flows about 3.5 cubic meters in the dry season. After the
2012 expedition the length of unconnected caves in the lower system totaled 35.0 km and the deepest vertical extent is
greater than 450 m.
The Tongzi group in an adjacent watershed contains the un-connected Shanghetaowan (Walnut Bend) and Lao Chang
Dong (Old Factory Cave). Shanghetaowan is 8,489 m long and 471 m deep and has potential for much more.
The uniqueness and scale of the watersheds imply much more cave exists than has been found to date.

1. Introduction

The area thus far investigated can be viewed as three
groups: the Quankou System, the Headwater Dolines, and
in a separate watershed the Tongzi area caves.

The project was first envisioned in 2004 while searching
the then newish Shuttle Radar Topography Mission (SRTM)
terrain models for an interesting area to make a cave project.
These public domain models were subsequently
incorporated by the virtual worlds of the internet like
Google Earth and others. The Tongzi area was adopted by
the Hong Meigui group as a perfect extension of the
regional projects near one of the UNESCO South China
Karst World Heritage sites.

3. Quankou Dong Hydrologic System
Most of the known Quankou Dong System lies under the
Ranjaigou elevated valley that extends east-west along the
bottom of four large dolines. The resurgence flows about
3.5 cumecs in the dry season and may represent most of the
water sinking in the dolines. There are currently
4 unconnected parts of the greater system that contain the
main streamway. These are: Quankou (4 entrances), Wudi
(3 entrances), Shengkongba (1 entrance), and Yingjaiwan
(3 entrances). Adding in a few smaller caves there are
35 km of passage known in the immediate area of the
Quankou System.

Yearly expeditions were begun in 2007 and run during the
relatively dry season of March when the snow has mostly
stopped falling and the spring rains have not yet arrived.
Parts of the system are very susceptible to flash flooding
and it is believed that many of the caves are only
approachable during the driest times of the year.

2. Geographic Setting

3.1. Quankou Dong

The study area is dominated by steep terrain ranging from
500 to 1,500 m a.s.l. developed in thickly bedded Cambrian
and Ordovician limestones. Surface drainage is dominated
by four large parallel blind valleys with sinking streams
contributing to the underground hydrologic network. The
area is quite rural with roads only recently reaching some
of the villages. Expedition life has been characterized by
the warm hospitality of remote villagers.

Quankou Dong (Spring Mouth Cave) is the main resurgence
entrance. It was first visited in 2007 after the analysis of
SRTM terrain models implied this should be our top target
area. The 116m tall entrance passage quickly forks. To the
west is a very large canyon that carries most of the water.
To the north large up-trending passage continues through
to Gaiping Doline. Both sides have tremendous airflow.
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Figure 1. Regional Overview.

The western “Wet Side” or “Ron Simmons Streamway” is
characterized by deep rapid water, sporting waterfall
climbs, and beautiful large passage that continues for
1.4 km to a sump. To the north the “Dry Side” passage
requires 6 short rigged climbs that are the floor of a huge
paleo trunk. The airflow is so strong the team filmed a video
of flying a kite in the main trunk. A set of side passages lead
to a higher paleo segment know as “Ultrabore”. Farther up
the main passage is very flashy infeeder and Cloud Ladder
Hall, one of the largest rooms in the world. Beyond the
main passage continues to the 80 m high Er Long Dong
(Two Dragon Cave) entrance at the bottom of Gaiping
Doline. Half way along this last segment a series of side
passages develop westward and ultimately reach a grouping
of smaller paleo entrances also in the bottom of Gaiping
Doline. The primary route under the ridge between the two
main entrances is just over 3 km.

the high stream passage of the wet side. Directly across the
valley to the north is Zhaishi Dong. Here a sizable uptrending trunk narrows into a climbing canyon that is best
done with several traverse lines. A series of short climbs,
one rigged, opens onto a balcony high in the wall of Cloud
Ladder Hall. After a rebelay at -22 m a free hang rappel is
made into the middle of the room for a total pitch of 244 m.
This astounding triple connection was made in 2010, and
Xiniu was joined in 2012. This group is 16.0 km long and
430+ vertical. Of additional interest is a tight muddy shaft
series dubbed “Jet Stream Cave” on the ridge directly above
Cloud Ladder Hall. Despite tremendous airflow the cave
ends in tight rifts and drains. The bottom at a depth of 111 m
must be close to breaking into the unseen ceiling of Cloud
Ladder Hall. A connection would increase the cave depth
to about 550 m.

In the east end of Ranjaigou valley are the other two
entrances to Quankou. On the south side is Xiniu Dong
which almost immediately drops a 170m pitch to a large
trunk that soon drops pitches of 10 m and 30 m to drop into

3.2. Wudi Dong, Tianshengyan, and Liuqianwujian
Wudi Dong, Tianshengyan, and Liuqianwujian form the
next cave group. Wudi is almost a karst window in the
85

Exploration and Cave Techniques – oral

2013 ICS Proceedings
entrance in a shallow sink. The stream immediately spills
over a 12 m pit and enters large borehole steeply trending
down. Several obscure climbs and incoming passages are
passed before the passage levels out in an oval wind tunnel.
After several hundred meters the main stream passage is
encountered. Unfortunately it sumps up and downstream in
short order while the air is lost in a complex of infeeders.
Near the entrance are two other entrances, one which drops
a very nice 82 m pitch after a short canyon section. This
group is 3.9 km long and 169 m vertical. Sitting above
Yingjiawan, but not yet connected, is Shizikou Dong. This
horizontal complex has four entrances and is 1.6 km long
and 60 m of vertical extent.

bottom of a very large steep sinkhole about 1.5 km long and
100 m deep. A large passage at the bottom quickly intersects
the stream. A short way to the east is a sump that is very
close to the upstream sump in Quankou. To the west is deep
water in very tall canyon. After 2.2 km and several waterfall
climbs the upstream sump is encountered. There are several
side passages at this lower level. Tianshengyan is up the hill
on the south side of the valley, past Wudi. It is dry mazy,
and contains old saltpeter workings. Just down the hill is
the small entrance of Liuqianwujian where a pit is
immediately encountered. Several more pits follow and the
cave develops at a mid-level underneath Tianshengyan. A
series of pits connect both caves to the lower passage in
Wudi. This group is 10.8 km long and 228 m deep.

3.5. Cloud Ladder Hall
3.3. Shengkongba

Cloud Ladder Hall is the tallest of the world’s very large
rooms. It sits under the ridge, on the high-water flow path,
between the lower end of Gaiping Doline and the Quankou
resurgence. This flow accounts for the removal of collapse
rock as the ceiling continues to stope upwards. Several
waterfalls enter the room from very high indicating active
development. Passage in Zhaishi Dong intersect the walls
of Cloud Ladder Hall at a point 244 meters above the floor,
yet the ceiling can still not be seen at this point. Jet Stream
Cave located directly above the room further indicates
extensive shaft development between the ceiling and the
surface which is estimated to be less than 100 meters. Due
to these features Cloud Ladder Hall is considered a prototiankeng – a chamber in the final stages of transition into a
tiankeng. The floor area is 51,000 square meters, and the
volume is estimated to be as much as 5.8 million cubic
meters, ranking it sixth and third respectively in the world.

The entrance to Shengkongba (a place name) is a large
obvious wet weather insurgence in a long shallow sink near
the west end of Ranjaigou valley. The main passage quickly
chokes in cobbles and organic debris, but a side passage
leads to a maze of crawls and short pitches of 7, 6, 9, 10,
8 m. Then the 6th pitch of 34 m finally intersects base level
where a large trunk leads to the active stream way.
Unfortunately only 170 m of the stream is traversable as it
sumps up and down stream. Shengkongba is 2 km long and
118 m deep and a number of leads remain.
3.4. Yingjiawan
The last cave in the valley is Yingjiawan. An active stream
from the non-carbonates to the west flows into a prominent

Figure 2. Quankou Cave System and Location of Cloud Ladder Hall.
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lead to additional pit entrances. Downstream a large passage
continues, passing a short breakdown choke, and
intersecting the infeeder of Leng Dong after about 1 km.
Leng Dong (Cold Cave) is the preferred entrance for the
lower cave and accesses a continuation of the stream
canyon after a complicated 12 m pitch avoiding a waterfall
and plunge pool. After a couple kilometers of winding
passage a sump is encountered. Near the sump an infeeder
was followed for 1.3 km with many leads left unexplored.
The Tongzi System is 8,489 m long and 471 m deep.
Unfortunately the cave is horribly fouled with trash which
has severely dampened interest in further exploration.
5.2 Lao Chang Dong
Lao Chang Dong is a 3,146 m long and 98 m deep cave
complex that is about 1.5 km southwest and downstream of
Shanghetaowan, and possibly containing the same stream.
Old saltpeter mining vats, trails, and artifacts are in
abundance, giving the cave its name. Many leads remain to
be explored and more entrances have been seen farther
down the mountain.

Figure 3. Cloud Ladder Hall.

5.3 Other Caves

4. The Dolines

Numerous other smaller caves also have been found and
documented in the general area. Despite some of them
being prominently visible in the mountainsides, they have
thus far been found to be relatively small.

Perhaps the 4 dolines north of Quankou all feed into one
big system. Thus far relatively little cave exploration has
been conducted despite large sinking streams in each. In the
western and largest, the fourth or Gaiping Doline, is the Er
Long entrance to Quankou, and a massive insurgence,
Erlongkong (length – 177 m, -20 m). Local people tell
stories of more caves.

6. Conclusions
The cave systems of the Tongzi, Tudi, and Jielong
townships are significant in size, extent, hydrology, and
geomorphological development. The team believes a great
deal more cave exists in this area and the finest discoveries
are yet to come.

In the third doline from the east, some work was done in
2007. The entrance to Jiugoubashui Dong (553 m, -87 m)
is formed where the doline’s stream plummets over a 57 m
pitch into a large open air shaft. At the bottom a large
passage diminishes to a choke rather unexpectedly. On the
east hillside two beautifully decorated caves were partially
explored, Xiniu Dong (846 m, -56 m), and Sancha Dong,
(1,391 m, -74 m). The team has not yet explored the second
doline where the town of Jielong is located, nor the first
doline. In the hills a little closer to Tongzi, two paleo trunk
segments are next to the road, Wantangsui (520 m, -15 m)
and Wantangda (421 m, -15 m), as well as numerous other
small caves and unexplored entrances.
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The Hong Meigui Cave Exploration Society (HMG) is an organization with wide international membership which is
devoted to exploring and characterizing China’s many caves. Its main area of focus is Wulong County, Chongqing Province.
Its permanent base of operation is in the town of Tongzi. HMG’s main function is to facilitate the organization of
expeditions by providing a presence on the ground in China yearlong. There are many logistical challenges that expeditions
must overcome when working in developing countries; Additionally, China poses its own unique legal challenges that
classify many forms of cartography as infringing on state secrets.
Yantangping cave (HMG logging code 48H-H12-127-yantangping) is located in the Houping area of Wulong County,
China. It lies just outside the buffer zone of the San Wang Dong (SWD)/Er Wang Dong (EWD) UNESCO World Heritage
site. It is considered a significant cave by HMG members because of location, depth, difficulty and potential for new
discoveries. It has a total vertical extent of 491 m and a surveyed length of 1,210 m. Significant passages have been
discovered in SWD and EWD that extend out of the UNESCO protected area and far into the UNESCO buffer zone, thus
indicating that both the protected and buffer zones should be expanded; however, the likely interconnectivity of the
Yantangping System demonstrates the enormous extent to which these zones need redefining. Until recently Yantangping
was never the primary focus of an expedition, but due to the length and difficulty of exploration trips it is inefficient to
explore as a tertiary objective; the first full scale expedition focusing on Yantangping is scheduled for Chinese New Year
2014.

1. Introduction

field work indicates a 3° dip toward SWD. In-cave
observations show large variation in the rock quality and
composition; members vary from easy to hand drill to so
hard and siliceous that drill bits spark.

Yantangping Cave System (YTP) is located north of the
town of Tongzi in Wulong County, China. Expedition
participants typically arrive in Chongqing via domestic
flights; from there it is a 2 hour bus ride to Wulong City
followed by a three hour “bread” van to the town of Tongzi.
Despite the fact that Tongzi has an estimated population of
200,000 people, its infrastructure is similar to that of a town
of 500 people in North America. YTP is situated on the east
side of Yantangping Valley on a steep hillside at an
elevation of approximately 1,340 m above mean sea level.
The entrance is accessed via foot path by a 90 minute hike.
This path repeatedly crosses a streambed which is dry most
of the year. There is a small reservoir farther up the valley
than the entrance from which the local community pipes
much of its drinking water.

Several dye traces have been done in the area using
fluorescent dye dumped at the entrance to YTP. However,
numerous dye receptors were lost because of high flow at
the bugging locations and no dye was indicated. This is
potentially due to the high flow at the springs relative to the
low volume of water flow in the cave. More dye traces are
planned for the future.
The YTP Valley walls are very steep and covered with
heavy brush making climbing them extremely difficult. The
ridge in which YTP is developed is forested with small
conifers as well as heavy deciduous brush; it has not been
fully explored and there is no complete catalogue of surface
karst features. It is likely that there are additional entrances
located on the ridge top as there is rumor in the village of
large pits. There is a total possible increase of 250 m of
vertical extent by adding an entrance on the ridge top
directly above the current entrance. Satellite imagery shows
several shadows on the ridge that could possibly be pits;
however, their existence has not been confirmed.

Weather in this region of China is relatively stable with four
seasons and a clearly defined wet season. Average monthly
temperatures in the town of Tongzi range from -10 °C to
40 °C. Unlike the province capitol, Chongqing City, the air
quality in Tongzi can be good.

2. Geology
3. General Description

Yantangping Valley runs from the northwest toward the
southeast. It separates the Houping watershed from the Gai
Ping Doline and associated Quankou Cave System. It shares
a large section of ridge with the San Wang Dong Cave
System (SWD) and is formed in Ordovician limey dolomite
and other Ordovician carbonates. Although a full
characterization of the area has not been finished, scattered

The nature of cave passage varies greatly with depth – this
is the most intriguing aspect of the system secondary to
possible connection to SWD. There is a strong, perennial
draft at the entrance and a very slight inflow of water from
the surface drainage at that point on the valley wall. The
upper most section of the cave has very few side passages
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Figure 1. Regional overview of selected caves in northern Wulong County showing the relative location of Yantangping Cave to San
Wang Dong and Er Wang Dong. Image courtesy of Mike Futrell.

and is typically joint-controlled: significant pits alternate
with narrow rifts down to -194 m. It is in this section of the
cave that the most difficult challenges to exploration are
encountered. There is one notable non-joint controlled
crawlway in the upper section. It is a low volume passage
with a flowing stream and grapefruit sized cobbles. This is
the one part of the cave discovered to date in which a
flooding event could be deadly; however, the current
entrance configuration makes it highly unlikely that large
amounts of rain water would ingress at that point.

and not tall enough in height to travel upright. It is slightly
tilted from vertical and the less than vertical wall is
perfectly smooth and mudded whereas the overhanging
wall is forested with snagging protrusions. Additionally, the
cross section narrows toward the bottom so that bags and
bodies get wedged; there is no floor to use for support. In
the last few meters of this passage it drops down to the floor
and requires crawling on one’s side in 15 cm of water to
progress.
The second section of the cave consists of voluminous and
deep vertical spaces. Beyond Riff Raff the streamway
cascades down into a large cross section. The water falls
20 m and lands just to the west of an underground
watershed. At this intersection the cave gains volume
without a clear explanation for why. Comfortable walking
passage goes in both directions, and both directions slope
downward. The water flows a short distance westward
before falling into a significant vertical space. This space
extends upward and downward. It takes a stone over 3
second’s freefalling to make contact with something and

There are several significant obstacles in the upper section
of the system: a long, cobbled, wet crawlway; a chest
compressing rift; a floorless, wall less traverse to a pitch
head, a chest compress on rope; and numerous long pitches
sprinkling water. At -261 m a 30 m long section of
especially challenging rift is encountered. This passage is
the single most difficult to traverse and was dubbed “Riff
Raff” during exploration. If not for the valiant efforts of
Tommy Shifflet exploration would have gone no further.
This section of rift is not quite chest compressing in width
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rerig to the pushing front and 3 tackle sacks of camping
gear. They rerigged to the watershed and left the gear. The
following day the team returned with 3 additional tackle
sacks of camping gear and rope; they pushed onward
rigging into the unknown and hoping to encounter a
reasonable location to make camp. After several new
pitches and exploration of junctions it was late into the
night. Camp was set at the first possible location, which
proved to be an uncomfortable camp.

then rattles foe an additional few seconds. This estimates
the drop to be over 100 m. The vertical space has the look
and feel of a massive cross canyon extending in two
directions rather than a simple pit or migrating shaft. It has
not been explored to date.
To the east there is 90 m of gently descending, dry walking
passage which is terminated by another large vertical space.
This large pit has several adjacent pits which are connected
at a mid-level but do not appear to reconnect below.
Enormous alcoves are visible on the far side of the pit and
appear to have significant in feeding passages. This pit is
approximately 27 m in diameter. Below the initial pit the
passage turns a corner and continues downward via another
large pit with windows, a canyon, and another pit at which
point a sloping ceiling becomes visible. A few short drops
and one more pit complete the journey to the only
established camp site in the cave at -401 m. The ceiling is
an obvious bedding plane tilted at approximately 30°. Camp
is situated in the first of 3 adjacent pits.

The current YTP camp has just enough room for 3
hammocks, two of which suffer scattered drips of water.
The floor beneath camp is sticky mud. The water source is
a 27 m drip which is collected in a Darren drum and allowed
to sit overnight so the sediment can settle. The drip
collection is a scant meter away from the toilet.
Due to the infrequent nature of trips it was decided that
human waste, both liquid and solid, could be left in the
drain of this small pit and would have sufficient time to
wash down stream. Only after fully exploring this area and
near the conclusion of the camp trip was it realized that the
toilet drain does not merely reconnect to another lead below,
but is a lead that needs exploration. In addition to the toilet
lead one other lead was left coming off of camp. This
second lead was drafting at the top of a small pitch where
exploration was ended. All passages explored to date in
YTP have been surveyed in keeping with the HMG policy
of “no scooping”.

From here there are numerous passages extending in several
directions with mostly horizontal travel. This area is
considered the third section of the cave in that the nature of
passage is different from the previous two sections. The
most notable passage in this area is the Downward Spirals
passage which intersects a fault and follows it downward;
it doubles back under itself many times as it gains depth. It
is in this area that the hardest rock is encountered.
Eventually, Downward Spirals reaches the lowest point in
the cave to date after 100 m of rope from camp. While most
of the passages in YTP are wet, many of the passages after
camp are very dry and at least one area has large amounts
of gypsum. One exception is the terminal room of
Downward Spirals which is 20 m tall and has a cracked mud
floor. There is a strong draft coming from a too-tight
bedrock squeeze some meters off the floor.

All ropes save the first are left in-cave but all hangers and
maillons are removed after exploration. Rigging thus far
has been done using 8 mm wedge anchors above Riff Raff
and 12 mm Spit self-drive drop-in anchors thereafter. Petzl
aluminum alloy twist, and bend hangers, as well as
amarrage supple hangers are used. Excluding the first rope,
the cave is rigged using 9 mm and 8 mm diameter ropes.

5. Connection to San Wang Dong

4. History of Exploration

There is currently a separation of 1,670 m horizontally and
0m vertically between the closest known passages in YTP
and SWD. SWD is developed at a lower elevation and to
the east of YTP; there are currently going climbing leads in
the farthest west passages of SWD. Based on the passage
density in neighboring areas it is reasonable to believe that
there is a connection to SWD. With the impending
connection of SWD and EWD this connection would make
a system with total length of at least 128 km and a vertical
extent of 1,160 m. The current YTP entrance would be the
highest point in the system.

Modern exploration in YTP began with the entrance being
logged by HMG in 2007 after a team was led to the entrance
by a local villager. It is unlikely that there was significant
exploration before this point because, while the entrance is
horizontal, ropes are needed immediately for a 30 m pitch.
The first survey to penetrate beyond the first pitch was
conducted by Duncan Collis and Mike Ficco in April 2007.
Survey trips were routinely added on to the beginning or
end of other expeditions. As exploration continued and trips
became longer it became more and more unfeasible to rerig
the cave and proceed to survey on a single trip, even with
the practice of leaving derigged ropes in the cave. Soon it
became necessary to spend a day rerigging, and then a
second day surveying and derigging. The majority of
exploration trips were limited by the amount of rope the
team could carry. No hammer drills have been taken beyond
Riff Raff thus on numerous trips the number of self-driven
bolts that could be set were the limiting factor.

Recent explorations in SWD have discovered several large
diameter passages each over 1 km in length; it is not
impossible that a single day of survey could result in a
connection.

6. Future Expeditions

All exploration was done on extended, single day push trips
until December 2010. By this point travel to the pushing
front with equipment required 8 hours. Duncan Collis, Rob
Garret and the present author established the only in-cave
camp to date. The team hauled a tackle sack of hardware to

It is inefficient to further exploration in YTP via single day
trips thus necessitating dedicated expeditions. The first of
these is planned for Chinese New Year 2014. The primary
objective will be to finish exploration of the dry side of the
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watershed in the first week and then push into the wet
branch. Additionally, it may be possible to find a bypass to
Riff Raff, which is a tertiary objective. Exploration is
planned to be done on 5 day rotating, hot bedded camp trips.

Exploration in YTP would not be where it is today without
the persistence and drive of Duncan Collis and the
continued support of the Hong Meigui Cave Exploration
Society’s Chair, Erin Lynch. Thanks are due to Mike Futrell
for preparation of the North Wulong regional map.

There are already several hundred meters of rope in the dry
branch which can be used there and then subsequently in
the wet branch. The expedition will take several hundred
additional meters of rope as well as a hammer drill to use
beyond Riff Raff.
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UNDERWATER EXPLORATION OF THE BJURÄLVEN VALLEY CAVE
(SWEDEN) UNDER EXTREME WINTER CONDITIONS
Dmitri Gorski, Nicklas Myrin, Bosse Lenander, Markus Nord, Mark Dougherty
Swedish Speleological Federation (SSF) www.expeditionbjuralven.se

The underwater cave in Bjurälven valley in the Swedish county of Jämtland was discovered in 1979. An attempt to dive
into the cave was made in 1997, but the system was deemed undivable due to very high (up to 20 knots) water flow.
However, in the early 2000-s, a group of Swedish cave divers determined that favourable conditions in the cave system
can occur and proved that it can be dived in early spring when ice covers the entrance and the flow is moderate. The
exploration in Bjurälven thus began.
The first Expedition Bjurälven was carried out in 2007, and since then divers have visited the harsh winter landscape every
year in March. The documented, explored and mapped cave system now measures more then 700 meters; the deepest part
is at around 20 meters. The tight and narrow passages as well as extreme water temperatures (down to 0 ºC and lower)
require the use of special diving techniques and equipment, some of which has been developed specifically for this project.
Through cooperation with the local community, Expedition Bjurälven gained a special place in the lives of the local
residents and authorities. The expedition was included in a recent European Union regional development project “From
Outer Space to the Inner of The Earth” and a documentary about the Bjurälven valley by Kurt Skog was released in the
spring of 2012. Through joint efforts of the expedition members and the local community, Bjurälven is now the longest
underwater cave in Sweden. Research within hydrology, geology and biology is carried out in cooperation with universities
and new results come forward every year.

Figure 1. Bjurälven valley cave is full of hidden beauty; small tight tunnels open up into big vaults further inside.

1. Introduction

and researchers organize an expedition to the Dolinsjön
cave in Bjurälven valley. Overcoming the difficulties,
fighting the weather, the expedition continues to add newly
explored sections of the cave to the Dolinsjön system. Join
the explorers on their quest described in this paper, and you
will understand why the cave calls for them again and again
every year!

Does cave diving in the middle of Swedish winter only
steps away from the Polar circle sound crazy to you? With
temperatures down to minus 25 °C, a thick layer of ice
covers every waterhole. To get to the cave, a lengthy trip
on a snowmobile has to be undertaken first. And yet, this
year is the seventh year that a group of Swedish cave divers
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Some caves are big and roomy; you could almost drive a
truck though their passages if they were dry. Diving there
is pleasant and effortless; you simply glide through the
tunnels and enjoy the scenery hovering above the floor.
There are plenty of such caves in Mexico, France or Florida.
Some caves are exotic and unusual, like the Tank cave in
Australia och the Molnar Janos cave in Budapest. Some
caves are cold – Plura River cave in Norway or Ordinskaya
cave in Russia are good examples. A few caves are tight and
nasty, almost trying to catch and trap you everywhere you
go. Now imagine the cold and the tight confined spaces
combined together; to move somewhere you often have to
squeeze through passages that can barely accomodate a
diver, the water temperature so low that you stop feeling
your fingertips in dry gloves only a couple of minutes into
the dive. And what can be more exotic than cave diving in
the middle of arctic landscape far away from the entire
civilisation? The cave in the Bjurälven Valley is amazingly
beautiful though – low passages open up into vertical
cracks, everywhere there are evidences of extremly high
water flow during the summer months. Passages are eroded
into streamlined channels; walls are covers in thousands of
ripples and facets. Limestone is hard and loose rocks on the
bottom are shaped into sleek purposeful shapes. All small
objects and loose rock are washed away by the current
which in the summer months can reach up to 20 knots. This
is the main reason for the expedition to be orginized during
winter, when the water flow is virtually zero and the
entrance pool is covered by more than a meter of ice.
Another reason is the remote location of the cave. During
summer, the only access to the cave is by foot through more
than five kilometers of forest and marsh. No terrain vehicles
are allowed since the whole area is a nature reserve. During
winter, however, the expedition is granted permission to use
snowmobiles and the logistics become much simpler. Small
vegetation is covered by deep snow and the bare trees are
not an obstacle when snowmobile trails are prepared.

amazing! Residents of the nearby Blåsjön village make a
large effort each year by preparing the scooter tracks which
span approximately 6 kilometers from the nearby road to
the cave entrance. The expedition members live in an old
village school and have access to warm food and sauna after
exhausting days in the field. Everybody, from housewives
to the local village business owners, is involved in making
expeditions to Bjurälven a success!
2.2. Cooperation with the authorities
Bjurälven valley lies within a nature reserve. This means
that special permits are required to be able to for example
operate snowmobiles in the area. Due to the many years of
fruitful cooperation with the local authorities, the
paperwork is seldom a problem and the expedition receives
all kind of support from the county of Jämtland. As a
payback, a lot of publicity is created around the Bjurälven
valley and the unique tourism destination it is. Expedition
to Bjurälven has been subject to a lot of attention from the
media, from local radio stations and newspapers to large
national media houses.

Figure 3. The entrance to the cave is low and treacherous, first
hundred meters are basically one long restriction.

2.3. Diving techniques and equipment
Due to the small size of the cave, the technique called “sidemount” diving has to be used. While normally divers carry
the tanks on their backs, in side-mount diving they are
carried along the sides which gives a very low and streamlined profile. Equipped like that, the divers are able to enter
the cave. Each diver carries three large 12–15 liter tanks
(most of the air supply is reserved for emergency). The third
cylinder is mounted on the chest and can be removed when
passing obstacles. To be able to withstand the freezing cold
for several hours at a time, thick undergarments, double
hoods, dry gloves and electrical heating are used. Divers
must not disturb the fragile environment in the cave and this
is why many hours are spent each year practicing diving
trim and buoyancy, an art of swimming in the cave without
disturbing its walls, floor or ceiling.

Figure 2. The first task each year is to clean the diving site from
all the snow, drill a hole in the thick ice and establish a base camp.

2. Materials and methods
2.1. Support from the local community

2.4. Underwater cave mapping

Diving expeditions to such a remote location would never
be possible without the support of the local community. The
support for expeditions to Bjurälven has always been

The goal of many of the dives is to explore the cave system
and produce a map of it. The cave is mapped using
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volumetric measuring techniques – each 2.5 meters the
divers measure distances from the guideline to the walls,
the ceiling and the floor using a measuring tape. This
information is later fed into a computer programme CaveX
that generates a three-dimensional image of the mapped
cave passages.

if a connection can be made or laying new line and mapping
new passages.

2.5. Tracing of the divers in the cave
By putting an electromagnetic tag on a diver, a pulsating
magnetic field can be detected on the surface with a radio
location device. The radio location and communication
device, M-85, is developed, built and described by Bo
Lenander, SM5CJW, member of CREG (Lenander 1987).
M-85 is a 32768 Hz 1.5W DSB transceiver with a 420 mm
circular tuned loop antenna. The tag is a 33 kHz transmitter
with a horizontal 300 mm single turn tuned loop antenna.
While the tag is under water, its water sensor activates the
transmission of short 33 kHz bursts with 2 Hz pulse
repetition frequency (PRF). That can be heard as an audio
tone signal in the M-85 receiver. The R6/AA battery and
electronics are put in a 125 mm long watertight Al-tube.
Total tag weight is 100 g. The device can be seen in the
figure below.

Figure 5. Further inside, the cave opens up and sometimes divers
swim through big vaults where multiple passages coverge.

Each dive usually starts with a briefing with the surface
manager and safety diver on duty. After clearing the dive
plan and discussing the mission, it is time to kit up with
sidemount tanks and jump into the hole in the ice on top of
the Dolinsjön, a small lake at the entrance of the cave
system. The visibility there is usually rather poor and a thick
blue guideline leads under a ledge to finally disappear in a
tight horizontal crevice. The floor is loose gravel and
sometimes, an effort of some digging must be made at the
beginning of the dive to make it through with the stomach
in the gravel and the back against the cave ceiling. Inside,
the cave opens up. Suddenly the visibility clears and
amazing view comes into sight – sleek tunnels polished by
water for thousands of years, disappear into the darkness.
There is not much silt since most of it is carried away by
summer flow – even small stones are not that common in
some cave passages.

Figure 4. Radio location device on the left and electromagnetic
tag on the right.

2.6. Biological research
Biological research in the 2011 expedition focused on
carrying out an inventory of the species tolypella
canadensis, a rare and endangered charophyte. This species
was announced in 1973 (Sawa 1973) and has only been
observed in relatively few sites in the Arctic-alpine region
(Langangen 1999). Research into the question was initiated
after initial findings from our expedition in 2010 when the
species was informally observed to be growing in the area.
Possible sites where the species was likely to grow (pools
with a soft sandy bottom) were investigated under the
direction of Markus Nord. A diver wearing a mask and
snorkel searched each site carefuly.

Figure 6. Throusands of small facets on the cave walls are formed
by the summer flows; using their shape and size it is actually
possible to calculate the volume of water passing through the cave.

Up to date, the longest penetration in Dolinsjön cave is
some 250–300 meters. This does not sound like a lot, but
considering the environment it is a lengthy distance to
swim. Several tight restrictions block the way and have to
be negotiated, sometimes taking off some of the tanks.
Safety bottles, placed every 20 meters, help to reduce the
risks but are a big job to place out at the beginning of each
expedition. Although each dive is a mission, there is a lot
of time to admire the cave. The tasks are usually at the end

3. Results and discussion
There are very few “fun dives” on the Bjurälven
expeditions. Although this is not completely true since all
dives there are extremely exciting. But there is a mission
for each and one of them. Every diver, entering the water,
has a task to do, be it digging at a remote stone choke to see
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of the line and thus, there is a lot of time to look around on
the way in and out.
3.1. Cave exploration and mapping
Three-dimensional cave map, created by the divers, can
give a lot of valuable information. It can be clearly seen
which passages come close to each other and the divers then
attempt to make a connection between them. So far, over
700 meters of cave have been mapped. The map also allows
performing calculations of the cave volume which then, if
the flow of water is known, can be used to calculate the
amount of water passing through the cave each year.
Flowmeters have been placed out in the cave for this
purpose. Hydrological and geological research can be
performed using the data obtained. For example, the age of
the cave can be estimated if facets and ripples on cave
passage walls are measured and the amount of water
flowing by each year is known. The flow conditions also
help to learn more about the melting of the ice in the
mountains upstream from Bjurälven.

Figure 8. Winter landscape of the Jämtland county is an
impressive sight in itself! It is not a coincedence that the area is a
national park.

3.3. Biological research
Three sites were investigated:
From the main resurgence cave (RT90: X7202791,
Y1419988) to the bridge over the river. Outside of
resurgence is where initial observations of the charophytes
were made during the previous year. The bottom structure
of the river is stones and coarse gravel with some limestone.
However, no traces of the species were found in 2011. No
other areas with a sandy bottom were discovered.

Figure 7. Total mapped length of the cave by 2011 was
approximately 700 meters.

Along the course of the river from the resurgence at
Semigrottan (RT90: X7202522, Y 1419184) to the main
sinkhole are two areas with a soft sandy bottom: Pooled
water where the river turns through 180 degrees at RT90:
X7202458, Y1419292 and a large pool 25m downstream of
Semigrottan at RT90: X7202522, Y1419196. No traces of
the species were found.

3.2. Tracing of the divers in the cave
The operating range of this equipment is up to 50 m and it
is possible to measure how deep under the surface the diver
is by use of standard methods. In an urban area, where the
electromagnetic noise level is high, the practical operating
range will be reduced. The electromagnetic noise in the
Bjurälven area is very low. It is important to avoid the use
of digital cameras and LED-lights within 1 m from the
receiving loop antenna as those devices can give a high
noise level.

The third area is around Dolinsjön (RT90: X 7202434,
Y 1418696). In the north-east basin (where diving takes
place) charophytes were found, but it was determined that
they were not the species tolypella canadensis. The south
west edge of the doline has a soft sand bottom whereas the
east has a bottom of mainly rounded gravel.

With the described equipment we were able to follow the
divers in the cave below the snowy mountain and that gave
the dive master helpful information both for safety reasons
and for timing of planned dive operations. The
footprints/tracks in the snow, after the divers have been
followed, showed the horisontal projection of the cave, a
scale 1:1 cave map. In the future it would be useful to have
a 2-way communication with the diver. Questions

Thus although charophytes were observed during the 2011
expedition the species tolypella canadensis remained
elusive and no positive identifications were made.
3.4. Equipment development
Expeditions to Bjurälven are perfect for evaluating the
performance of existing diving equipment in extreme
environment. Also, new equipment is manufactured and
tested specifically for the expedition, most often by the
divers themselves. One examples of such equipment is the
regulator heating systems. Extreme temperatures in the
Dolinsjön cave make regulators malfunction. Normally, a
freezing would lead to a freeflow which is fairly simple to
handle – the worst thing that can happen is so-called “valve

are given from the surface and the diver can answer yes/no
with a single tone burst. The operating range of the
electromagnetic equipment is highly dependent on the
transmitter power as the operation is within the near field
of the loop antenna (inverse cube law). For further use of
this tracing method the transmitter power of the tag must
be much higher than at the moment.
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the last expedition in 2011. To collect more statistically
reliable data, this equipment will be used in future
expeditions and hopefully, at the end, help to reduce
accidents connected to second-stage freezing.

4. Conclusions and summary
Most of the passages explored and mapped so far end in an
intersection where two or three new tunnels reach out into
the darkness, around each corner there is most often not a
dead end but pleny of new passages to explore. With it`s
700 meters, Dolinsjön cave is today the longest underwater
cave system in Sweden. Since there are so many new leads,
the system gets significantly longer each year.
Figure 9. The temperatures, both topside and in the water, are so
extreme that diving regulators need to be submerged at all times
to prevent them from freezing.
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breathing” when the tank valve is feathered at each breath.
While probably a source of a lot of stress for a novice diver,
such procedure is fairly easy to use if proper trained. Tank
valve with the freeflowing regulator is closed and the diver
has to open it a little bit to take each breath; this way very
little gas is wasted and the diver can head home in relative
safety.
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Figure 10. Extreme cold puts pressure on both the equipment and
the divers.

The problem, experienced on many occasions in Bjurälven
has been that regulators do not freeflow upon freezing –
they simply stop giving gas. The flow of gas becomes
smaller and smaller and after a minute or so just stops
completely. This happens due to build-up of ice inside the
regulators and it is a rather frightening experience. There is
simply nothing to breathe. Of course, double and triple
systems help – but those might freeze just as easily,
especially if the breathing is a bit on the heavy side due to
some stress. Special heating sleeves were manufactured to
attempt dealing with this risk. Fitted on the heat exchangers
on the second stages, the plan was that they reduced the risk
of freezing simply by heating the regulator in an efficient
manner. It is too early to say if this method was a success,
but it can be concluded that none of the regulators, fitted
with the heating sleeves, froze while there were multiple
freezings of regulators without the heating system during

Figure 11. Every expedition is a teamwork and a celebration of
team spirit in cave exploration!
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Daniel Hutňan
ZO 1-10 Speleoaquanaut, Ledařská 433/9, 147 00 Prague 4, Czech Republic, hutnan.dan@gmail.com

In 1986 happened a small miracle. During totality when the travel to the west world has been nearly impossible small
group of Czech speleodivers from Speleoaquanaut club found themselves in the small spa town of Bad Urach in West
Germany. Jochen Hasenmayer has held a lecture there for the guest of the spa about his recent discoveries in the cave
Blautopf. Unfortunately the Czech divers were unable to get permission to dive in the cave but the meeting with Jochen
has opened the way to Italian island of Sardinia. The diving in this picturesque place called Hasenmayer during a meeting
with the Czech group after a lecture as one of the most beautiful in Europe. It has been 25 years since the exploration
vehicle Avia with Czech speleodivers first came to the mountains of Supramonte in the Golfo di Orosei.

1. Bue Marino

exploration of the caves will progresses further. At the
beginning of the 70-ies of the last century came to Sardinia
Jochen Hasenmayer. Little guy with tremendous vitality.
Discoverer, explorer, innovator. Second of August 1972 he
plunged for the first time into a siphon at the end of
Terminale Ramo Sud (South branch). September 1, 1977
he surpassed (on the third attempt) 630 meters long and 32
meters deep sump. After that he swam through two short
sumps Apnea 1 and 2, and discovered nearly 1.5 kilometers
of dry tunnels and sumps Owest, which we later named
Hasenmayer’s question mark. In the seventies Jochen as
well dived in Ramo Nord. During several attempts based
on the information by Axel Mahler he came all the way to
the sump, which is in the last overall map marked as cave
called Siphone Nord Grande. Hasenmayer’s memory sketch
from 1972 shows that this admirable man has been diving
in Ramo di Mezzo. This branch of the Bue Marino cave has
been rediscovered only in 2005. Stainless steel wire used
instead of guide lines by the Austrian ended a mile from the
entrance to the cave. At that time that has been truly
remarkable performance.

You can find here one of the most beautiful cave system of
Sardinia. The full name of the entrance of the cave, which
is known for several centuries, is the Grotta del Bue Marino.
It is derived from the Mediterranean monk seal (Monachus
monachus), that is in Sardinia called Bue Marino – sea ox.
Seal colonies have appeared in the cave till the early 70-ies
of the last century.

3. The inscription at the end of the cave
Figure 1. Entrance to the cave (Photo Radoslav Husak).

Sumps Bue Marino enticed other speleodivers. Between
1981 and 1982 the French Speleologists Crouquet, Hilaire,
Granier and Eric Le Guen went through the sump
Terminale. In the turn before sump Apnea 2 they found
sump Terminus, interrupted by dry sandy stretches. They
got to a distance of 600 meters.

Grand entrance portal of the cave must have been noticed
by fishermen that sailed boats along the coast. Forms in the
shape of human figures carved on the walls date back to 6–
8 thousand years ago. Probably even early man used the
cave, that provided protection from the weather, and when
the sea level was a few meters lower, fresh running water.
Some inscriptions in the upper part of the portal are from
the late 19th century. Systematic discovery and mapping Bue
Marino started to happen from 50’s of the twentieth century.
The greatest credit for the survey of the dry parts of the cave
system goes to teams of cavers from Sassari and Dorgali.

2. Waiting for aqualung
Rising of the seas ten thousand years ago caused secondary
flooding of the monumental corridors. Sumps created an
obstacle that was for dry cavers unsolvable problem. The
two at the time known branches of Bue Marino cave –
Ramo Sud and Nord – were waiting for a time when
aqualung will let speleodivers penetrate sumps and the

Figure 2. Public parts (Photo Radoslav Husak).
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Figure 3. Lakes of Ramo Sud (Photo Karol Kyska).

We discovered their guiding cord in 2010 in a small trap at
the very end Ramo Sud. It is called The French 2. Here,
according to a memory sketch a diver got 20 meters away,
and 8 meters deep. The French group left cave inscriptions
at three locations, which marked the reached positions.

corridors of several kilometers. In 1993 Lubos Benysek,
Milan Slezak and David Netusil swam along with their
Italian colleagues Leo Fancello and Roberto Loru again
through siphon Terminale in Ramo Sud. They got to where
they were before Hasenmayer and the French. They were
forced to return, just before the end of the southern branch
by lack of light sources. After this joint Czech-Italian
venture there now were three memory drafts of space
behind sump Terminal. It was time to map this part of the
cave in detail. It happend in 1998 and it was done by a
couple Hutnan – Hota. During the seven hours that they
spent behind the sump they made mapped documentation
to the end of Ramo Sud. But still there remained some
unknown places. The Czech pair was unable to localize the
mysterious Hasenmayer’s sump Owest and both french
sumps.

5. New Millennium
The activity of the Czech speleodivers in Bue Marino
increased with the advent of the new millennium. In the
years between 2001–2012, 10 expeditions took place under
the leadership of Daniel Hutnan. Their goal was to map out
the whole cave again and move on to the unexplored parts
of the cave system.

Figure 4. 15th siphon of Ramo Nord (Photo Radoslav Husak).

4. The era of Czechoslovakia
The first Czech expedition to Sardinia in 1987 examined
the inland caves of mountains Monte Alba and
Supramonte, also coastal springs on the west coast.
Systematic cavediving exploration of Bue Marino by
Czech speloedivers began in 1989. Cavers gradually
penetrated new parts of The Ramo Nord and mapped it in
detail. They overcome 530 meters long and 30 meters deep
sump Nord Grande after which they advanced into three

Ramo Nord (Northern Branch), also known as
Czechoslovakia, was gradually supplemented by new
discoveries. In 1993 Slezak and Benysek reached a total
length of 8 km in this tree. Eighteen years after their
exploration, these two end parts were extended by further
discoveries with the prospect to continue. The detailed
mapping of Ramo Nord lasted three years.
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Figure 5. Map of Bue Marino with the latest discoveries.

In 2005 speleodivers encountered guiding cord stretched by
Thorsten Wälde. This cord led into the hallway discovered
and surveyed by Hasenmayer in 1972. We gave her name
Ramo di Mezzo (Middle branch).

and mapped 1,500 meters of passages. With his son Martin,
Mira Manhart and Martin Hones Daniel discovered
mysterious places which were not clear from memory
sketches. The French sumps could be then studied and
mapped in detail. They also found the entrance into the
never explored Hasenmayer’s sump Owest (Hasenmayer’s
question mark).

In the years 2006, 2007 and 2011 here Radek Husak and
Jan Zilina gradually reached the underwater distance of
4,000 meters. Group of Czech speleodivers also discovered
700 meters of dry passages that begin in turn at 2,650 meters
of Ramo di Mezzo.

6. Gigantic system
In view of the position of cave systems in the valley Codula
di Luna, it is clear that in the past it was single large system,
running the length of tens of kilometers. Deeply cut valley
separates the present cave, located in the right part of the
valley (Su Palu – Su Spiria, Carcaragone, Su Molente, Cala
Luna), from 21 km long Bue Marino. Overcoming the
valley below ground was a dream that would open the way
to the creation of the longest cave system in Italy.

7. Sump Martin
The desire to swim underneath the valley became a reality
in October 2012. Trinity of Daniel and Martin Hutnan
together with Martin Hones has found at the very end of
Ramo Sud new sump. It was located near so called
French 2. Mapping of the final passages of the cave delayed
Daniel Hutnan together with Martin Hones. In the
meantime Martin Hutnan crawled through all possible
cracks cover with fine sediment. In between some rocks he
found a passage ending at a little pond. They called it the
sump Martin.

Figure 6. Penetration through siphon of Ramo Nord (Photo
Radoslav Husak).

Cooperation with Italian colleagues Leo Fancello and
Roberto Loru led to completion of missing parts of the cave
into the central map. Leo provided all the documents from
mapping all the dry parts of Ramo Sud as well as Ramo
Nord. Also he found in his archive some old memory
sketches done by Hasenmayer and French speleodivers from
1981 and 1982. In cooperation with the Italian group and
with the help of beacons we were able to pinpoint the exact
location of the end of Ramo Sud and in addition to discover
one of the passages that is closest to the valley Codula di
Luna. The distance to the surface at this spot is 22 meters.

After short preparation Daniel Hutnan submerged himself
in the sump. Since the end of the cavern is at the edge of
the valley, there was little chance of finding passages that
were wide enough to get through. The bigger was Dan’s
surprise when the passage under water continued further
south. After about 80 meters the sump ended in a pond
10 × 5 meters. After removing diving bottles Daniel
continued further through wide dry corridor covered by
decorations. This ended after 330 meters in a narrower

Daniel Hutnan overcame with his colleagues sump
Terminale six time in total. Here they gradually discovered
99

Exploration and Cave Techniques – oral

2013 ICS Proceedings

sinter corridor with sump. The whole discovery is 400
meters long and in general is directed south – perpendicular
to the valley. Entering the measured data into the map after
returning proved that this was historically first successful

underground pass under the valley Codula di Luna. Thanks
to this discovery the door is open for creation of the longest
cave system not only in Sardinia but also in the whole Italy.
By combining all known caves in the right and left side of
the valley the final length can be 70 km.
On discoveries in the cave of Grotta del Bue Marino
participated more than 50 cavers from Czech and Sovak
Republic. Thanks goes to not only to the local speleological
groups from Dorgali and Sassari. We want especially say
thank you to those who helped with obtaining permits to
work in this beautiful cave and provided historical records
and personal assistance: Leo, Maria, Roberto, Mario,
Gianpaulo, Fabio.
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History of exploration – Grotta del Bue Marino (Leo Fancello, Daniel Hutňan).

Ramo Sud
Date

Name

Location/Activity

Cave lenght

since 1950

Dorgali

dry parts from entrance

1987–2007

Sassari, Dorgali

draving dry parts

2,960 m

?

2. 8. 1972

J. Hasenmayer

Sifone Terminale – 270 m

3,230 m

23. 7. 1974

J. Hasenmayer

Sifone Terminale – 550 m

3,270 m

1. 9. 1977

J. Hasenmayer

Sifone Terminale – 630 m, Apnea1, Apnea2

4,590 m

5. 9. 1981

Chouquet, P. Penez

Sifone Terminale – 550 m

4,590 m

14. 9. 1981

P. Penez, Chouquet, Hilaire, Granier

Sifone Terminale, Gallerie Sable, Salle Blocs

4,790 m

16. 8. 1982

E. Le Guen, P. Penez

Gros Golets, Sif. Terminus – 640 m, Sif. F2-20 m

5,510 m

30. 10. 1993

Benýšek, Slezak, Netusil, Fancello, Loru

Salle Blocs

5,510 m

30. 11. 1998

D. Hutňan, M. Hota

survey dry parts after Sifone Terminale

5,510 m

5. 12. 2007

D. Hutňan, M. Hutňan, M. Manhart, M. Megela

radar

5,560 m

9. 10. 2010

D. Hutňan, M. Hutňan, M. Manhart, M. Hones

radar, survey

5,590 m

10. 10. 2011

D. Hutňan, M. Hones, K. Kyska, P. Strnad

Sif. Terminus – 800 m, dry parts – 200 m

6,590 m

7. 10. 2012

D. Hutňan, M. Hutňan, K. Kyska, M. Hones,
O. Novák, R. Teichmann

Sif. Terminus – 200 m, sif. before Apnoe1 – 60 m

6,800 m

10. 10. 2012

D. Hutňan, M. Hutňan, M. Hones

Sif. Martin – 80 m + dry parts after – 330 m

7,210 m

Ramo Nord
Name

Location/Activity

7. 8. 1972

Date

J. Hasenmayer

Lago Smeraldo-Lago Nero, 520 m

14. 8. 1972

J. Hasenmayer

Lago Nero-Lago Barbara, 160 m

10. 8. 1973

J. Hasenmayer

Lago Barbara-Sifone Finale 73,

2,150 m

1. 9. 1977

J. Hasenmayer

Sifone Finale 73-Sifone Nord Grande

3,350 m

Czech – 10 divers

draving parts in front of Sifone Nord Grande

3,350 m

1990

Cave lenght
520 m
680 m

1991

M. Slezak, S. Bilek, L. Fancello

second floor after 700 m, 300 m

3,650 m

1992

Czech – 7 divers

Sifone Nord Grande-520 m, dry parts after-800 m

4,520 m

1993

Czech – 7 divers

parts after Sifone Nord Grande, 2,230 m

6,750 m

2005

Czech – 16 divers

draving parts from entrance to 700 m

6,750 m

2006

Czech – 11 divers

draving parts behind Sifone Nord Grande,

chemical analysis, 100 m news

6,850 m

Czech – 11 divers

draving Sifone Nord Grande, 100 m news

6,950 m

1987–2007

2007

Sassari, Dorgali, CSS

draving dry parts from entrance-1,340 m

8,290 m

2005–2010

CSS

dry parts after 700 m-250 m

8,540 m

Ramo di Mezzo
Date

Name

Location/Activity

Cave lenght

1972

J. Hasenmayer

Lago Smeraldo-1,030 m

1,030 m

2005

Thorsten Waelde

Lago Smeraldo-750 m

1,030 m

2005

D. Hutňan, R. Husak, K. Svobodová

survey, mapping

1,500 m

2005

R. Husak, K. Svobodová

survey, mapping

2,400 m

2007

R. Husak, J. Zilina

survey, mapping

4,750 m

9. 10. 2011

R. Husak, J. Zilina

survey, mapping

4,850 m

11. 10. 2011

R. Husak, D. Hutňan, R. Teichmann, P. Strnad

dry parts after 2,600 m, 700 m

5,550 m

Total

21,300 m
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EXPLORATIONS IN THE LOFERER STEINBERGE
Oliver Kube, Jochen Hartig, Renato Serôdio
DAV Höhlengruppe Frankfurt/Main, Germany; renato.serodio@gmail.com

The Loferer Schacht is currently the deepest and longest cave in the Loferer Steinberge. Characterised by a 600 m deep
vertical segment that leads into a fossil, mostly horizontal area, this cave develops in the upper Dachstein limestone levels,
under which an insoluble dolomite base exists. Given the limestone’s inclination and other indicators such as wind and
water systems within the cave, it is presumed that the cavity progresses deeper toward the valley. Further exploratory work
is required to confirm this hypothesis.

1. Introduction

1,400 m NN). The slope assumed by the layers, directed to
north and northeast (Žák 2008), implies the possibility of
achieving greater depths should karstification have
continued within the Dachstein cap.

The Loferer Schacht (Cat.-Nr. 1323/42) was discovered in
1983 by a team of Polish speleologists from the KKTJ
Cracow, who had been systematically exploring and
mapping the region of the Loferer Steinberge. The KKTJ
surveyed the western branch of this cave between 1983 and
1984. The DAV Höhlengruppe Frankfurt/Main undertook
a re-surveying of the western branch down to a maximum
depth of -665 m between 1990 and 1991, arriving at the
same dead-end first reached by the Polish. During derigging in 1992 a connection to the eastern branch was
discovered at -106 m: the “Frankfurter System”.
Exploration in this branch continued, leading to the
discovery of a fossil, horizontal segment of the cave
between 1999 and 2000. The deepest point surveyed, named
“Hades” (-796.67 m), was reached in 2004, as was the
current exploration lead, “Sekt oder Selters” (-730 m). Here
strong wind blows into an area of blocks, still too narrow
for passage. Currently, the surveyed length comprises
10,449 m, extending between +9 m and -796 m measured
relative to the main entrance (Hartig 2008).

Figure 1. Geological profile SW–NE (Reinl 1993).

The higher-located and vertical segment of the Loferer
Schacht comprises a number of active pits, collecting rain
and thaw water from the surface, and displays characteristic
erosion surfaces. During progression into the cave, it is
evident that both dissolution and erosion of the rock, as well
as tectonic processes and collapse, were responsible for the
character of this cave. The horizontal section, reached at
about -600 m, is markedly different from the vertical
passages so far, and it is thought to have developed earlier.
Of particular interest are the large, horizontal passages,
where flowstone can be found at a number of places. While
numerous stalactites of up to 30 cm are known, only three
stalagmites were observed to date. Cauliflower and other
immersion formations, as well as ground coatings, are also
observed at specific locations and mark a supposed
waterline (Hartig 2012).

Loferer Schacht’s three known entrances are found roughly
200 m to northwest of the saddle of the Kleine Wehrgrube,
between the Reifhorn and the Hochsenhorn, at a height of
2,200 m. The entrances are usually blocked with ice until
August. An entrance in the SW face of the Reifhorn,
especially in the area of the Weittal and Hafenloch, is
presumed. Surface explorations in these regions, in 2005
and 2008, provided an approximation up to ±70 m from
charted sections of the cave. Nevertheless, an entrance in
this region is yet to be found.
The Northern Calcareous Alps, in which the Loferer
Steinberge are included, are characterised by the existence
of high-altitude karst plateaus and by the presence of large
horizontal cave levels, known as “Riesenhöhlen”, between
the altitudes of 1,600 m and 1,800 m.

Development of the passages along layer interfaces and
faults can be easily discerned in the lower, horizontal part
described above. As an example, the large corridor called
“Minas Tirith” follows accurately the inclination of the
limestone layers (Fig. 2). This passage is still characterised
by large, finely polished slickenside surfaces, which are also
found frequently throughout the carve.

The Loferer Steinberge, in which the eponymous Schacht
is located, are composed of a ca. 1,000 m thick, soluble
Dachstein limestone cap, under which an equally thick layer
of dolomite stone is found (Fig. 1). Due to the latter’s low
dissolution potential, speleogenesis is sparse, and thus the
maximum potential depth is indeed around 1,000 m. The
interface between these layers can actually be reached at
the lowest point of the known extension of the cave (ca.

Conglomerate structures have been observed at a single site,
corresponding with the lowest point in the cave.
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creek in the southwestern segment of the cave, with water
flow correlating directly to rainfall at the surface. The creek
collected in the still passable Zick-Zack-meander will later
join a second creek, to form the “Schweigender Fluß”,
which can be followed until its disappearance into an
unpassable pit. Again, this waterline has not been found at
lower levels (Kube 2012).
Rain events at the surface also cause significant amounts of
water to flow through the “Nic Moc Diry” region; this water
is appears to become dammed in a siphon at -620 m. This
creek has not been found at lower levels.
It is assumed that water collected in the main horizontal
passages is flowing in an active level much lower than the
currently known fossil passages. It is unclear whether, upon
reaching the dolomite layers, this water maintains the
general orientation of the upper levels, or flows in a
different direction. It is further not known whether water
flowing in the active vertical pits actually reaches the
horizontal level already surveyed (Kube 2012).

Figure 2. Loferer Schacht in profile (SW-NE).

2. Hydrology
With a poorly developed soil and epikarst zone in the
recharge area, mostly above the treeline, the surface around
Loferer Schacht is characterised by the presence of
perennial snowfields and ice plugs in karst depressions. The
residence time of water here is in the order of half a year to
several decades, and melting during the summer season can
contribute greatly to the recharge. Virtually all charted
sections of the cave are located in the unsaturated (vadose)
zone, in the sub-zone of free-draining percolation. Water
transport through the large vertical extent found in the
Loferer Schacht is extremely rapid, with effects of heavy
rain at the surface reaching a depth of 600 m within
5 minutes.

3. Temperature and wind systems
Temperature and wind measurements were carried out with
automatic means placed inside the cave for the duration of
a year (Fig. 3). The automatic measuring instruments were
developed specifically for deployment in the Loferer
Schacht and are able to record the temperature at 15 minute
intervals. Analysis of data recorded with two instruments,
resp. at the depths of -60 m and -585 m, as well as of
relevant weather stations at the surface, could show that two
distinct wind systems persist in the cave, corresponding to
the vertical and horizontal sections, respectively. In
particular, the temperature variations as recorded by the two
separate instruments are distinct and relate, among others,
to the existence of snow covers in the openings feeding the
system; the degree of blockage was especially apparent in
wind measurement data (Hartig 2006).

The roughly horizontal passages in the Frankfurter system
are mostly inactive today, and are thought to have
developed under a different hydrological regime at an
earlier point in time. The morphology of these corridors
suggests their formation under at least partly phreatic
conditions. Observations in this section of the cave also
indicate that the position of the whole mountain block might
have changed since the former’s formation.
Based on evaluation of the geological structure and water
flow direction within the cave system, it can be presumed
that the Loferer Schacht system is drained to the east or
northeast, into either the Maria-Kirchental or the LofererHochtal. Direct drainage into the Saalach or Haselbach
valleys are also likely. Nevertheless, water composition and
temperature at these locations indicates that the water being
discharged may not be entirely related to the Loferer
Schacht system (Žák 2008).
A number of distinct water lines collect in the Frankfurter
system to form a creek, which becomes particularly evident
at -530 m, in the “Stolichnaja”. In the cascades that follow,
dangerous conditions can occur during heavy rainfall. The
creek then disappears through blocks on the ground at
-580 m, after which it cannot be followed. No resurgence
at lower sections of the surveyed cave could be found. From
this point onwards, water is still available in small volumes
at scattered locations, in particular pits conveying water
from above. Of interest is the fact that the current
exploration head, at “Minas Tirith”, is absolutely dry. Water
percolating from the region around the Reifhorn’s western
face is thought to be responsible for the occurrence of a

Figure 3. Anemometer/Datalogger in Loferer Schacht.

4. Fauna
Bats and insects have been sighted inside the cave, though
to this date no living specimens of the former could be
spotted. The first bat skeleton was observed in 1995 at a
depth of ca. -300 m, probably consisting of an exemplar of
Myotis brandti. A second specimen was discovered in 2002
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7. Further remarks

at a depth of -285 m, and a further deposit of bones was
observed at a depth of 630 m. In the horizontal part of the
cave bones and dessicated corpses were found in a several
stretches both in the southern and northern branches, as
were what appear to be guano deposits. These findings
could not, nevertheless, provide any further pointer to a
lower entrance to the cave, which is supposed to lie to the
southwest. Note that the known entrances at 2,200 m are
usually closed until august, and lie rather far from the
treeline (Kube 2012).

The Expedition to Loferer Schacht was the recipient of a
European Speleological Federation grant in 2012, within
the framework of the Eurospeleo Projects.
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To date there are no cavities known which could be directly
related to the Loferer Schacht system. A notable exception
could be the Kreuzhöhle, which is located on the opposite
side of the Reifhorn and is accessible through an entrance
at 2,175 m. According to survey results, both cavities could
be separated by 300 m at their closest point (Kube 2012).
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THE LONGEST LIMESTONE CAVES OF ISRAEL
Boaz Langford, Amos Frumkin
Cave Research Center (CRC), Geography Department, The Hebrew University of Jerusalem,
boazlangford@gmail.com, msamos@mscc.huji.ac.il
Despite Israel’s small size and relative aridity, the country has thousands of caves in several rock types, spread out from
Mt. Hermon in the north to Eilat in the south. The most common ones are hypogenic karst caves in limestone.
Here we update the list of Israel longest limestone caves, originally published in 1983. The main changes since then result
from the discovery of new long caves, as well as the development in caving and survey techniques. For example, the
150 m long southern part of the Abud Cave (western Shomron) was discovered by enlarging a tight squeeze. The newly
discovered passages and chambers contained important archeological finds dated to the Chalcolithic and Bronze age. A
new survey (by Boaz Langford and Mika Ulman in 2010) extended A’rak Na’sane Cave (eastern Shomron) from 310 to
1,150 m. Such developments led the Cave Research Center to re-survey the long limestone caves of Israel. After two years
of intensive survey, it is now possible to present the updated list.
Eight of the ten presently listed caves were unknown to us on 1983. The Judean and Samarian Desert continues to be the
leading area in the number of caves. On 1983 only one limestone cave was known to be longer than half a kilometre,
while today all 10 caves are longer than half a kilometer.

1. General

Pushing the remote parts of A’rak Na’sane Cave (eastern
Samaria) has “extended” its length from 310 m, measured
by the the Cave Research Center in 1980 (Frumkin 1981)
to 1,150 m as measured by Boaz Langford and Mika Ulman
in 2010. These developments led the Cave Research Center
to fully survey the long limestone caves of Israel. Thirty
years after the first list was published and after two years
of intensive work, the new list is presented here. Note that
ine of the ten longest limestone caves are located in the
central range of Israel, and only one is in the Galilee (Yana
Cave). Most of the long caves are hypogenic mazes in
origin (Frumkin and Fischhendler, 2005; Klimchouk 2007).
One (Yana Cave) is a collapsed chamber cave. Another one
(Ha’Umah Cave) is a vadose river cave.

Despite Israel’s small size, it boasts of thousands of caves,
in several types of rocks and spread out from the Gulf of
Eilat in the south to Mt. Hermon in the north (Frumkin et
al., 1998).
Most common caves are karstic, formed mostly in
limestone. In addition, over 100 caves are known in the salt
rock of Mt. Sedom diapir (Frumkin 1994). Among these is
Malham Cave, over 6 kilometers long, making it the longest
cave in Israel and one of the longest salt caves in the world.
Other caves in Mt. Sedom, such as Sedom, Dorban and
Zchuchit cave are hundreds of meters to kms long.
Here we present the longest limestone caves in Israel,
without referring to the salt caves that have and will be
referred to separately.

3. Description of the caves
Below are details regarding the longest limestone caves of
Israel.

2. The longest caves of Israel
In 1983, several years after the establishment of the Cave
Research Center, the list of the longest caves in Israel was
presented in “Niqrot Zurim”, Israel journal for cave
research. The list was updated in 1986 (Frumkin 1986a)
and was also discussed in international literature (e.g.,
Frumkin 2001). Since then, there have been many changes
in the list. The main changes result from the discovery of
new long caves, as well as the development in the caving
techniques in Israel. In particular, new techniques have
allowed us to reach remote areas within caves. For
example, a new branch was discovered in Tzavoa’ Cave in
the Kidod hills. Three hours of tight crawl were needed to
reach the 150 m long new branch. It contains a series of
chambers where a human skull as found, apparently
brought by striped hyenas.

3.1. Haritun Cave
The Haritun cave was and still is the longest limestone cave
in Israel. A small part of the cave was already surveyed by
the PEF (Conder and Kitchener 1883) and also by Strobel
(1967). A comprehensive compass and a tape polygon of
the cave was measured by Gideon Mann and volunteers of
the Society for the Protection of Nature between 1969 and
1971. The Cave Research Center began its research of the
Nahal Tekoa caves between 1983 and 1985 (Frumkin
1986B) and re-mapped Haritun Cave (directed by Ahikam
Amihai and Shmulik Avidan) the between 2006 and 2008.
The new map was based on the polygon of Mann, to which
the features of the walls were added. Selected profiles were
also added. The cave is within the Late Cretaceous Shivta
Formation, Judea Group.The cave is a rectilinear network
maze of passages, with occasional chambers. The main
direction of most passages is north-south (approximately)

Improvements in cave survey techniques, such as the recent
use of laser “disto” and digital inclinometer promotes better
measurement and higher accuracy.
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and the secondary direction is east-west. The passages
developed mostly in one level but in some places there are
2–4 levels. The measured length is 3,450 m and the cave
area is 4,600 m2. The cave is constrained within a relatively
limited rectangle, with an area of 30,000 m2. The cave has
3 entrances close to one another on the western cliff of
Nahal Tekoa canyon, 540 m above sea level. No
morphogenticic connection was found between the
entrances and the canyon: it seems that the canyon breached
the cave randomly. The morphology of the cave (e.g.,
feeders, cupolas, maze) indicates a hypogenic origin.

accessible “window” that had not been explored before. This
window led to a new area in the cave that doubled its length.
Sela’ Cave origin is hypogenic, and it formed in late
Creataceous limestone of Shivta Formation (Frumkin
1999). The cave has three entrances leading to a network of
passages developed along fractures mainly in the
northwestern direction. At several locations the passages
expand forming four central chambers.
3.4. A’rak Na’sane Cave
A’rak Na’sane Cave is in Wadi Ed-Daliyeh, eastern Shomron.
On 1962, bedouins from the Ta’amra tribe looked for
archeological items in this cave and nearby caves. Following
their initial finds, the American School for the Study of the

3.2. Ayalon Cave
Ayalon Cave is an isolated hypogenic cave developed in in
late Cretaceous limestone (Bi’na Formation, Judea Group).

Table 1. The length of the longest limestone cave in Israel as published in the past and according to new discoveries
The longest limestone caves in Israel – 1983

The longest limestone caves in Israel – 2012

Name

Overall length

Name

Overall length

1

* Haritun

4,000

Haritun

3,450

2

**A'rak Na'sane

500

Ayalon

2,700

3

Hagay (El-Gai)

500

Sela'

1,200

4

A'lma

400

A'rak Na'sane

1,150

5

Ornit

300

Kanaim

846

6

Haeigrot

270

Makuch

832

7

Bereniki

250

Yana

808

8

Hameraglim

250

***Hauma

800

9

Sarah

200

Yogev

788

10

A'tarot

200

Tzavoa'

700

*This number has been estimated based on schematic measurements according to the old map of the cave.
**This number is an estimate.
***The work in the hauma cave is currently continuing. The number stated in the table is the length of the cave as known today.

The entrance of the cave was created by quarrying at the
Nesher Quarry in Ramle and was found by Israel Na’aman
in a cave exploration conducted by the Cave Research
Center in 2006. The cave is 2,700 m long, constrained
within a rectangle of 100 × 140 m. The cave is a network
maze with two main levels, connected through vertical
shafts. The upper level is a complex network of passages
characterized by narrow passages with rounded or elliptic
cross section. The lower level has wider passages with three
large chambers. The largest chamber is on the northwestern
side of the lower level, at the lowest point in the cave. This
hall extends below the regional watertable, forming a
fluctuating body of water. In this body of water, as well as
in the dry parts of the cave, seven endemic invertebrate
troglobite species were found, within a unique ecosystem
(Na’aman 2011).

East organized two excavation seasons, in the course of which
the Arak A-Na’sane Cave was initially excavated (Lapp P. W.
and Lapp N.L. 1974). On 1980 the Cave Research Center
sketched an initial map of the cave whose measured length
was then 310 m. On 2010 the cave was re-surveyed and its
overall length was found to be 1,150 m. The cave has a large
entrance located few m above Wadi Ed-Daliyeh streambed.
The cave contains complex sub-horizontal passages with a
simple network structure. The main guiding fractures and
associated passages trend northwest-southeast. The eastern
part of the cave is dominated by a large chamber whose length
amounts to a third of the overall length of the cave. It is
interesting to note that in the cave’s passages and its outer
parts, there are regionally common insectivore bats of the
species Rhinopoma hardwickei, while in the large hall and the
inner parts of the cave there are rare bats of the species Asellia
tridens.

3.3. Sela’ Cave
3.5. Kanaim Cave

Sela’ Cave (Judean Desert) was discovered in 1991.
Archeological excavation revealed finds from the Bar
Kockba revolt period, including a coin called Sela’ after
which the cave was named (Amit and Eshel 1991).
Following the cave discovery, 600 m of passages and
chambers were mapped by the Cave Research Center. In a
recent visit to the cave, we managed to reach a high, hardly

Kanaim Cave (northern Negev) was found on 1960, during
the archeological survey of the Judean Desert. Following a
report of Giora Ilani, the cave was examined by the Cave
Research Center on 1984. After examining the cave, it was
surveyed on several occasions and the mapping was
completed on 2003. Its overall length is 846 m.
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3.9. Yogev Cave

The cave entrance is via a small vertical shaft, where the
cave was breached by an entrenching wadi. The cave
contains a complex series of sub-horizontal passages on one
level. The cave passages formed mainly along fractures in
the north-south direction. In the southwestern area of the
cave calcite speleothem developed under previous wet
conditions. In the inner area of the cave there are also
gypsum deposits developed on the walls and the ceiling of
the cave.

Yogev Cave (eastern Shomron) was found in Wadi EdDaliyeh canyon on 1994 by Yogev Karasenty. Mapped by
the Cave Research Center, its overall length is 788 m. The
cave is hypogenic, formed in limestone of the late
Cretaceous Bina Formation. The small cave entrance is
hidden at the southern escarpment of the Wadi Ed-Daliyeh
canyon. The cave consists of inclined two dimensional
network of passages and halls. The cave developed along
fracrures, and the passages are inclined, following the
regional dip. Few active speleothems were observed,
mainly cave corals and flowstone.

3.6. Makuch Cave
Makuch Cave was discovered in the Binyamin Desert on
1984 during a regional cave survey by the Cave Research
Center (Frumkin 1988). Following its discovery, it was artly
mapped by Anan Zeidner and Yehuda Miron and its
measured length was 520 m. The mapping was complex,
mainly due to a large amount of cave ticks. In 2006 Ahikam
Amihai and Matan Avital returned to the cave, measured
additional 300 m and located a second entrance leading to
a new northern area. We completed the mapping of the cave
on 2011, with an overall length of 832 m.

3.10. Tzavoa’ Cave
Tzavoa’ Cave, at the upper Zohar hills (northern Negev)
was discovered on 1977 by Giora Ilani who found an
impressive concentration of animal bones in the cave,
brought by striped hyenas. The activity of large mammals
in the cave attracted cave ticks throughout the cave, even
in areas difficult to access. The cave was mapped by the
Cave Research Center on 2011 with a length of 700 m.

The cave has two entrances in the Wadi Mackuh canyon
escarpment. The cave has a complex network of passages.
The passages are usually inclined according to the local
bedding dip.

The cave is hypogenic, formed in limestone of the late
Cretaceous Shivra Formation. The cave has two entrances
at the bottom of a low cliff, close to a small wadi bed. The
cave comprises a maze of chambers and passages
developed into a complex structure, mostly along
northwest-southeast trending fractures.

3.7. Yana Cave

In the southern part of the cave is a large concentration of
calcite speleothems including stalagmites, stalactites,
columns, pool deposits and flowstones. They formed
mainly during the wetter climate of last glacial period,
indicated by U-Th dates (Vaks et al., 2006).

Locaed at the edge of Ramat Shtula (Western Galilee), Yana
Cave was discovered in the 1960s (?) by a team of the
Society for the Protection of Nature, who explored only the
entrance hall. In 2006 the cave was surveyed again by the
Cave Research Center, led by Vladimir Boslov. The full
mapping of the cave showed a length of 808 m and a depth
of 62 m. The Yana cave developed by phreatic dissolution
and collapse, in late Cenomanian limestone (Sakhnin
Formation). The cave has a major phreatic chamber with
dditionallower-levels voids. Following regional uplift,
vadose processes began, including speleothem deposition,
such as stalagmites and stalactites. Stoping of the main
chamber formed a dome-like structure. Its distal lower parts
lead currently to a complex series of extended rooms and
passages, on lower levels.

4. Summary
Nine of the ten caves in the list are isolated caves (sensu
Frumkin and Fischhendler, 2005). Eight of the ten caves
were unknown to us on 1983. These caves replaced caves
from the original list that are now ranked lower in length.
The Judea and Samaria Desert (including the
Miditerranean-desert border zone) remains the area with the
most large caves. For hydrogeologic spects of this
distribution see Frumkin and Fischhendler (2005), Frumkin
(1991). In 1983 only one limestone cave longer than half a
kilometer was known in Israel. Today all ten largest caves
are longer than half a kilometer. The lised caves define the
southernmost long limestone caves close to the edge of the
Sahao-Arabian desert belt in the Levant.

3.8. Hauma Cave
Hauma Cave is a vadose stream cave in west Jerusalem.
The cave was discovered in 2010 during the excavation of
a shaft in a project of the Israel railay, 75 m below surface.
Since its discovery, 800 m were mapped by the Cave
Research Center, of which 627 m are in the central channel,
and the rest are domepit-like vertical shafts. The mapping
of Hauma Cave is ongoing. Hauma Cave is an actively
flowing vadose canyon, following the regional dip to the
southeast. The canyon formed in late Cretaceous limestone
and chalk (Kefar Shaul Formation). The flow of water
fluctuates seasonally. Within the meandering cave one
waterfall shaft and several vadose domepit shafts were
encountered. The surveyed part ends at a sump.
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Figure 2. Typical profiles of the largest limestone caves of Israel.
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Figure 1. Maps of the largest limestone caves of Israel. Levels are not indicated.
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1

Karst is a widespread and important phenomenon in Southeast Asia covering about 215,000 km2 of the mainland part of
Southeast Asia and approximately 230,000 km2 of the surface of the Southeast Asian islands. These karsts belong to the
most varied and spectacular on Earth. Information on cave research however is very scattered and often inaccessible. This
article is an excerpt of the “Atlas of the Great Caves and the Karst of Southeast Asia” (Laumanns et al. 2010) (www.speleoberlin.de).

1. Introduction

coastal karst areas have been inundated by the sea, e.g., the
islands of the Andaman Sea, the Ang Thong Islands in the
Gulf of Thailand, and Ha Long Bay in Vietnam.

In 2010 Southeast Asia had the 10th longest cave in the
world (Clearwater System, Malaysia) at 175,664 m, the
largest cave passage on Earth (Hang Son Doong, Vietnam)
with a 4.5 km long passage of 100 m in diameter, at places
even 200 × 150 m, and the largest known underground
chamber (Sarawak Chamber in Lubang Nasib Bagus,
Malaysia, 12,000,000 m3).

The Southeast Asian islands have a complex tectonic setting
due to interactions between the Philippines, Pacific, IndianAustralian and Eurasian plates. The area can be
distinguished into an older, stable region comprising the
Asian mainland, the Proto-Indosinia block and Borneo,
which abuts a younger, very unstable region affected by
neotectonism, abundant earthquakes and volcanism.

Although our knowledge on the karst and caves of
Southeast Asia has witnessed a stunning increase since
about 1970, there is still a severe lack of credible
speleometric data, which makes it evidently clear that much
work remains to be done on further exploration as well as
on confirming doubtful data. No attempt has been made so
far to compile and assess the complete portfolio of
Southeast Asian karst and cave occurrences. Consequently,
the authors of this article have compiled speleological
information on Southeast Asia during a two-year long
exercise, which has resulted in the release of a very detailed
“Atlas of the Great Caves and the Karst of Southeast Asia”
(Laumanns et al. 2010). If not indicated otherwise all
statements presented below were taken from this atlas.

There is no extensive karst known in the small state of
Brunei Darussalam as well as in Singapore.

2. Cambodia
Cambodia’s karst areas are mainly located in the south
around Kampong Trach and Kampot as well as in the
northwest around Battambang. A possible and most likely
promising third karst area north of Stung Treng has not yet
been investigated. In both areas of southern Cambodia and
near Battambang, the partly dolomitic limestone of Upper
Permian age appears as isolated hills and mountain massifs
that overlook the flat alluvial plain. These hills have
elevations of up to a few hundred metres and are called
“phnom” in Cambodia.

Most limestone deposition on the mainland of Southeast
Asia has taken place in the Upper Paleozoic (with the
Permian and Carboniferous being the most important).
Some Jurassic, Liassic (Thailand, Laos), Ordovician
(Thailand, Laos) and even Cambrian (Laos, Vietnam)
limestone occurs, too.

Our knowledge of Cambodian caves is mainly based on a
German expedition to Kampot/Kampong Trach in 1995/96
and a German-British project, which was carried out in
2008 in the Battambang area.

The Indosinian orogeny, which has affected most of
mainland Southeast Asia, occurred in the Middle Triassic
(about 230 mya) resulting in a general uplift and a
subsequent erosion episode, including karstification
(Indosinian karstification). A second phase of regional uplift
began in the Palaeocene about 65 mya, mainly caused by
the Himalayan orogeny and the opening of the South China
Sea. This period represents the second major phase of
karstification as the carbonate deposits all over mainland
Southeast Asia became exposed to weathering (Cenozoic
karstfication). The long-lasting uplift caused a relative
deepening of the base level and has led to extensive
planation surfaces, large and deep poljes, tower karst as well
as fengcong karst. Due to tectonic subsidence several

The 1995/96 project yielded 37 caves with a total of
11.6 km of passages, including the currently longest cave
of Cambodia (Roung Dei Ho-Roung Thom Ken at
1,806 m). The 2008 project yielded 65 registered caves, 55
of which were visited and 42 were mapped according to
international standards. A total of 4,239 metres of cave
passages was surveyed in 2008.
Generally speaking, Cambodia has only small karst areas
and thus a limited speleological potential. However, the
known caves are comparatively well documented and
published.
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Figure 1. Overview map of Southeast Asia and its geotectonic context (according to Hall 2002, completed).

between 1979–1982. In 1979 the “Indonesian Speleo Club
(Specavina)” was formed by Robby Ko, who established
the “Indonesian Federation of Speleology (FINSPAC)” in
1983.

3. Indonesia
The landscape of Indonesia developed in the Pleistocene
during which Indonesia formed a land bridge between the
Southeast Asian mainland and Australia. The islands were
formed by a rise of the sea level after the last glacial period.
This makes the southern Indonesian islands an interesting
area to study hominid migration to Australia.

Expedition-style speleological exploration of Indonesia was
started on Sumatra in 1977 by a Spanish team (GESM
Barcelona). Much knowledge on the karst of Indonesia was
gathered by French teams, notably the “Association
Pyrenéenne de Spéléologie (APS)”, who started exploration
in the Maros karst of Sulawesi in 1985 and returned to
Indonesia almost on an annual basis until 2002. They
released excellent reports with many detailed cave surveys
and in-depth biospeleological data. Furthermore, since
1982, many British, Australian, Italian, French, Belgian,
Dutch and American teams explored Indonesian karst and
caves.

The southern arc of the Indonesian islands was formed by
a subduction of the eastern plate of the Indian Ocean and
Australian plate under the Sunda shelf, which represents the
southeasternmost edge of the Eurasian plate. This
subduction zone is associated with a strong Cenozic
volcanism. The northeast peninsula of Sulawesi (Celebes)
and the Halmahera islands also have strong volcanism
caused by a collision zone of the Eurasian Plate with the
Philippine Mobile Belt. Only the Borneo block, northcentral Sumatra and Timor as well as Irian Jaya, and the
Buru and Seram islands have remained stable and expose
older rocks. The Sunda and Banda volcanic arcs form the
base of a discontinuous karst which consists of Mesozoic
and Tertiary carbonates. The stratigraphy of the western part
of Indonesia is relatively young, ranging in age from
Paleogene to Quarternary. Eastern Indonesia has older
stratigraphy compared to the western part. Stratigraphy
ranges from Triassic to Tertiary.

The longest caves known in Indonesia are Luwang Jaran
(Java, Gunung Sewu) at 18,200 m, Gua Salukkan Kallang
(Sulawesi Selatan, Maros, Kappang) at 12,263 m, Gua
Tanette (Sulawesi Selatan, Maros, Kappang) at 9,692 m,
and Gua Barat-Gua Purat (Java, Karangbolong) at 9,600
m. Ninety-four caves in Indonesia currently have a length
equal of or exceeding 1 km. The deepest cave known is Goa
Hatu Saka (Seram island), which is -388 m deep. Seventyfive Indonesian caves have a depth of 100 m or more.
Speleological documentation of Indonesian caves is
comparatively good. Most of the foreign expeditions have
produced comprehensive reports. However, publications are
numerous and scattered. Important reports are only
available through specialised libraries or the explorers.
Many reports are out of print.

Early karst exploration on the Indonesian islands was done
by the Dutch. The easily accessible tropical karst of Gunung
Sewu (Java) has attracted many scientists since 1910. The
same applies to the Maros karst in SW Sulawesi. Many
caves on Bali and Sulawesi were described by Kusch
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4. Laos

100 km of passages from 254 caves are currently known
from northern Laos.

The topography over much of Laos is very rugged. The
tectonic movements have strongly affected the limestone
sequences. The main tectonic fractures run from N to S and
from NE to SW. The carbonates are heavily deformed, often
showing a steep dip, and are partly recrystallised and
metamorphized.

Only the expeditions that went to northern Laos have fully
published all their results according to international
standards. A comprehensive publication on the
Khammouane karst is lacking. Consequently, the stand of
cave documentation in Laos is currently unsatisfactory.

Most limestone deposition has taken place in the Upper
Paleozoic (with the Permian and Carboniferous being the
most important). Some Jurassic, Liassic, Devonian,
Ordovician and even Cambrian limestone occurs, too. The
carbonates are generally overlain by reddish continental
formations from Trias to Cretaceous (sandstone, clay,
clayey arenite) which have buried a paleokarst. In some
cases the palaeokarst rejuvenated due to new exposure
linked to strong Cenozoic erosion. The Permian limestone
is discontinuously exposed between the Nam Ou River and
the Myanmar border. Near Luang Prabang, the Permian
limestone is extensively exposed and extends to Vang Vieng
further south. In the Plain of Jars, in the Xien Khouang and
the Ban Ban areas limestone of Permian age is exposed. In
the Bolikhamsay and Khammouane provinces Permian
limestone is widely exposed and forms the well-known
Khammouane karst. Some Jurassic limestone layers have
been identified in the area between Paklay and Luang
Prabang in northern Laos. Ordovician limestone occurs in
the Luang Namtha province.

5. Malaysia
Malaysia is divided into the Peninsular or West Malaysia,
and East Malaysia on the island of Borneo.
The limestones vary in age throughout the country. In the
peninsula, they range from Ordovician through the
Carboniferous and Permian to the Upper Triassic. Most
occur within the Permian. Whereas in East Malaysia the
rocks are much younger, from the Miocene period. In west
Sarawak the limestones are of Permian, Jurassic and
Cretaceous age, and mainly of Tertiary age in east Sarawak
and Sabah.
There are roughly 510 limestone outcrops in Peninsular
Malaysia, most of which are not very extensive. Gua
Tempurung in Perak is the peninsula’s longest cave at
4.8 km. The Gunung Lanno karst was the subject of an
Austrian/English/German expedition in 2001 with Gua
Puncak Lanno (1,584 m) being the longest cave surveyed.
Peninsular Malaysia cannot boast of any speleological
world records unlike Mulu in Sarawak. Sarawak Chamber
in Lubang Nasib Bagus is the world’s largest underground
chamber. Clearwater Cave at 175,665 m is the longest in
Southeast Asia, and currently 10th longest in the world.
Other long caves from Mulu are the Benarat-Moon-Cobweb
System (50,669 m), the Terikan System (32,573 m) and the
Bridge-Cloud-Cobra System (15,506 m), which is also the
deepest cave of Malaysia with a difference of level of
473 m. All these caves are situated in the Gunung Mulu
National Park and were explored since 1977/78 by British
expeditions. The current surveyed length of caves in Mulu
is 345 km. Gunung Buda adjoins Mulu and has around 50
caves, mostly explored by American expeditions mainly in
1995 and 1997, and 2000. The total cave survey is 83.6 km.
Longest caves are the Green Cathedral Cave System
(26,382 m long), and Snail Shell Cave (11,636 m).

Foreign cave exploration in Laos began as early as 1867
during the French colonial time. Since the retreat of the
French Laos was closed to foreigners. Almost immediately
after the re-opening in 1990 the country again attracted
foreign speleologists. Claude Mouret, was the first to
organise an expedition in 1991, which was focused on the
Khammouane karst. In 2010 a total of over 170 km of cave
passages were explored here, including outstanding caves
like Tham Nam Hin Boun (over 7.5 km long), Tham Nam
Non, Tham Houay Sai-Tham Koun Dôn (over 27,000 m),
and Tham Thôn-Tham Houey Sam Boun (13,309 m). Many
of these caves are through caves and contain long massive
underground river passages.
In 2010, a French-Romanian diving team was able to link
Tham Nam Non to its sinkhole cave Tham Song Dang,
creating the longest cave in Laos at over 30 km.
Italian and Canadian/US cavers also occasionally
contributed to our knowledge of Laos caves.

Except of Mulu/Gunung Buda there was no systematic cave
exploration so far in northern Borneo, neither in Sabah nor
in the Bau area.

The karsts of Vang Vieng and Kasi area half-way between
Vientiane and Luang Prabang in the southern part of
northern Laos were first visited by British cavers before
French speleologists took over in 1998 and conducted a row
of successful expeditions. Forty four caves were explored
up till 2003 with the longest cave currently known being
Tham Hong Yé (7,715 m).

Overall, speleological exploration in Malaysia has to be
regarded as at the top-end of international standards with
regard to the caves of the Mulu and Buda National Parks.
This is definitely not the case for the karst areas in Sarawak,
Sabah and on Peninsular Malaysia.

In 2000 a Dutch group conducted an expedition to Luang
Prabang province, yielding many discoveries. The Dutch
were followed by German cavers who founded the
“Northern Lao-European Cave Project” and conducted
annual international expeditions to northern Laos.
Currently, the longest cave in northern Laos is the Tham
Chom Ong System (Oudomxay) at 17,150 m of length. Over

6. Myanmar
The main limestone areas are the Shan Plateau in east
Myanmar and the southern strip adjoining the Andaman
coast. The Shan Plateau is a complex series of mountain
chains and plateaus rising abruptly from the central
Myanmar plain. The limestone has a thickness of more than
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2,000 m in places. It is mostly from the Carboniferous to
Lower Triassic period, with some earlier Ordovician
elements. In the north it is more brecciated, whereas in the
south it is more compact and has cavernous development.
Further east, outcrops of Permian limestones are known.
The Indosinian orogeny in the Late Triassic and the
Cenozoic Himalaya orogeny are responsible for a strong
uplift and associated erosion causing strong incision of the
rivers. Late right-lateral north-south trending normal faults
affect the plateau. The Plateau is dissected by a series of
deep gorges such as Gokteik, and those of the Thanlwin
(Salween) River and its tributaries towards the east. The
most famous cave is Pindaya Cave, which contains 8,000
Buddha statues. Further north, there are scattered outcrops
of the marbles and limestones of the Mogok Series. In the
Kayah State (south of Shan State) are many cave systems,
especially around Loikaw and Demawso. In the north of
Myanmar, there are outcrops of limestone of PermoCarboniferous age in the Mytkyina District of Kachin State.
Northwest of Yangon is the Nay Bu Taung area of limestone
in the Rakhine State. There are some caves. Other small
areas of limestone include the Bhamo region in Kachin
State, Gangaw region of Magway State. There are Tertiary
limestones in Ayeyarwady Division. In the Hpa An (Kayin
State) and Mawlamyine (Mon State) areas the strata is
Upper Carboniferous and Permian, overlain by reef
limestones from the Triassic period. The Moulmein
Limestones are highly jointed, sometimes in several
directions. The Permian Moulmein Limestone is a
continuation of the limestone-dolomite sequence extending
from the Shan State south through Kayah and Kayin States
into Tanintharyi and is similar to the Phuket Group and the
Ratburi limestone of peninsular Thailand. The upper part
of this limestone has been considered Permo-Carboniferous
in age. Most of the hills are isolated towers, some more than
400 m high, running NW-SE. There is also ridge karst.
There is an excess of 40 major caves in 23 groups in the
Mawlamyine area. Outcrops of Permian Limestone also
occur in the Tenasserim Range but little is known about
these deposits. The Andaman coastal area covers the
southern part of Mon and Kayin States along with
Tanintharyi Division and includes the more than 900 islands
of the Mergui Archipelago. There are isolated outcrops of
coarsely crystalline thick limestone. These islands have
hongs, some are accessible at low tide.

cave surveyed was Saddan Gu (800 m). This expedition
prepared the contacts also used by a 2010 British expedition
to the Taunggyi/Hopong area (Shan State). The expedition
e.g., surveyed Htam Sam, a large cave near Hopong. Since
then annual exploration projects have been conducted by
the “Myanmar Cave Documentation Project” comprising
an international team led by J.Dreybrodt and a British
group. Publication of these recent results is in progress in
the “Berliner höhlenkundliche Berichte”, www.speleoberlin.de).
Everything available on the speleology of Myanmar was
compiled in a comprehensive monographic publication
(Laumanns 2010). Consequently, the access to speleological
data on Myanmar can be regarded as reasonably good.

7. Philippines
About 17 tectonic micro-plates form the so-called
Philippine Mobile Belt of the Philippine archipelago, which
is a complex and highly active collision zone where the
Eurasian Plate is steeply subducting under the Philippine
Mobile Belt. Consequently, the archipelago is a tectonically
highly active and rapidly deforming region, characterized
by strike-slip faulting and multiple volcanic arcs.
Relatively young karst areas, ranging from Cretaceous to
Tertiary in age, with the Miocene carbonates predominant,
are numerous covering about 10 % of the land surface of
the country, but only some karst areas on Samar, Mindanao,
Cebu and Bohol exceed 100 km2. Most of the carbonates
are scattered in the central ridges orientated north-south
(Mindanao and Luzon) or NE-SW (Calamian islands and
Palawan).
Many foreign cavers who have broadened our knowledge
of the Philippine caves co-operated with local mountaineers
and outdoor clubs. The year 2001 saw the Philippine Caving
Society founded.
Exploration of the Philippine karst started with two
excursions in 1820 and 1830 when the Frenchman Paul
Proust de la Gironière and Hamilton Lindsay from Great
Britain visited San Mateo Cave, which is now known as
Montalban Cave.
Systematic speleological explorations began in 1979–1980
by French cavers in the Sagada karst (Luzon). In
1980–1993 French speleologist Claude Mouret explored
caves on Luzon, Mindoro, Leyte, Samar, Bohol and Cebu
islands but later focused on Luzon also accommodating
Italian cavers on his expeditions. This was followed by
Japanese speleologists in 1982 and 1983 (Samar and Cebu).
Since then, many other expeditions targeted karst areas on
the Philippine islands, e.g., British, Spanish, Dutch/Belgian,
Japanese, Slovenian, and German. The Italian “La Venta”
group focused on Palawan where they extended the longest
cave of the Philippines, Saint Paul Cave, also called Puerto
Princesa Subterranean River, to its 2012 length of
32,000 m. In the same area “La Venta” also surveyed the
currently deepest cave of the Philippines, Nagbituka 1
(-270 m). Later French expeditions focused on Samar
island, where they surveyed Lungib Can-Yawa (11,700 m
long), the currently 3rd longest cave of the Philippines.

Speleological exploration in Myanmar started as early as
1826 in the areas of Hpa An and Mawlamyine. Since
independence in 1948 and the subsequent military rule,
Myanmar did not welcome foreigners. Consequently, little
speleological work has been done. In 1998 a French group
from Société Spéléo de l’Ariège-Pays d’Olmes went to the
Shan State. They surveyed some of the longest cave known
in Myanmar (Mondowa Guh, 1,170 m long, and Leikte Guh,
960 m), and published a valuable list of the 32 caves.
The Italian “La Venta” group went twice to the Shan Plateau
area in 2004 and 2005. In total the Italians registered
30 caves and mapped 4.2 km of passages.
In 2009 the “Northern Lao-European Cave Project”
explored caves in the Hpa An and Mawlamyine areas in the
southern Kayin and Mon states. They visited 14 caves and
surveyed 12 of them, yielding 3.8 km in 5 days. The longest
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Generally speaking, the speleological literature on the
Philippines is incomplete and difficult to access because of
the language of the publications. Some important results
were not published at all. Thus, the Philippines belong to
the SE Asian countries where improvement with regard to
cave data is expected.

caves were deeper than 100 m. By 1990 there were 22 caves
over 1 km in length and 13 deeper than 100 m. This intense
phase of foreign expeditions began in 1983 with a series of
Australian expeditions as well as French projects carried
out by the “Association Pyréenné de Spéléologie (APS)”.
Many American, Polish, and French groups also visited
Thailand. The first British expedition was carried out in
1988 and together with Australian projects most of the long
and deep caves we know today from Thailand were
explored by Anglophone cavers: Tham Phra Wang Daeng,
Tham Mae Lana (12,720 m), Tham Yai Nam Nao
(10,442 m), Tham Nam Lang (8,550 m), and Tham Takobi
(7,346 m). The deepest cave in Thailand was only recently
explored by a British team to -367 m of depth (Tham Pha
Phueng). Near Krabi, the Vauclusian spring of Tham Sra
Kaeo was dived to a depth of -240 m, representing the 2nd
deepest cave of Thailand. The presence of Dean Smart in a
professional position in Thailand triggered a very
productive phase of cave exploration. More recently, Martin
Ellis from the UK moved to Thailand and assiduously
created an incredible website on Thai caves with all
available cave surveys, and also published a stunning cave
catalogue in a series of publications including over 3,700
caves. Although Thailand still awaits the foundation of a
national speleological organisation the country is definitely
the most well-documented in Southeast Asia with regard to
its cave-related data.

8. Thailand
Karst covers 18 % of Thailands surface. On the western
edge of the Khorat Plateau (northeast Thailand) there is
tower karst in Loei and Nong Bua Lamphu and some areas
of cockpit karst in Khon Kaen and Chaiyaphum. There is
some sandstone pseudokarst, too. Tower karst and isolated
limestone hills can be found in Sukhothai, Phetchabun,
Uthai Thani, Nakhon Sawan, Lopburi and Saraburi. The
longest known cave in Thailand is located at the edge of the
plain in Phitsanulok (Tham Phra Wang Daeng, 13,844 m
long).
Karst is scattered along the length of the Thai peninsula
from Phetchaburi in the north to Yala on the Malaysian
border. There are areas of mountain karst and some long
stream caves in Surat Thani, Phang Nga, Nakhon Si
Thammarat and Phatthalung. However, this region is known
for its spectacular tower karst, including karst islands (e.g.,
Phang Nga bay).
The Thai limestones are a wide variety of ages from
Ordovician through to Middle Jurassic. The youngest
limestones found are of Middle-Lower Jurassic age. They
are distributed down the western side of the country and
have been found locally in Mae Hong Son and
Kanchanaburi while in the Mae Sot and Umphang areas of
Tak they are more massive and form large hills. Near
Umphang some large stream caves have been found in the
Jurassic limestone. Triassic limestone is known in many
areas from the peninsula to northern and eastern Thailand.
Triassic limestones have been identified from Phattalung,
Phetchabun, Uthai Thani and in Nan. The most widespread
limestone is Permian. Lower and Middle Permian limetones
are widely distributed. Permian limestones have been
confirmed from Loei and Khon Kaen, Phetchabun,
Lampang, Saraburi and Nakhon Ratchasima, Mae Hong
Son and Surat. Carboniferous limestones are less
widespread. They have been found in eastern Thailand,
central Thailand near Noen Maprang, Phitsanulok and Chon
Daen, Phetchabun, in Loei, Mae Hong Son, Chiang Mai,
Kanchanaburi and the southern part of Peninsular Thailand.
Limestones from the Devonian are less important, but are
widespread being found in Loei, in western Thailand from
Chiang Mai to Satun, from the Mae Ping National Park,
Lamphun and in the Thong Pha Phum National Park,
Kanchanaburi. The oldest limestones found in Thailand are
Ordovician. These limestones are widespread in the western
part of the country from Mae Hong Son down to the Malay
border.

9. Timor Leste (East Timor)
The oldest limestones in East Timor date to the Permian,
which represents the oldest sedimentary rocks known so far
from Timor, mainly consisting of shale, siltstone, sandstone
and locally, limestone and marl. The Cribas Limestone has
a thickness of about 500 metres. Other limestones are from
the Triassic through to the Tertiary. The Post-Pliocene
Baucau Limestone consists of massive white coral-reef
limestone well developed around Baucau town. A
continuous outcrop occurs along the north coast. In the
southern foothills, the Baucau Limestone also crops out in
scattered hills. The limestone occurs as coral-reef,
calcarenite and a greywacke-pebbly sandstone facies.
Caves of East Timor have not been well documented, most
of the work having been done by archaeologists, e.g., from
the Australian National University, e.g., Lene Hara Cave
near Tutuala and Jerimalai rock shelter on the eastern tip
of the island.

10. Vietnam
Carbonate rocks cover almost 20 % of the Vietnamese
territory. Most carbonates crop out in the mountainous parts
of northern Vietnam, where the deepest cave known is
situated (Cong Nuoc, -600 m), currently also the deepest
cave of SE Asia. The largest continuous carbonate zone
stretches over 300 km in north-west Vietnam from the
Chinese border at Phong to the coastline of Ha Trung
including Son La. In the central part of the country the
famous karst of Phong Nha-Ke Bang is located. The
1,100 m thick carbonate sequence is mainly middle
Carboniferous to lower Permian. Devonian and some

Between 1973 and 1978 the Austrian caver Heinrich Kusch
published reports with descriptions, some surveys and a list
of 94 caves. The first expedition-like speleological project
was carried out by Catalan cavers in 1978 who located 34
caves in 12 provinces. At the start of the 1980s only seven
caves were known to be over 500 m long, and no known
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Visean carbonates are also present. The longest caves
currently known in Vietnam occur in the Phong Nha karst.
Most caves are horizontal and drain huge underground
streams.

and a list of the longest/deepest caves of Vietnam. The first
Belgian-Vietnamese project to Son La (northern Vietnam)
took place in 1993 and also extended in later years to many
other karst areas in northern Vietnam. Both projects are still
ongoing and the most continuous sources of speleological
data from the country. Many other occasional expeditions
visited Vietnam, notably Franco-Italian, French, Italian,
Polish, Bulgarian, and Australian expeditions, as well recent
German-British projects to Ha Tien and Da Nang in south
Vietnam.

The spectacular drowned Permian karst plain of Ha Long
Bay at the Gulf of Tonkin (Bac Bo Gulf) is probably the
most renowned Vietnamese karst area. The Carboniferous
and Permian limestones reach from Haiphong to the
Chinese border. The ensemble of rocky islands forms one
of the most beautiful and famous coastlines on Earth.

In 2009 an enormously large 4.5 km long cave passage of
100 m in diameter (at places even 200 × 150 m) was found
by the British explorers in Hang Son Doong, exceeding the
dimensions of the reportedly largest cave passage on Earth
known so far from Deer Cave (Mulu, Sarawak, Malaysia).
The longest caves of Vietnam are: Hang Khe Rhy (Phong
Nha-Ke Bang, 18,902 m long), Hang Vom (Phong Nha-Ke
Bang, 15,310 m), Hang Phong Nha (8,821 m), and Hang
Co Ban (~8,500 m).

A small tower karst area of isolated hills formed by Permian
limestone can be found in the area of Ha Tien-Hon Chong
in the extreme southwest of Vietnam at the coast and the
border with Cambodia. A remnant tower karst consisting of
five limestone mountains (“Marble Mountains”) also occurs
8 km southeast of Da Nang.
Carbonates were deposited over the widest possible time
span, from Archean to recent reefs. Thin-bedded, impure
Precambrian and early Paleozoic limestone is less suited for
karstification contrary to the very pure PermoCarboniferous and Triassic limestone, which reach a
considerable thickness of 1,000–2,000 m. Neotectonic
uplift and subsequent erosion has exposed these limestones
over several thousands of metres, allowing rapid
development of vertical karst features.

Speleological documentation on Vietnam is well developed,
although published data are often only available from
private expedition reports and the www.
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THE LONGEST CAVE IN HUNGARY
Szabolcs Leél-Őssy
Institute of General and Applied Geology, Eötvös Loránd Tudományegyetem, Budapes, Pázmány Péter sétány 1/C,
Hungary, losz@geology.elte.hu
Within the city boundaries of Budapest, on the Buda side of the Danube, in the side of the 300 m high hills, quarries were
opened in the 19th century in order to extract the 40-million-year-old shallow sea limestone. In 1904, several hypogene
caves opened during the quarrying works, such as the entrances to the Pál-völgyi, Harcsaszájú and Hideglyuk caves. The
last two only led into caves 100–300 m long, but soon the Pál-völgyi was explored to a length of 1 km. In the 1930s, in
the quarry across the road, the first couple of hundred metres of the Mátyás-hegyi cave were discovered. In 1948, most of
the inner passages of the cave were found, so the Mátyás-hegyi cae became 2.5 km long (today it has reached a length of
5 km). In 1980, continuation of the Pál-völgyi cave was found, and thanks to constant exploratory work, its length has
reached 14 km… The exploration of the Hideglyuk and the Harcsaszájú caves was resumed in 2006, with findings in the
former in 2009 and new passages in the latter in 2008 – these caves are now 4 km long each. During the year 2010 two
connections were made between these two caves, and in 2011, the connection between the Pál-völgyi, the Mátyás-hegyi
and the Hideglyuk-Harcsaszájú caves was found, making this c. 30 km long cave system Hungary’s longest. The previous
longest cave was the Baradla-Domica system of Aggtelek with 26 km, which is an active cave and a UNESCO World
Heritage site.

1. Introduction

section of the system even today. The first entry into the
cave was achieved through widening the crack between two
layers of rock and was done by János Bagyura (the teenage
son of the quarry guard) and Kornél Pál Scholtz,
mountaineer and cave explorer. Soon they were joined by
Károly Jordán and Imre Gábor Bekey, and together this
team made important discoveries in 1906 and 1910. Thanks
to their efforts, by the end of WW1, the length of the cave
had reached 1 km. In 1927, the first 400 metres of the cave
were fitted with electric lighting for the first GermanHungarian Cave Conference, and by the ‘30s, the cave was
open to the public on weekdays as well.

We’ve known for nearly a hundred years, since the time of
Ottokár Kadic, that Budapest is the capital of caves, even
though in Kadic’s time, there were far less caves underneath
the city were known than today. Back then only a couple of
caves had been explored, totalling a few kilometres in
length. Today we can enter eight caves, each of which are
longer than 2 km, all underneath the city, and we have
records of about 200 additional shorter caves. And, since
December 2011, the longest cave in Hungary can be found
underneath Budapest.
How did we get here? If I had to summarise the answer in
one sentence: through hard work spanning several
centuries. The best example for this is the Pál-völgyi (Pálvalley) system, which reached a length of 29 km last year.
In contrast, our second-longest cave, the Baradla-system
near Aggtelek-Jósvafő, which is a UNESCO World
Heritage site, is only c. 26 km long including a section
underneath Slovakia.

In the meantime, due to development of the city and the
high demand for limestone, quarrying started just opposite
the Holzspach-quarry on the other side of the Szépvölgyi
road at the bottom of the Mátyás-hegy (Mátyás-hill). On the
lower levels – again – multiple caves were found. The
Upper-cave and Tűzoltó-branch were often visited by
cavers in the ‘30s, and during WW2, the cave length grew
to nearly 400 metres due to capping. During the capping,
other caves were found, such as the Futura-cave with its
length of 80 metres.

2. The beginnings of exploring: the Pál-völgyi
cave

3. Finding the Mátyás-hegyi cave

The first sections of the Pál-völgyi system were explored
in the first years of the 20th century. Back then, protection
of natural heritage was nearly non-existent, and no one
worried about extracting parts of a cave system together
with the limestone in the quarry in the upper Pál-valley…
As the quarry works dug deeper, more and more caverns
were found. These were the ends of passages of a connected
system. Some of these passages weren’t small either: the
Harcsaszájú-cave (whose entrance is the highest up) was
soon discovered to be at least 320 metres long, and the
Hideglyuk-cave was explored to the 170 metres mark. A
further smaller caves were also registered.

This small cave proved to be vital for today’s giant cave
system: in March 1948, Béla Mohos crawled into virgin
cave from the end of the Futura by clearing out a 2 m long,
1m wide tunnel. He found what we know today as the
Mátyáshegyi-cave: in remembrance of the Hungarian
revolution of 1848, they named the newly found section
Centenáris-passage. Óriások útja (Giants’ Way), Névtelenfolyosó (No Name Passage), and Színház-terem (Theatre
Chamber) were found shortly afterwards, and explorers
reached the karst water level, with a permanent lake 92
metres below the entrance. (In 1959, cavers swam across
this lake but found only a couple of metres of passage on
the other side). Soon enough, the Mátyáshegyi-cave became

In 1904, the entrance of the Pál-völgyi cave was discovered
here, in the Holzspach-quarry. The Pál-völgyi is the longest
116

Exploration and Cave Techniques – oral

2013 ICS Proceedings
[Waffle], where the caver is the “filling”), they reached the
3 km long Jubileum-passage, which even today remains the
cave’s most well-decorated and pretty section. In the
following year, smaller successes followed (the side
passage of the Delfin-passage and the Fodros-passage), so
by the year 2000, the length of the Pál-völgyi cave reached
13.5 km. This meant that the biggest dream of Buda’s cave
explorers had now become a possibility: to find a
connection between the Pál-völgyi and the Mátyáshegyi
caves.

2.5 km long. The members of the Red Meteor Caving Club
(known today as Meteor Caving Club) were constantly
exploring the ends of the cave and after smaller findings,
they found a larger passage (Meteor-branch) in 1962. Later,
in 1965, the students of the Toldy Secondary School found
a passage that they named after their school. Members of
Meteor found the Természetbarát-szakasz (Nature-Lovers’
passage), so the length of the cave was extended step-bystep.
Of course these passages existed previously, but they were
not known. This is due to a peculiar feature of the caves of
Buda (which are thermal-karst caves): large chambers and
wide passages are often connected by tiny squeezes, and
these small passages are often filled with rubble due to
rockfalls. Water draining into the cave brings some marl
from the levels above the system, and as a result, the scree
is hardened so much that even the most experienced cave
explorer has difficulty noticing that this solid wall used to
be open cave passage! Finding these passages can be aided
by tectonics measurements, and also by watching out for
cave draft: air can flow through such tiny cracks that one
can’t even see through with head-torches. Cavers sweaty
from digging will appreciate the draft, but it is also
indicated by the light of a candle, or – God forbid – cigarette
smoke… The reason this wind exists is the difference
between the temperature on the surface and the constant
temperature of the caves (which is equal to the yearly
average temperature of the area), and as a result, the
difference in the density of the air. The direction of the air
flow is the opposite in winter and summer.

But this connection could not be made without parallel
exploratory work being carried out in the Mátyáshegyi cave.
For example, members of the Acheron Caving Club found
the Trón-termi passage (Throne Room passage) and Mikulásbranch (Santa Claus branch). After several smaller findings,
in 2001, explorers finally made the connection from the Pálvölgyi cave to the Természetbarát-branch of the Mátyáshegyi,
making the total length of the system over 19 km!

5. Resuming work in the Hideglyuk and
Harcsaszájú caves
In the new millennium, findings became rare in the Pálvölgyi cave, despite the constant work. However, in 2005,
the exploration of the tighter passages of the Hideglyuk
cave began, but remained unsuccessful for four years,
despite the labours of the József Szabó Caving Club and
their lead explorer, András Nagy, who spent most of their
weekends working in the cave. In 2007, intense exploration
of the Harcsaszájú-cave began, with Attila Nyerges leading
the members of the Barit Caving Club. In 2008, after nearly
twenty days of digging, a team of cavers led by Domokos
Gergely Nagy and Lénárd Szabó reached the rear passages
of the cave which were well-decorated with promising
muddy chokes. Heading in a northwesterly direction, along
the main fault lines, the cavers soon found over 3 km of
passage!

4. Connecting the Pál-völgyi and Mátyás-hegyi
caves
These examinations were done in the Pál-völgyi cave by
members of the Kinizsi Cave Exploration Group, who were
working in the cave after WW2. They were led by János
Palánkai, but found only smaller passages: by the end of the
‘70s, the total length of the Pál-völgyi was “only” 1,200
metres… At the same time, the length of the Harcsaszájúcave and the Hideglyuk-cave remained the same, although
in 1964 Csaba Laufer and his team did manage to connect
the Harcsaszájú and Bagyura-cave, which was directly
below the Harcsa.

During autumn next year, explorers reached a breakthrough
in the Hideglyuk-cave as well: squeezing through the tight
Guillotine-choke, they found a well-decorated passage with
boulder chokes and huge chambers. Soon the length of this
cave exceeded 3.5 km as well. The caving community was
informed of the findings in these two caves week-by-week,
and on the 6th of March 2010, the connection between the
Harcsaszájú and Hideglyuk caves was finally made! From
this point onwards, all the Buda cave explorers dreamt of
connecting the two big systems: the Pálvölgyi-Mátyáshegyi
system with the Hideglyuk-Harcsaszájú.

The long awaited breakthrough happened in 1980, when
Attila Kiss and József Kurucz found the 400 metre-long
December-passage behind the Pál-völgyi’s Színházchamber. Their team, called the Imre Bekey Cave
Exploration Group, was formed within the Hungarian Karst
and Cave Research Society (Magyar Karszt-és
Barlangkutató Társulat, MKBT). With Attila Kiss and
Katalin Takácsné Bolner as leaders, they found new
passages year by year — a good habit that they still have to
this day (though since 2011, the leader of explorations is
Attila Tóth). In 1981 they found the Térképész-passage
(Cartographer-passage), in 1982 they found the Negyedik
Negyed (Fourth Quarter), 1987 the Déli-passage (Southern
passage), 1989 marked the year the Szépvölgyi-passage was
found (which ended very close to the Mátyáshegyi-cave).
In 1992 the boulder choke of K2 was explored and in 1994,
after widening a long and torturous squeeze (the Goffri

Surveys of the caves were compared and it seemed that
there were at least 25–30 metres between the closest points
of the two systems, and no sign of a through passage…

6. The connection is made
It was around this time that members of the Bekey Club
thought about trying work in the narrow Nyomdász-prés
(Printer’s Press) section, which points towards the 100
metres long Kis-Hideglyuk (Small-Hideglyuk) cave, which
had already been connected with the Harcsaszájú-Bagyura
system.
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marvel at little developing gypsum chrystals. The solution
forms and spherical niches are also very pretty (for example
in the Hosszú-folyosó [Long passage]). In the ceiling of
many a passage we can see a 0.5–2 m wide zone of flint
which mark the presence of warm water solutions passing
through the cave and transforming the original rock. Many
stunning dripstone formations can be found in the cave in
the following passages: II-es vágány, Schönvinszky-terem,
Ezüst utca.

In the autumn of 2011, members of the Barit Club organised
a big exploration camp in the Pálvölgyi quarry for a long
weekend, with 100+ participants. Multiple shifts of cavers
worked in the Nyomdász-prés (and at endpoints of other
caves), but progress was slow: towards the end, over 20
people were passing buckets of mud that had filled up the
passages. Success didn’t seem close at hand…
However, at the end of November, starting from a spherical
niche on the surface, cavers found a new smaller cave
between the Kis-Hideglyuk and the Nyomdász-prés. This
cave was named Meta-cave, and from the open ends of its
passages, it was easy to reach the Kis-Hideglyuk, the
Pálvölgyi cave, and into one of the side passages by the
Nyomdász-prés. This way, the connection was made on the
11th of December and the Pál-völgyi cave system was
created! (Cavers often call the system Szépvölgyi-system
as well). Even since the connection was made, some new
passages have been found in the Mátyás-hegyi cave (in a
previously unsurveyed section): so the total length of the
system is now 29 km!

The Mátyás-hegyi cave is poorer in formations, but as there
are less mineral aggregates on the walls, the solution forms
can be studied better (for example: Földtani Intézet
chamber). We can see fossils in many a passage (Nagyterem, Névtelen-folyosó): the shell of seashells and
sea-urchins is more pure calcium-carbonate than the slightly
clayey rock, so these petrified shells are more resistant to
solvents, so the stand out from the wall. We can see flint
zones here as well, and the passages actually reach the level
of karstic water. A while ago in there were beautiful gypsum
formations in the passages (like the Színház-chamber), and
while unfortunately these have been destroyed, in the newly
found passages we can still marvel at these beautiful
formations.

Those who have never participated in expeditions can’t
even imagine the tension and expectations involved in this
kind of work, and what unbelievable joy it is to find
wonders never before seen by the human eye! It’s worth it
to work for these moments, often for years and years. But
for great findings, we also need luck: not all diligent cave
explorers get to experience the euphoria of finding virgin
passage – in the same way that not all athletes who train for
years will get to win an Olympic gold.

The Harcsaszájú and Hideglyuk caves are very rich in
formations, but the detailed mineralogical examination of
these caves has not yet happened.

8. Summary
To summarise: the Pál-völgyi system is Hungary’s longest,
most scientifically interesting and most beautiful cave
system. Its speciality is that it is right underneath the streets
and houses of the capital city, which could possibly threaten
the integrity of the cave and the buildings above.

7. Formations of the Pál-völgyi cave system
The Pál-völgyi cave contains many interesting and beautiful
formations. The prettiest ones are the sheets of calcite
hidden away in the Jubileum passage, these were formed
on the surface of the warm water of an underground lake.
These sheets formed cones (the highest of which can reach
2 metres) and the cave pearls that cover the whole
formation. This cave contains the highest amount of calcite
sheets among all the Buda caves! There are deposits of this
material above each other, with a difference of 3–4 metres,
which has a scientific significance: examining these can
help determine the age of the cave and the movement of the
karstic water. Only in this cave can we find folias, which is
the line of calcite on the side walls, marking the water
levels. Also, many baryte chrystals can be found in the cave.
These calcite veins were deposited here from the liquids
flowing in the cracks before the cave itself was formed. In
some places (like the Gipszes [Gypsum] branch), we can
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Almost half of the territory of Slovenia and more than half of that of Croatia is karst. Owing to the work of active and
well-organised speleologists there are almost 20,000 known and registered caves in both Slovenia and Croatia. These
numerous and impressive cave systems result in a high frequency of touristic visits and spurs on further speleological
research. In the event of an accident rescue operations are performed in Slovenia by the Slovenian Cave Rescue Service
(SCRS) while in Croatia by the Croatian Mountain Rescue Service – Cave Rescue Commission (CMRS-CRC), both are
now also active in international cave rescue. An important milestone in this field is the setting up of an international
mechanism for the education of cave rescuers i.e. the “Cave Rescue Training (CRT)” programme and the implementation
of the European “EU Proteus” project that brings together Slovenian and Croatian cave rescuers. This paper describes the
project and its main activities concerning reviewing the existing legislation on cave exploration, accident prevention, and
cave rescue training. The EU Proteus project presents a model study of two cave rescue organisations (the SCRS and the
CMRS-CRC) both of which are run and implemented by volunteers. The project contributes to an overall improvement
in standards, greater capacity and efficiency of rescue operations, and the international integration of cave rescue services.

1. Introduction

knowledge, special technical equipment and physical
preparedness. While performing such activities, they face
potentially serious or even fatal injuries due to numerous
objective hazards and possible subjective errors. However,
in most danger are those who find themselves in caves
unintentionally, due to either a slide or a fall from the
surface. These typically include mountaineers, skiers,
hunters, hikers and excursionists, both native and foreign.
Records show that there have been a considerable number
of such accidents in the past.

Limestone and dolomite bedrock, covering 43 % of the land
surface of Slovenia and 52 % of Croatia (over 70 % if
submarine areas are included), enables the formation of the
karst phenomena where amongst its natural features caves
stand out for their exceptionality. Of the 20,000 registered
Slovenian and Croatian karst caves only 0.1 % are
designated and equipped as touristic caves and even these
to a limited degree. For example in the world-famous
Postojna Cave, only 3.2 km of the explored 20.5 km of
passages are made accessible to tourists. It is a fact that a
considerable part of the underground world is represented
by more or less vertical pits that are especially notable in
the Alpine karst. These areas that are interesting for tourism
and are frequently visited can “hide” potentially dangerous
caves. In the Slovenian Kanin massif with a surface area of
8 km2, more than 300 caves are known; while in an area of
similar size in Northern Velebit, Croatia, there are 348
caves. It is worth mentioning that worldwide, there are 96
known caves deeper than 1,000 meters (Gulden 2012)
located in 17 countries and of these, 9 are located in
Slovenia and Croatia. An important characteristic of the
Slovenian and Croatian caves is their verticality. In this
area, the largest verticals in the world can be found:
Vrtiglavica (-643 m), Patkov gušt (-553 m), and Velebita
(-513 m), which implies the use of special rescue
techniques. In addition, the problem of rescue from natural
springs has to be mentioned e.g., Crveno jezero lake
(-281 m), Una spring (-205 m), Divje jezero lake (-160 m),
Sinjac lake (-155 m), and the Kolpa/Kupa spring (-154 m).

2. Dangers in caves and cave rescue
As a rule, a high percentage of “caving” accidents involve
non-cavers, with a remark that rescuing cavers stands out
in terms of duration and difficulty of rescue. So far, the
longest and most difficult rescue operation in Slovenia
occurred in 1990 when cave rescuers from Slovenia and
Italy rescued an injured caver from the Črnelsko brezno pit.
The rescue started at a depth of 1,200 meters and lasted for
10 days. In Croatia, the longest and most difficult cave
rescue operation occurred in 2012 in Kita Gaćešina at a
depth of 483 m. The operation involved 114 rescuers from
16 CMRS stations. The time required, from reporting the
accident to the extraction of the caver, took more than 26
hours. All together, when the last rescuer exited, it
amounted to 36:23 hours. Members of Slovenian CRS were
also on standby to join this rescue operation in case of a
prolonged period of rescue. The Corpo Nazionale Soccorso
Alpino e Speleologico (CNSAS) from Italy and the Alliance
of speleological organizations in Serbia also offered their
help.

Therefore, the subterranean world is only accessible to
qualified speleologists (skilled cavers knowledgeable and
practiced in vertical caving) as well as professional visitors
to the karst terrain (researchers, foresters) who are able to
explore its secrets safely and successfully due to their

Karst terrain in Europe covers large areas (approximately
30 %) which are not equally explored. A high percentage of
karst is typical of Greece, Spain and countries of South East
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of rescuing injured persons from caves. The Cave Rescue
Service of Slovenia, together with ACPDR and partners
from South-eastern Europe (Croatia, Serbia, Bulgaria and
Romania), have developed the Cave Rescue Training (CRT)
Programme to provide rescuers with a basic knowledge of
cave rescue (Merela 2010; Stražar and Ilič 2010). The
programme was performed for the fifth year under the
Disaster Preparedness and Prevention Initiative for SouthEastern Europe (DPPI) organization and focuses on specific
procedures and the organization of rescue teams involved
in accidents or drills. Cave rescuers are trained to deal with
cave conditions (abysses, meanders, rivers, etc.) and special
rescue techniques. The aim of the programme is to achieve,
in a rational way, a satisfactory level of qualification of
speleologists in different countries, providing them with the
ability to react rationally and uniformly and to provide
effective assistance in the case of accidents or other
extraordinary events. This programme provides the basic
skills for cave rescue, but is insufficient for advanced
training and the training of cave rescue instructors.

Europe including Slovenia and Croatia. According to the
World Declaration on Cave Rescue Organisation, individual
countries have to elaborate their rescue plans and provide
for the organisation of cave rescue.
This project was initiated because of the desire to explore
the largely undiscovered, unexplored, and unpredictable
underground environment. Karst caves are exceptionally
dynamic and diverse, the exploration of which requires a
significant amount of knowledge and expertise from
potential visitors. Currently, there are many caves in
Slovenia and Croatia that are dangerous to visitors and
consequentially to rescuers because they are either
unknown or unexplored and hence have not been assessed
in terms of risk. In general it is impossible to prevent the
public from searching, researching and visiting caves; but
unfortunately, such visits can results in accidents. The socalled urban underground should also be mentioned here
(industrial shafts, sewage system, abandoned underground
mining, industrial and military systems) with the exception
of active mines. However these require confined space
permit entries and differ with respect to rescue and
extraction procedures from those of cave rescue.

An upgrade of the successfully implemented CRT
Programme is the European project – EU Proteus
(Figure 1). EU Proteus with its full title “Raising Awareness
and Improving Effectiveness of Cave Rescuing within
Community Civil Protection Mechanism” is a 24 month
long project (2012 and 2013) and is the first large European
cave rescue project (http://www.eu-proteus.eu). The project
is supported directly by the European Commission –
Directorate General for Humanitarian Aid and Civil
Protection – Civil Protection Prevention, Preparedness and
Disaster Risk Reduction Unit Office.

In general, cave rescue is difficult and due to the
environment (enclosed, limited, dark, cold, humid cavities)
specific to the cave in question and will require specialized
skills. A rescue in a horizontal cave is not the same as a
rescue in a stair-step shaft, a rescue in the high mountains
is different from a rescue in the lowlands and rescue
operations in water caves with rivers are still different, not
to mention the obstacles imposed by waterfalls, siphons, ice
caves, labyrinths, narrow passages, and areas full of mud.
The air in caves is cold and humid. Air temperature
typically varies between 0 and to over 14 °C, while in ice
caves it is below freezing. Humidity is close to 100 %. In
case of an injury where the injured person is left unable to
move, the body cools rapidly and soon enters the vicious
circle of hypothermia. Among the many risk factors,
hypothermia of an injured person is often the more critical
than their injuries. When rescuing an injured person from a
cave, the required amount of time is usually several times
longer than the time needed for an individual descent. In
the case of a major accident, rescue can take several days.
Cave rescue in Slovenia is performed by the Slovenian Cave
Rescue Service (SCRS) with the Speleological Association
of Slovenia as the responsible body. It operates directly
under the auspices of the Administration of the Republic of
Slovenia for Civil Protection and Disaster Relief (hereinafter
referred to as ACPDR). In Croatia, cave rescue service is
organised under the Croatian Mountain Rescue Service as a
Cave-Rescue Commission (CMRS-CRC).

Figure 1. The Logo for the EU Proteus project is shown above.

Within Europe, there is a lack of organised networking and
cooperation between speleological organisations which is
necessary for the exchange of knowledge and expertise. A
possible solution would be to establish an expert rescue unit
at the EU level.

EU Proteus aims towards the better organisation of cave
rescue in Slovenia and Croatia by analysing the current
situation, preparation of common standards and studying
the conditions that exist in other organisations from
Participating States. This goal is to enhance the awareness
and preparedness of cavers and to improve the preparedness
and effectiveness of cave rescuers (emergency response).

4. Results and discussion

3. Methods

4.1. Main project Tasks

The qualification of cave rescuers is an important factor in
any cave rescue service and decidedly affects the success

Several tasks were defined and proposed in order to achieve
a safer caving and a significant improvement of the cave
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rescue service in Slovenia and Croatia. The main goal was
to improve cross-border cooperation between rescuers as
well as raising the level of preparedness for cave related
emergencies.

The training exercise began with a step-by-step instruction
of the key elements of cave rescue manoeuvres. Initially,
the instructors kept to the principle of working in small
groups and organised several workshops near the crag wall.
Later, the exercise involved combined rescue manoeuvres
(Figure 3).

A series of joint thematic workshops helped in drafting and
establishing general rules, standards and rescue techniques
and the criteria for setting-up and equipping preventive
bivouacs in caves to assist in a rescue. All of these were
verified by organising practical exercises.
An expert team was put together to prepare and draft a
training programme for instructors and the general and
specialised parts of the programme including the curriculum
and a catalogue of the necessary skills. The next step
involved establishing a joint commission for technical
issues such as checking and comparing the various caving
equipment used by Slovenian and Croatian cavers. Based
on these findings, the commission will prepare standards
obligatory for cave rescue and recommendations for other
cavers. An important outcome of this initial preparation was
the translation of the Cave Rescue Manual from French into
the Slovene language.

Figure 3. Participants perform the complex combination of
various rescue manoeuvres.

A demonstration was also given on the proper use of the
Petzl “Nest” cave rescue stretcher (Figure 4). This
represents the state-of-the art in stretchers for use in cave
rescue. For the rescuers it is important that they are
acquainted on how to position the casualty correctly on the
stretcher. It must be noted, that this procedure should be
performed under medical supervision. By the end of the
exercise and after several rescue manoeuvres the transport
of the casualty on the stretcher was accomplished.

A priority was the implementation of joint rescue exercises
to improve the knowledge of cave rescuers. In the first year
of the project’s duration, Slovenian and Croatian cave
rescuers were involved in five joint rescue training events
(http://www.eu-proteus.eu; www.hgss-kshgss.com).
4.2. International cave rescue training for instructors
(CRT) 2012
The International Cave Rescue Training 2012 (CRT 2012)
event was the EU Proteus project’s most important action in
2012. CRT 2012 took place between the 16th to 23rd
September in Sežana, Slovenia. Forty participants from 10
countries including Albania, Bosnia and Herzegovina,
Bulgaria, Croatia, France, Macedonia, Montenegro,
Romania, Slovenia and Turkey attended the exercise. The
participants were made up of 28 trainees and 12 Cave Rescue
Instructors (two from the French SSF- Spéléo-Secours
Français). The trainees were made up of skilled cave rescuers,
cavers and non cavers, including firemen and mountain
rescuers. Based on past experiences of organising this kind
of event, we divided the trainees in two groups: basic level
and advanced level cave rescue training (Figure 2).

Figure 4. Cave rescuers demonstrate how to work with the
specially designed “Nest” cave rescue stretcher.

Demonstrating how to systematically review and evaluate
the physical condition of casualty was also emphasised
(Figure 5). An uncomfortable and inhospitable cave
environment requires special procedures for a systematic
assessment of the casualty. Another important issue is how
to deal with hypothermia and frostbite in the case of a very
cold cave environment.
After successfully completing the outdoor training sessions,
several rescue exercises were performed underground. Prior
to the final exercise the organisers had visited and selected

Figure 2. Participants are shown performing a climbing skills test.
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international team of trained rescuers received the casualty
from the siphon (water temperature: 8 °C) and immediately
installed a special body heating device to prevent
hypothermia (Figure 7). The whole operation lasted for
approximately 10 hours.

Figure 5. A medical doctor demonstrates how to evaluate the state
of an injured person.

several caves with different polygon configurations (i.e.
vertical and horizontal caves). The rescuers were divided
into groups working in different parts of the cave. Vertical
pits were equipped for vertical transport using
counterweight systems (Figure 6) while hard passable areas
were rigged for transport via Tyrolean lines. For
communication purposes a cave telephone (VOX system)
was installed.

Figure 7. The casualty is shown being transported from the 30 m
long siphon.

The cave rescue training exercise managed to attract up to
40 participants from 10 European countries. Cave rescue
training was acknowledged to have been a success on the
grounds of the knowledge received by the participants. Of
course the main purpose of CRT (2012) was that the
participants would then disseminate this knowledge within
their own organisations. During the eight day training event
we fulfilled our plan of 80 hours of intensive lectures, short
demonstrations, and practical work in smaller caves in
readiness for the final full-scale rescue exercise.
An important result of all our efforts was the great publicity
for the EU Proteus project and for EU visibility. Ultimately,
we performed a successful final rescue practice for which
we received the highest rating by a team of independent
evaluators.

Figure 6. The rescuers are shown transporting the casualty in the
cave.

At the end of the training, the trainees performed a final
rescue exercise in the Najdena Cave. The Najdena cave is a
complex cave with vertical pits, long difficult passages, mud
and a water siphon. The exercise was designed to bring
together international cave rescuers: members of the
Slovenian Cave Rescue Service, Slovenian Cave Rescue
divers and members of the Croatian Mountain Rescue
Service (Cave-Rescue Commission). The number of
participants was 63. A telephone line had been installed
during previous training exercises (1.4 km) and the 30 m long
and 6 m deep siphon had been secured with a safety line. The
telephone had also extended to the far side of the siphon.

4.3. European Cave Rescue Association (ECRA)
Both the SCRS and the CMRS-CRC support the
organization of the new European Cave Rescue Association
(ECRA). On May 12th in Castelnuovo Carfagnana, Italy,
seven national cave rescue organizations from Great
Britain, Germany, Italy, Austria, Slovenia, Croatia and
Serbia came together to establish the European Cave
Rescue Association.
The goals of the ECRA are the following:
• promote the exchange knowledge and expertise in the
field of cave rescue,
• facilitate cooperation and support between members,
• advance and improve cave rescue knowledge and the
capabilities of member organizations,
• provide information and statistics on cave rescue
incidents,
• exchange knowledge and experience concerning the best
practice in cave rescue between cave rescue organizations,
caving organizations, manufacturers of caving equipment
and other interested bodies,
• conduct research with a view to improving the efficiency
and effectiveness of cave rescue and
• conduct such ancillary activity as the ECRA shall think
appropriate to better achieve these goals.

Because of the importance of this international rescue
exercise, the event was strictly controlled by the members
of the Slovenian Administration for Civil Protection and
Disaster Relief, the President of Speleological Association
of Slovenia, the Head of Slovenian Cave Rescue Service
and by the main inspector of the Inspectorate for Protection
against Natural and Other Disasters.
Cave rescue is a difficult activity and any rescue attempt
from behind a siphon is extremely hazardous. Furthermore,
any rescue exercise must be precisely planned in advance.
This was the first cave rescue exercise where the team
worked with actual cave rescue divers whose role it was to
dive to the far side of the siphon, place the casualty in the
stretcher and then transport them safely back. The
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5. Conclusions
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In recent years important discoveries in Untersberg mountain near Salzburg were made. The length of long known
Kolowrathöhle (AT) was extended to 38 km and the karst water table was reached in four different passages at a total
depth of more than 1,100 m. Many leads with strong wind hold the promise of further discoveries. On the German side of
the high plateau a new cave called Riesending was found in 2002, to date explored to a length of 18 km, through which a
huge collector could be reached at a depth of 900 m. After a long detour the trunk passage turns into the direction of
Fürstenbrunn, where the main resurgence of the mountain is located, still nearly 3 km away but only 200 m below the
horizontal passages in Riesending. Riesending also gets close to the lower reaches of Klingertalschacht, which is part of
the 12 km long, complex maze of Windlöcher (AT), and lately a new wave of exploration was triggered in this cave. A
connection of the three major caves of Untersberg would result in a huge system of at least 70 km length.

1. Introduction
Untersberg mountain is located in the Northern Limestone
Alps, close to Berchtesgaden and Salzburg (Fig. 1). The
border between Austria and Germany runs over its’ high
plateau, which culminates in Berchtesgadener Hochthron
(1,973 m). For more than 100 years cavers frequent its’
steep slopes and barren limestone pavement. Most of the
plateau and parts of the slopes, all together close to 15 km²,
are drained by Fürstenbrunner Quellhöhle, where the water
emerges from a deep sump. Beneath Salzburger Hochthron
(1,853 m) extents the massive labyrinth of Kolowrathöhle,
at more than 38 km total length the main cave of the
mountain. The distance from the lower reaches of
Kolowrathöhle to Fürstenbrunner Quellhöhle is little more
than 1 km, a connection of the water tables in the two caves
is proven, but a way through is unlikely to be found due to
the long and deep sumps separating the two caves.

reached in fissures and shafts 100 m to 150 m below the old
stream way. Observations with pressure gauges indicate,
that these belong to hanging water tables. New discoveries
in Riesending and Kolowrathöhle raise the hope to one day
connect both caves. Each year a number of week long
expeditions take place, organized by small, but dedicated
teams from the Verein für Höhlenkunde in Salzburg (AT)
and the ARGE Bad Cannstatt (D). Due to the massive
difficulties in the exploration of the caves, the great depth,
long distances and technically very challenging terrain it
will not be a fast success. Legend knows, that in the heart
of the mountain old king Barbarossa sits in his throne room,
bored to death, and waits for some unwary cavers. We are
up to meet him.

The second well known cave complex on the northern
flanks of the mountain is Windlöcher. With 12 km length
and accessible by 12 different entrances it connects the three
cirques Schosstal, Klingertal and Wasserfalltal. Via
Klingertalschacht it drains in the direction of the central
plateau, but the distance to the resurgence at Fürstenbrunn
is still about 3 km. The stream sinks into large boulders at
the floor of the final chamber and to date all attempts to find
a continuation at this low level failed. New discoveries at a
fossil level have raised new hopes and exploration is just
gaining momentum again.
The entrance to the third big cave of the mountain is located
on the high plateau, close to Berchtesgadener Hochthron.
Riesending is a rather recent discovery, being explored for
only 11 years. In this short time it has grown to over 18 km
in length and more than 1,000 m in depth and the potential
for further discoveries is still great. The distance from the
entrance to the resurgence is, at nearly 5 km, the greatest of
all three portrayed caves. Nevertheless, Riesending provides
the key for the understanding of the speleogenesis and
hydrology of Untersberg mountain.

Figure 1. Caves of Untersberg presented in this article, recent
discoveries in black lines (map inlay ©2012 Google, map data
©2012 GeoBasis-DE/BKG).

The trunk passage found at 900 m depth seems to be the old
collector of most of the plateau. Now fossil it cuts through
the mountain with huge dimensions and at a constant
elevation of 870 m above sea level. Several sumps are
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2. Windlöcher (1339/31)

3. Kolowrathöhle (1339/1)

The main entrance to Windlöcher is located at an elevation
of 1,300 m in the steep northern slopes of the mountain
below the alp Klingeralm. The cave was first visited by
Fugger in 1875 and explored to a length of 400 m by
Urbanek and Abel in 1934. The following year Czoernig
discovered Klingertalschacht, which was surveyed by Abel
to a depth of 60 m in 1947. It was quiet around the caves
until in 1975 in a big breakthrough in Windlöcher a fossil
trunk passage was found and the length rapidly grow to
2.5 km. In 1982 a restriction was opened, giving way to
Palästinahalle, from where a connection to
Klingertalschacht was found, which meanwhile had been
explored to a length of 2 km and a depth of 322 m by cavers
from Belgium. The total length of the cave system thereby
rose to 6 km.

Kolowrathöhle is a mazy cave of massive proportions, that
developed under phreatic conditions. Two main levels can
be distinguished, the upper one at elevations between
1,400 m and 1,600 m, the lower one between 1,000 m and
1,200 m. Both levels are connected by vadose canyons,
some of which are still active. They continue below the
lower level until at an elevation of 700 m they submerge
into the karst water table.
The cave is situated in the northeastern part of the plateau,
below the summits of Salzburger Hochthron and Geiereck.
The main entrance at an elevation of 1,370 m at the foot of
the east face of Untersberg has been know for centuries. It
became a tourist attraction in the 19th century and people
used its massive entrance chamber for summer ice skating.
Fugger based his theories on ice caves on observations in
Kolowrathöhle and nearby Schellenberger Eishöhle. But
the ice started to melt after enlarging the entrance for ease
of access and nowadays only small relics remain.

In 1989 Holvan started a complete resurvey of the cave, in
the course of which another 3.5 km of passages were added.
In 1995 the Belgians struck again, connecting the deep shaft
Supernova to the final chamber in Klingertalschacht
(Klappacher 1996). A way around the breakdown blockage
in the final chamber could not be found. The last
achievement of that period was the connection to Stützinger
Schacht in 1996, bringing the total length of the system to
11.3 km. With the end of the resurvey campaign and the
Belgians shifting their focus to another cave farther away
in Sulzenkar, it became quiet around Windlöcher, despite a
number of strongly drafting leads. Only when Riesending
was getting close to the final chamber of Klingertalschacht
(700 m as the bat flies), a new team from Salzburg revisited
the cave and found upper levels that show great promise to
circumvent the blockage in the final chamber.

The breakthrough into the main cave was not achieved
through this entrance, but when the nearby Gamslöcher
were connected to Kolowrathöhle. The entrance to
Gamslöcher high in the cliff of Dopplerwand became
accessible after the Dopplersteig was built in 1876, but only
in 1979 a shaft at the end of the known cave was descended
and the large passage Rundstollen discovered. Via
Rundstollen the Broadway was found and finally a high
aven in Kolowrathöhle was reached and the explorers
abseiled into the large ice chamber and left via the main
entrance. After this connection the length totaled 2.5 km.

The passages in Windlöcher may be separated into three
different levels. The trunk passage Hauptgang close to the
main entrance and the surrounding labyrinths lay at an
elevation of 1,300 m. They are characterized by breakdown.
A lower level is found in Palästinahalle and its continuation
Palästinagang, another trunk passage at 1,200 m elevation
that runs parallel to the upper one. The end of this massive,
20 m wide tunnel is actually marked by a deep shaft that
has not yet been descended. The lowest level of the cave is
reached Klingertalschacht at an elevation of 1,000 m. It
contains a stream and ends in a massive chamber, where
several big shafts enter the system, more or less directly
from the surface 400 m above.
Hauptgang and Palästinagang both follow south trending
joints and slowly rise, following the dip of the bedding
planes, at an angle of about 15°. The labyrinths mainly
follow southwest-northeast and southeast-nordwest
trending fissures. Klingertalschacht is also developed in a
southeast trending joint. The stream at its bottom, whose
head waters are not yet fully explored, may be followed
through a number of deep lakes to the final chamber, where
it sinks into boulders. The final chamber is reached more
easily by fossil upper level passages, or directly by the
Supernova entrance through a number of deep shafts and
narrow meanders. All known entrances to Windlöcher
exhale during summer, the uppermost entrances to the cave
system are not yet found.
Figure 2. The maze like passages at the lower level of
Kolowrathöhle are bone dry (Dirk Peinelt).
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winter was needed. This goal was achieved in 2007 after a
long and arduous dig in one of the dolines close to
Zeppezauer Haus. In the following winter season
exploration continued from a new bivouac near the base of
Onan der Barbar. The first great success was the
exploration of the canyon Alien 1 and its continuation
Kugelcanyon to a big sump at a depth of 1,119 m below the
entrance to Salzburger Schacht, high point of the system.

Following Rundstollen and its continuation Prachtstollen
further into the mountain, a breakdown stopped the
explorers. It was opened in 1982 and gave way into the dark
aven Zwentendorf. Descending the following shafts the
trunk passage of the upper level was found and baptised
Mainstream. To the south it led to the high aven
Walkerpfeiler, that was climbed in the same year. Its
continuation, the 20 m wide Champs Elysees, ends in the
Louvre in a massive breakdown. With this impressive
discoveries the total length of Kolowrathöhle made a big
jump to 5.6 km.

In the summer of 2008 mazy passages close to the new
bivouac were explored, culminating in the discovery of
Krabbelsprint-Labyrinth, where a powerful draft chilled the
exhausted cavers to the bone. The wind gets lost in Phantom
der Oper, the surface of Brunntal only about 100 m away,
but no new entrance to these remote parts of the cave could
be found to date. Beyond the labyrinth a large passage Wadi
continues in southerly direction. The whole region of the
cave is very dry and later was baptized Wüste (Fig. 2). A
variety of gypsum crystals is abundant. In the winter season
2009/10 a big shaft Elefantenschacht was reached, already
at a distance of 4 h from the bivouac (Zehentner 2010). To
keep exploration efficient a shortcut through the labyrinth
was searched and eventually found in the fabulous canyon
Auf dünnem Eis, where a thin layer of flowstone separates
the passage into an upper and a lower level that were only
connected artificially after careful survey of a very long
deviation.

From Zwentendorf a passage leading to the north led to the
deep shaft Kalkar, where a traverse gave access to
Erpelcanyon and its little stream. Through this canyon the
upper level of the cave is left and in 1984 the breakdown
chamber Hot Spot was discovered. The length meanwhile
reached 10.2 km. From Hot Spot two ways led on. Down
the shafts Karato Prak the lower level of the cave was
entered and the mazes of Dackel mit Hut and
Tonplattenlabyrinth explored. Not far from the base of the
shaft Onan der Barbar exploration was halted in 1986 by
the lack of rope at another small drop and not continued
until more than 20 years later. The last trip of this very
successful phase of big discoveries took place in 1989 to
Hungerkluft, a passage forking from Hot Spot to the north
and ending (to this day) at a deep shaft. This is the closest
point to the resurgence Fürstenbrunner Quellhöhle, the
distance is still more than 1 km. The length of
Kolowrathöhle remained stable at 16 km for the coming 15
years (Klappacher and Mais 1975, Klappacher 1996).

Now the way was open to erect a new bivouac Baumhaus
on a balcony of Elefantenschacht, near the only pool of
water for miles. In winter 2011 a steeply descending
passage below Elefantenschacht was explored down to
several sumps at the level of the karst water table, where a
powerful stream was met at the contact to the underlying
dolomite in the huge and chaotic chamber Kartoffelkeller.
But the origin of the wind was found in another passage,
quasi the backdoor of Baumhaus. A beautiful phreatic
passage Idhrin Eden gives access to the enormous shaft
Mordor, filled with the spray of an impressive waterfall,
most probably the headwaters of the stream found in
Kartoffelkeller. Below Mordor the steeply descending
passage sumps in Orktränke, again at the level of the karst
water table.

Not far from Salzburger Hochthron the strongly drafting
entrance to Salzburger Schacht is located at an elevation of
1,800 m on the high plateau. It was discovered in 1923 and
explored to a depth of 170 m by Abel and companions in
1935, making it the deepest cave of the region at that time.
In the 1970s a continuation was discovered and with the
new single rope technique explored down to a depth of
400 m. There large galleries and a stream were discovered.
To the north the gallery ends in a huge breakdown in
Allendehalle, close to the Louvre in Kolowrathöhle.
Downstream the Via Belgica was followed to a muddy
sump at a depth of 600 m. An inlet to Via Belgica, which
rises from a constricted sump, drains the lower reaches of
Schellenberger Eishöhle. A connection of the two caves
could not yet been forced, in spite of a strongly drafting but
very narrow side passage close to the sump. In 1982
Brunntalschacht, a shorter and much easier entrance to the
main passages of Salzburger Schacht, was discovered, but
nevertheless exploration came to a stand still at a total
length of 6 km (Klappacher and Mais 1975; Klappacher
1996).
It was quiet around both caves, until in 2002 Georg Zagler
entered the scene and together with some indestructible
companions and a lot of chiseling forced a connection from
the Champs Elysees in Kolowrathöhle to Salzburger
Schacht. Further passages were found climbing
Walkerpfeiler to heights not yet heard of. By the end of
2005 the length of the combined system reached 25 km
(Zehentner et al. 2006). Not yet satisfied they pushed on
into the depths of the cave. To safely explore the lowest
reaches, a new and avalanche proof entrance to the cave in

Figure 3. Phreatic passage and sump close to the actual end of
Kolowrathöhle (Wolfgang Zillig).
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The stream rises from a beautiful sump (Fig. 3) that can be
avoided by climbing up and down 100 m in a rift. Beyond
the rift the stream is met again, but exploration was halted
in a high aven with a waterfall. The level of the horizontal
passages beyond Baumhaus corresponds to the level of the
trunk passage in Riesending, but the distance between the
two caves is still about 1.2 km. The latest news from
Kolowrathöhle report of a new but horrible bivouac at the
very end of the cave, to aid the artificial climb up the aven.
Exploration continues at full speed, but with an effort of
nearly two days necessary to reach the final dome the rate
of success has slowed down somewhat.

Beyond the shafts the deep lake Reitertränke (Fig. 4) blocks
the main passage, which has to be crossed on a rubber
dinghy. Shortly after the lake a side passage connects to the
massive shaft Monsterschacht, which most time of the year
is impassable due to a powerful waterfall. The waterfall
may be avoided by Nebelschacht, which joins
Monsterschacht further down and finally leads to a little
sump at -1,059 m. At this depth a hanging water table seems
to exist under this part of the mountain. Monsterschacht
surely is a much younger cave than the trunk passage of
Riesending and only intersects Riesending by chance. It is
probably connected to another deep shaft Eisbläser (today
sealed by an ice plug) in the middle of the plateau near
Mitterberg. The distance to the low point of Eisbläser is
about 400 m.

4. Riesending (1339/336)

After the turn towards the resurgence the main passage
changes its character. The bleak area of the
Maulwurfstunnel, a now dry sump, is passed. At one point
the gravel fill had to be dug out for close to 10 m to enable
human passage. Shortly after the dig the main passage
forks. An upper level Wundergang contains a nicely bedded
sediment fill (gravel and silt), but after a short distance is
plugged. It can be avoided by a lower passage that joins the
far end of Wundergang again in a big chamber full of wet
mud. In this chamber another passage forks of, the steeply
ascending and strongly drafting Fratzengang (not yet fully
explored). The main continuation drops down to an old
sump area Auenland, where dark sediments attest frequent
flooding, and a powerful stream Auenbach is met. It rises
from a sump and after a short distance tumbles down into a
narrow canyon, that has been explored to -990 m and still
continues. It offers a nice prospect for reaching a new deep
point but is only accessible in very dry conditions.

The entrance to Riesending is situated in the southern part
of the high plateau, close to Berchtesgadener Hochthron, at
an elevation of 1,840 m. It was found in 1996 by members
of the ARGE Bad Cannstatt, and is extensively explored
since 2002. A series of massive shafts drop down to a first
horizontal level at -400 m, narrow canyons and further
shafts lead on to a lower level at -870 m, that was reached
in 2005. The main stream of the cave sinks into a narrow
sump at a depth of -987 m, nearly 5 km away from the
resurgence in Fürstenbrunn, but only 170 m above the karst
water table found in Fürstenbrunner Quellhöhle and
Kolowrathöhle.
In the following years exploration was focused on a huge
fossil trunk passage at -870 m, that follows a dominant joint
and in a straight line led 1.5 km to the northwest below the
central plateau, without gaining further depth. Finally the
joint is left and the passage turns to the northeast in
direction of the resurgence, still 4 km away. Along the way
only one major inlet, Schöner Canyon, now also fossil, is
met, but more inlets are assumed to enter the trunk passage
high up at ceiling level, which mostly is out of sight. Before
the passage starts trending towards the resurgence, a
number of shafts Sechs Schächte have to be traversed. One
of these shafts breaks through into a lower level of the cave,
also with huge dimensions and a strong draft, that is
completely blocked by silt at a depth of 1,058 m (Meyer
and Matthalm 2009).

Auenland is left via Wachturm, a 80 m high aven that had
to be climbed with the help of a power drill. The logical
continuation of the main passage forks off halfway up the
climb and immediately drops down to a sump. Luckily at
the far side of Wachturm another big passage Westzubringer
could be reached, which leads to a canyon inlet and to an
huge trunk passage. Their origins are not yet explored, but
may be connected in one way or another with the complex
of Windlöcher. The trunk passage also has a continuation
in the general direction of the resurgence that was baptized
Kristallgang due to large quantities of beautiful frostwork.
It ascends another 100 m, before passing a now dry sump,
a side passage to a shaft and finally continuing with much
smaller dimensions (Fig. 6) for 300 m to some small shafts,
through which Wassergang is reached.
Wassergang contains a stream and enters the cave from the
west, so when first found in 2011 it was assumed to be the
continuation of Klingertalschacht beyond the final chamber
(700 m away and only 50 m higher than Wassergang). But
exploration in 2012 revealed that the origin of the stream is
found in several small inlets and the huge passage continues
dry for a short while, until it drops down to a sump. Since
it corresponds in height very well with the sumping passage
near Wachturm, it may as well be the continuation of the
main passage of Riesending (after a detour to the west).
However, after a short way the downward continuation of

Figure 4. A deep lake in the main passage of Riesending is crossed
on a small rubber dinghy (Wolfgang Zillig).
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Figure 6. Close to Wassergang the size of the passage shrinks to a low ellipse, which was formed by corrosion of a fossilized layer of
algae (Wolfgang Zillig).
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explored to its’ present length. The main passage is a big
tunnel with a small canyon at its floor, cut by the stream.
Close to the main exit of the resurgence the stream sinks
into the sump, and only a short distance into the cave it rises
from another sump (once dived by Hasenmayer to a short
stream passage and more sumps). These sumps may be
circumvented by arduous crawls to a higher level of the
cave, where at an elevation of 700 m an abundantly
decorated passage leads to a final sump. Water level in this
sump is known to vary by more than 40 m but the sump was
never found dry (Klappacher 1996). Recent observations
confirmed, that at normal flow the water level corresponds
to the one of the sumps in Kolowrathöhle, nearly 2 km
away. This fact and the depth reached in Riesending and
even further away at the far end of the plateau in
Fledermauscanyon prove the thesis of a nearly
homogeneous water table through most of Untersberg. A
connection of Fürstenbrunner Qeullhöhle to Kolowrathöhle
seems unlikely due to the long and probably quite deep dive
necessary.

Wassergang drops down into a wet and sporting canyon
which obviously leaves the level of fossil trunk passages,
that had lead the explorers through half of Untersberg.
But Riesending did surprise its explorers one more time,
when in 2012 a little shaft forking off Kristallgang was
dropped and a barely passable hole was forced to another
huge tunnel, which in essence runs in parallel to
Kristallgang. Descending the tunnel in the general direction
of Auenland, the upper end of Wachturm was reached and
hence a long loop closed. In the opposite direction a low
crawl with more delicate frostwork had to be passed, until
the passage started descending and finally opened out into
a huge space with a very complicated shape, after the first
shock called Krake.
A number of inlets enter through high avens and the floor
is perforated by large and black abysses. Dropping the least
intimidating of the holes, the canyon continuing from
Wassergang was reached and another big loop closed. The
canyon was explored to a depth of 990 m and still continues,
but like the canyon in Auenland requires dry conditions for
further exploration. It was also tried to follow upper level
passages above the canyon, but in many places the lack of
a floor renders this undertaking rather difficult. The distance
to the high aven at the farthest end of Kolowrathöhle is
about 1.2 km, the level of the passages corresponds very
well and at both places a strong draft lures the explorers
onward. But at close to two days approach to Krake the
effort for further exploration is not a whit smaller than in
Kolowrathöhle and success will neither be won fast nor
easily.

5. Summary and Outlook
Looking at the recent discoveries in Riesending and
Kolowrathöhle and lately also in Windlöcher, a connection
of all three caves to a system at least 70 km long and more
than 1,150 m deep seems possible. The horizontal distance
between Riesending and Windlöcher is 700 m, between
Riesending and Kolowrathöhle still 1.2 km, but the
elevation of the corresponding end points matches well. A
hydrological connection is very likely and is proven
between Kolowrathöhle and the resurgence Fürstenbrunner
Quellhöhle, but the connecting sumps will probably never
be conquered. All hopes lay in the continuation of the fossil
passages overlaying the active canyons at the known
endpoints of all three major caves. The way to reach these
points consists of more than 5 km of strenuous and often
very technical passage at depths of 900 m in Riesending
and Kolowrathöhle, limiting exploration to week long
expeditions. But cooperation is very good and the teams are
still highly motivated to scale all difficulties and one day
shake hands in the throne room of King Barbarossa, deep
down the very heart of Untersberg.
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K´OOX BAAL – 4TH LONGEST UNDERWATER CAVE SYSTEM
IN THE WORLD
Zdeněk Motyčka
Czech Speleological Society, Olsova 1, Brno 637 00, Czech Republic, z.motycka@mediform.cz

In February 2006, members of the Czech Speleological Society started with the exploration of K’oox Baal, 3,5 km long
underwater cave system in the Chemuyil area on the Riviera Maya – part of the eastern coast of Yucatan Peninsula, Mexico.
These expeditions discovered, explored and surveyed 17 km of new passages until the end of 2008. (Proceedings of 15th
ICS, Kerville, USA). Since 2009 they have discovered another 40 km of new passages and connected this cave system
with Tux Kupaxa underwater cave system, so the total length of K’oox Baal is now 75,140 m! It is the 4th longest underwater
cave system in the world, but thanks to the fact that all discovered parts were immediately mapped, it is the longest
completely surveyed and mapped underwater cave system in the world!

1. Resurvey of Tux Kupaxa

named the cave Ha’a Kak (Banana candle). The first two
groups are gradually discovering 2 km of corridors and
diving in another of the new cenotes – Muk Wakal. The
third group is initially trying their luck in a beautiful, large
cenote, but when they failed to find the continuation of the
input dome, they carry their equipment to a further
positioned smaller cenote located directly next to the path.
They named it Kot Be (Under the path) and here they
gradually discovered 1,5 km of passages. In the following
week we were able to connect the two above mentioned
caves to the known cave system K’oox Baal. In the
meantime together with our colleague and friend Robert
Schmittner, (respected researcher of the world’s second
longest cave system Sac Actun), we have discovered
additional 1,5 km of space in the cenote located the furthest
away from all the new ones – Sac Xib (White man) and this
we are again able to connect with K’oox Baal. Since the
biggest one of the 10 new found cenotes containing a big
lake did not lead to the desired continuation, we are also
turning our attention to the remote but beautiful complex
of three cenotes with several lakes and long stretches of dry
parts. Thanks to the number of jaguar’s paw prints left in
the dust we have decided to call it the Balam Tsa’l –
(Jaguar’s paw). Already the first dives brought discoveries
of unexpectedly large halls with beautiful dripstone
sceneries and connection of new cave to canote Kot Be,
thus Balam Tsa’l also became part of the K’oox Baal. We
have spent the entire final week of the expedition gradually
discovering and surveying additional kilometers of

The main goal of the expedition in 2009 was detailed
exploration and remapping of the Tux Kupaxa cave system,
which is located near the south end of the K´oox Baal.
Cenote Tux Kupaxa was discovered in 1998 by Gunnar
Wagner and Robbie Schmittner, but unfortunately from this
expedition there isn´t any preserved information with
regards to the length of the cave nor a map. Another cenote
located near, was the Sac Xiquin, which was soon connected
to the Tux Kupaxa and fully mapped. In the space of one
month, 12,828 meters of corridor was mapped and 2017
meters of new space was discovered. The cave of Tux
Kupaxa with the length of 15,138 meters became the eighth
longest underwater cave system in the Yucatan (Fig. 1).

Figure 1. Main passage of Tux Kupaxa Cave. Foto by Radoslav
Husak.

2. Huge tunnels in Balam Ts’al
In 2010 two more expeditions took place. First from
January 26th until February 16th, 2010 and the second from
November 16th until November 30th, 2010. The first
expedition, thanks to a forest fire which the previous year
destroyed a large part of the jungle, was discovered ten new
cenotes in the area located south of the well known K’oox
Baal cave. Our attention was at first directed to an easily
accessible cenote, located approximately 200 meters from
the road, which begins as an expansive dry cave, where we
have found the remains of charred palm leaves from the first
visitors. Due to the similarity to the banana leaves we

Figure 2. Large tunnel under the cenote of Balam Tsa’l, K’oox
Baal Cave System. Foto by Radoslav Husak.
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corridors and giant domes. It is not unusual for the width
extending in places to 20 meters or more, and the height
reaching up to 8 meters. In Balam Tsa’l we discovered the
total of 3,6 km, bringing the total length of K’oox Baal
system to 28,6 km (Fig. 2).

meters of each other! Alternately they are trying their luck
from both sides, finding over 1 km of new passages, but the
connection to link them in the maze of narrow channels and
manholes cannot be found. The second group started their
exploration in Cenote Kot Be, where in the northwest
direction can be found many undiscovered branches and
gradually they discover this year’s first hundred meters of
new passages. The third pair headed to cenote Balam Tsa’l,
where last year was discovered massive corridor of nearly
4 kilometers and where many questions were unanswered
and continuations opened. During the first three dives they
find more than 500 m of corridors on the western side.
However the character of the corridors is becoming that of
tumbled domes that are necessary to swim over or around
and unfortunately it is not always successful. The same
character is known from virtually all tunnels that are
heading west, which suggests the possibility of extensive
fracture zone that lays in the direction of NW-SE along
large part of the cave. For that reason further exploration in
this direction has a little value.

The second expedition that happened in fall was undertaken
as a miniexpedition of two members and their main goal
was to find connection between the K’oox Baal cave system
and the Tux Kupaxa cenote located nearby. The pair began
with a detailed survey of the parts discovered during the
spring between Kot Be and Muk Wakal and they were able
to penetrate through a set of low crawl spaces to the west,
into a larger continuation. In a course of 13 dives, lasting
approximately 3 hours each, they discovered and mapped
2,3 km of new space, bringing the total length of the K’oox
Baal to more than 30 km and reached the total of 30,933 m.
Although the new discovered passages are pointing towards
the Tux Kupaxa cave system the connection between the
cave systems was not yet found.

In the course of the second week the first pair continues
with extreme dives on the edge of human abilities in order
to achieve the connection between K’oox Baal and Tux
Kupaxa. Alternately they dive from cenote Muk Wakal,
Tres Estrelas and Side Mount and stretch through many
other straits, unfortunately without success. The second
group completed survey of the northwestern part under
cenote Kot Be and moved to join the third group at cenote
Balam Tsa’l. Together they explore and map all unexplored
branches from the main corridor. In total they add to the
length of the cave additional 2 km of passages, mainly flat
channels, which is in general the shape of local caves, but
in places with rich sinter decoration.
The last week of the expedition, the first pair resigned on
finding the link and focused all their efforts on the
southernmost part of the K’oox Baal cave system, where
we left off a year ago on the doorstep of new unknown
tunnels and domes (Fig. 3).
Considerable distance from the entrance now requires the
use of underwater scooters and additional tanks. From the
last point reached in 2010 massive corridors continue in
almost an identical profile for another 500 m, here we were
forced to stop the exploration due to the time restrain. The
same length was also reached by a significant left branch,
where we also did not reach its end. The most interesting
thing about these newly discovered passages is their general
direction, leading SW to SSW, which is very unusual.
Additional half kilometer of passages was discovered in
various branches and parallel corridors. Several dives were
also devoted to the exploration of a significant corridor that
extended out towards the well known corridors of Tux
Kupaxa cave and where nearly 300 meters of passages were
discovered. The exploration ended in a narrow but high
meandering corridor that eventually went into a crack. Due
to the complicated access we did not continue in the
exploration of this corridor. As it later turned out this passage
was significant for further exploration. During the three
week expedition we discovered and mapped 7 km of new
space and the length of the K’oox Baal reached 36,634 m!

Figure 3. Richly decorated passage in K’oox Baal. Foto by
Radoslav Husak.

3. Connection
In 2011 two expeditions took place. First from February 1st
until February 23rd and second from November 28th until
December 10th.They brought extensive discoveries of new
spaces and the coveted connection of the two neighboring
cave systems.
The first pair turned their attention to the parts that have
been discovered in fall 2010 with a clear objective – to find
the connection between K’oox Baal and Tux Kupaxa,
because according to the map they are located within 20

Also the second expedition tried to find the connection
between the systems of K’oox Bal and Tux Kupaxa. In three
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facilitate an easier access to the southernmost part. After
few days we find a great cenote with several lakes and after
the first dive in one of them, we reach without a problem
K’oox Baal. We decided to call this cenote Shaman EK,
according to the sign on the corner of the property.
The second expedition started the survey in the cenote
Shaman Ek, from where it is closest to the southeast part of
the cave. This cenote is accessible using only very badly
maintained road that is more than 3 km long, which greatly
prolonged the transport of diving materials. Initially, it was
possible to continue the exploration through large tunnels,
which meant first kilometers of discoveries. Unfortunately
the tunnels abruptly ended and we had to continue
systematic survey of all branches. The idea of easy
continuation south was quickly reduced to slow crawl
through narrow passages. The same way ended the attempts
on the north side. The only direction, in which the corridors
were free to continue, was west to a distance of one and a
half kilometer from cenote Shaman Ek. In the end, during
the two weeks we were able to discover another
9 kilometers and two new cenotes. The total length of all
the underwater parts of the cave is 73,600 m. Together with
some dry parts the total length of the K’oox Baal system is
75,140 m! (Fig. 5).

Figure 4. Passing through narrow passage in Tux Kupaxa Cave
System. Foto by Radoslav Husak.

new cenotes – Tan Ich (Glasses), Numya (Passion) a Sac Ktu
Cha they gradually discovered and mapped 1,460 m, in some
places large and beautifully decorated corridors, but mostly
again small narrow channels and manholes, in which they
tried to find the connection during the 12 days (Fig. 4).
On December 9th we connected 19,850 meters long Tux
Kupaxa cave and 36,741 meters long K’oox Baal cave into
one cave system! So the 4th longest underwater cave system
in the world was created with the total length of 52,591
meters!

5. Summary
4. Discovery in Chun Che Chen

K´oox Baal is the longest completely mapped and drawn
up underwater cave system in the world. The other three
longer underwater cave systems are polygon measured but
only partially mapped. Between 2009 and 2012 Czech
Speleological Society organized seven expeditions to the
K´oox Baal and follow people participated: Miroslav
Dvořáček, Petr Chmel, Martin Honeš, Radek Husák, Daniel
Hutňan, Martin Hutňan, Radek Jančar, Michal Megela,
Zdeněk Motyčka, Jan Sirotek, Kamila Svobodová, and
Karol Kyška.

In 2012 were traditionally organized two expeditions. First
from February 8th until March 3rd and second from
November 24th until December 9th.
East of the cave system K’oox Baal was 1,300 m long cave
located in cenote Chun Che Chen. As in the case of Tux
Kupaxa, the Chun Che Cen was first discovered by team of
explorers Gunnar Wagner and Robbie Schmittner in 1998.
Due to the lack of maps of the cave we decided to measure
again the entire polygon and draw a map of the area.
Another reason for mapping of the entire area of the
polygon again was that its premises were located less than
100 meters from the end of K’oox Baal.
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During mapping we found extensive sequences in several
different parts of the cave. Three large tunnels in the newly
discovered section lead north and within we gradually
discover 5 km of new, very rugged and diverse space! Great
halls alternate with narrow restrictions, austere rock tunnels
with chambers richly adorned by sinter decorations. During
the following week after several dives in extreme straits we
finally managed to connect the Chen Chun Che to K’oox
Baal, thanks to which the length of K’oox Baal exceeded
60 km! The remaining time of the expedition was devoted
to continuation of exploration in the southern and
southwestern parts, first discovered in 2010, where still are
great passages undiscovered even after the discoveries in
2011. The only complication is the great distance from the
entrance and therefore limited time for survey due to the
transportation of large quantities of bottles. In spite of that
during five dives we discover additional 2 km of new huge
tunnels and the length of K’oox Baal reaches 64,600 m! At
the end of the expedition we organize several trips into the
jungle with the goal of finding new entrance, which would
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Figure 5. Complete map of K’oox Baal as of December 9, 2012. Explored and surveyed by members of Czech Speleological Society,
Slovak Speleological Society and Quintana Roo Speleological Survey. Darker lines represent passages known until 2008. The lighter
lines present new discoveries since 2009.
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GEOLOGY AND DEEP VERTICALS: CASE STUDY FROM MAGANIK
MTS., MONTENEGRO
Jiří Otava, Vít Baldík
Czech Geological Survey, Leitnerova 22, CZ-658 69 Brno, Czech Republic, jiri.otava@geology.cz

The formation of deepest karst vertical shafts in the world has been probably controlled by similar geological factors.
Universal factors include convenient lithology and hydrological or precipitation potential. The study from Maganik Mts.
shows substantial difference between the “density” of deep vertical shafts at the area of flat, subhorizontal beds and the
area of duplexes, folds and faults. The first area displays dense network of deep vertical shafts the depth of which is
controlled by thickness of flat bedded limestones and by subvertical joint sets. When the vertical shafts bottomed at
calciturbidites with shale rhythmic interbeds, the shape of cave quickly changed to meanders and lower vertical steps.

1. Introduction

High Karst is characterised by all surface occurrences and
all processes characteristic for holokarst.

The topic of the paper is as we hope universal for karst areas
all around the world. The area of study seems to be
favourable for understanding the processes and
circumstances especially because of excellent visibility and
absence of confusing younger sedimentary cover. The
surface and underground observations and documentations
continue at the area for several years and every season
brings new pieces of knowledge and discoveries.

Maganik itself is about 20 km long and 10 km wide
mountain range situated in the central part of Montenegro.
It is surrounded and drained by rivers Zeta in the south and
Mrtvica and Moraca in the north. The Maganik massiv
streches generally in the NNW-ESE direction and
orographically it is separated form Moracka Planina in the
north and Prekornica mountain in the south.
The eastern part of Maganik Mts. is built of shallow water
platform Upper Cretaceous carbonates (Pajović 1999). It is
an area of great potential for vertical systems. The
precipitation mostly exceeds 3,000 mm per year, the highest
parts of the limestone massif is rising over 2,000 m a.s.l.
and the resurgences are situated around altitudes of 300 m
a.s.l.

2. Geography and geology
Maganik Mountains at Montenegro belongs to one of most
famous karst areas of Dinarides, the High Karst. It is
situated less than 100 km NE from Boka Kotorska, Adriatic
Sea in close eastern vicinity of Nikšič town (Fig. 1).
The terrain of the High Karst Zone is built up of Triassic,
Jurassic and Cretaceous carbonates several km thick.
Reverse faults and thrusting cause even higher thickness.

3. Tectonic overview
The area of interest is just several square kilometers,
nevertheless there is substantial difference between its NE
and SW parts (see Fig. 2 and Fig. 4). The NE part represents
a slightly dipping table mountain of Trešteni vrh, which is
considered from the structural viewpoint as a
parautochonous part of the area. On the other side the SW
part of the section, the massif of Mededi vrh, is in its upper
part undoubtedly allochtonous block divided from Trešteni
vrh by a duplex (thrust) fault (Fig. 2).

Figure 1. Location map (width 30 km) of the explored area.
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Figure 2. A view to SW from Trešteni Vrh to Mededi Vrh: Flat bedded limestones in the front (A) and folded and faulted duplex of Mededi
Vrh at the horizon (B) – contrast between conditions for vertical shafts evolution.

Figure 3. Left: Rose diagramm of subvertical joint system at the terrritory of Trešteni vrh parautochtonous subhorizontal limestones.
Data plotted on Lambert lower hemisphere, SW Statect version 2012, courtesy of Jiří Rez; right: Aerial Google view of Trešteni vrh
joint pattern. The width of lower side is 1,500 m.
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Figure 4. Geological sketch cross section with position of vertical shafts (courtesy of Z. Dvořák and P. Čáslavský).Explanation: 1 –
para-autochtonous Cretaceous calciturbidites (interbedding of limestone and shale); 2 – para-autochtonous Upper Cretaceous thick
bedded limestone; 3 – allochtonous limestone of the Mededi vrh Thrust.

There is a more detailed contribution on the speleological
exloration activities during the season 2012 inside the
Proceedings. The most interesting of it is the prolongation
of the Pahýl Abyss (see NE part of the Fig. 4) over 1,000 m
– contemporary name “Iron Deep”, total depth 1,027 m.

The finds of deep vertical steps are most hopeful in
subhorizontal thick bedded pure limestones with subvertical
system of jointing (Fig. 3). Shafts in limestones of such
tectonic pattern are prone to cut the whole thickness in one
step. There are many examples among well known shafts,
e.g., Provatina, Vrtiglavica, etc. On the other side the
change of favourable lithology downwards, e.g., presence
of thin bedded marly limestones, calciturbidites, shale
intercalations, thrust zones and planes results in substantial
change. The cave morphology characterized by meanders,
subhorizontal passages, narrows and lower steps are
controlled by different mechanical properties and rate of
dissolution of the bedrock.

4. Discussion and Conclusions
Comparison of density of deep vertical shafts between the
thrust of Mededi vrh and the table mountain of Trešteni vrh,
Maganik Mt. Montenegro, resulted strongly in favour of
flat-bedded para-autochtonous limestones of Trešteni vrh.
It is explained by favourable lithology and by favourable
structural conditions. Similar lithotectonic pattern was
described earlier e.g., in Palmer (2007). System of
subvertical joints (see Fig. 3) controlled the origin of many
vertical one step shafts. The 429 m step in the Abyss of Nyx
and 351 m deep step in the Abyss of Aither belong to the
deepest shafts in Europe (Dvořák 2011).
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The conclusion for explorative speleology is thus quite
clear:
Generally good conditions for the origin of deep caves
include high precipitations, pure limestone, high difference
of altitudes between ponors and resurgences. The structural
circumstances are often complicated and changing within
the system.
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KAČNA JAMA (THE SNAKE CAVE) – DIVAČA, SLOVENIA
Tomáš Roth1, Karel Kocourek2
Czech Speleological Society, speleoclub 6-19 Plánivy, Jánošíkova 12, CZ-643 00 Brno, Czech Republic,
tom.roth@centrum.cz
2
Czech Speleological Society, speleoclub 3-02 Jeskyňáři Plzeň

1

Systematic research of water cave system Reka (SLO) – Timavo (IT) in the Classic Karst of Southern Europe.

After the first easy visits to Kačna Jama, we decided to
organize an expedition with help of other clubs from the
Czech Speleological Society (CSS) aimed at the outflow
section of the cave – flood draining corridor. In summer
2005, during a one week event we passed almost through
the whole section, but we stopped above a 12 m deep pit,
350 m from the terminal siphon in Cimermanov Rov. We
turned back because of a difficult progress and a lack of
rigging material. As a conclusion, we found this part of the
cave very interesting for research, but also very dangerous
because of risk of fast flooding. In 2006 we tried to find
upper entrance to these outflow parts from surface
localities, but with no interesting results.
In 2007 we came back to Kačna Jama into the Zahodni Rov
(Western Corridor) branch, which was approximately
450 m long, and had been known from the end of the 19th
century. In the opposite direction to Zahodni Rov, there is
Vzhodni Rov (Eastern Corriodor), which leads to main
continuation of the cave with the Reka River active flow.
The length disproportion between the two corridors was the
reason, why we attacked a roof formed by fallen boulders
in the remote parts of Zahodni Rov. We went through a
place with periodic draught, and this place brought us to an
unexpected discovery of two big domes with very high
ceiling. Their length is about 100 m. Above the second
dome, we climbed up a 45 m high canyon-like chimney,
where we discovered a great horizontal level full of
wonderful decoration, called Clean Area, which ends up in
the distance of 100 m by a sinter and mud plug. At the right
wall of this corridor a deep shaft was located. We descended
there to the depth of 75 m. The bottom with many draining
clefts was marked by frequent floods. A corridor in the
lowest point leads to a small dome with a siphon. In
summer 2008 it was dived through by Ivo Záruba. Behind
the short siphon we passed through a draining corridor that
led approximately 200 m from the P75 shaft. On this
occasion we discovered other inflows from an unknown
part of the cave system but of a small cross-section. This
place is located about 20 m above the active river level but
it is very complicated to reach this terminal point. The
research of this area has been stopped in 2009. We named
this place Plánivský Rov.

Figure 1. Entrance hall, photo by Borut Lozej.

1. Kačna Jama research 2004–2012
We came to the region of Classic Karst in 2004, when our
speleoclub Plánivy initiated a co-operation with the local
speleoclub Gregor Žiberna from Divača. Our interest
aimed to Kačna Jama, which was a 12.75 km long cave
system flowed through by the Reka River. This river sinks
in a UNESCO’s World Natural Heritage cave Škocjanske
Jame, which is famous for its 2 km long, gigantic
underground canyon. The Reka River disappears here in
a terminal siphon and after 0.75 km reappears again in
Kačna Jama where it forms a complex labyrinth of
corridors and galleries. Kačna Jama is the last cave of the
system, where long galleries formed by the river are
known. Other abysses leading from the surface to the
active river level are located 6 km far away, but they reach
only short parts of the active Reka River delimited by
complicated siphons.

The most remarkable result of year 2008 is a discovery of
a 200 m long Plzeňský Rov (Pilsner Corridor), because it
brought in new knowledge about a hydrological situation
in Kačna Jama. This corridor is situated almost under the
entrance abyss and it ends up by cave-in. At the end of
Plzeňský Rov we got to the 400 m straight line distance
from the terminal siphon where the active flow of the Reka
River is vanishing in a gigantic underground cave-in.
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part in achieving a significantly higher safety standard
during the Kačna Jama exploration. Finally the most
effective was Cavelink that is a special sophisticated device
aimed at short message communication even in very
difficult surface and underground conditions. It can use
multiple frequencies for its operation, and this was the best
solution for us in an environment, where a lot of high
voltage overhead lines is present on the surface.
The main aim of the expedition was to continue in the
exploration of the recently discovered Rov za Zrcalom,
where we found another 330 m of passages that led to a
siphon. Over 1,000 m of gigantic underground space was
surveyed and photographic documentation of dominant
features was made as well.
In Rov Človeških Ribic (Corridor of Protei) located near
the entrance abyss, diver Jan Enčev documented the
second inflow siphon was documented by means of diving
technique to the distance of 370 m from the entry point of
the dive. This amazing distance exceeded the previous
achievements by 200 m. Maximum depth of 20 m was
reached in the terminal section.

Figure 2. Plánivský rov – Clean Area, photo by Petr Polák.

Perhaps there is the most hopeful chance of discovery of
further continuation of the active Reka River here. From
2008 on, we started to cooperate with other members of
CSS and hungarian cavers from Papp Ferenc caving club
and FTSK from Budapest in our research of Kačna jama.
Also other foreign cavers have been joining our summer
expeditions.
1.1. International expedition Kačna jama – Reka
exploration 2009
concluded with a great success. Czech, Moravian and
Hungarian speleologists succeeded to discover a
prolongation of the flood draining corridor. Two
experienced cavedivers, Jan Enčev and Pavel Říha,
managed to achieve this discovery behind the terminal
siphon of Cimermanov Rov (Cimerman’s Corridor), the
remotest and the worst accessible part of the cave system.
On July 6, 2009 the divers set off from this point for the
historically first exploration of the final siphon, despite
these places had been known since 1972. Each diver was
equipped with 4 independent air containers with 24 litres/
300 bar of total volume. They returned after three and a half
hour. Behind the siphon they discovered a gigantic corridor
with average width of 15 m and height of about 30 m. They
advanced almost 700 m. The divers turned round in the
point where the bottom of the corridor was covered by
rocky blocks (approximately size of a bus). They turned in
a 20 m wide and 30 m high corridor. We named the
discovery Rov za Zrcalom (Corridor behind the mirror).
The second week of the expedition the team spent time with
retransporting of all the stuff. There were little summer
storms which increased the underground Reka River flow
rate from 2 to 14 cubic meter per second and the water level
rose by approximately 3 m. We used our safety fixed ropes
for a retreat.

Figure 3. Rov za zrcalom, photo by Petr Polák.

1.3. International Expedition Kačna Jama Reka
Exploration 2011

1.2. International Expedition Kačna Jama Reka
Exploration 2010

with over fifty participants carried out diving through the
second siphon, at that time the known end of Rov za
Zrcalom.

successfully tested some few world innovations in caving
equipment. Among them it was a DistoX digital survey set
which can greatly speed up the surveying process. Two
devices for wireless communication between underground
and surface stations (Heyphone and Cavelink) made the key

On Thursday, August 4, the principal diver, Jan Enčev
plunged into the so far unexplored water. Two hours later
he was back with 340 m of line unreeled but without contact
with free surface. Maximum dive depth was about 22 m and
the most distant point showed signs of decreasing depth.
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On Sunday, August 7, he dived again with full dive bottles
and after 415 m of underwater passage with bad visibility
he emerged in a spacious dome. This cavity is 150 m long,
30 m wide and 12 m high with corrosive ceiling and with a
pool along almost whole right wall. After a plot of survey
polygon was made, it was evident that because of bad
visibility the diver made some unnecessary turns and the
real length of the second siphon is about 325 m.

15 m long siphon with a final 2 m deep jump into the next
lake with water level of second siphon. Here he also made
an exploration. He turned back in small flooded corridor
filed by a cave-in and trees. Completely he discovered about
70 m.
1.4. International expedition Kačna Jama Reka
Exploration 2012
wasn’t interested in seriously oriented diving in the end
parts of Kačna Jama, but the main aim was to climb up a
chimney above Slabeto lake (close to Cimermanov Rov).
There we felt a possibility of finding some upper level and
then continuation to the surface. Unfortunately we got just
to the height of 90 m above water level and here we were
stopped by a sinter formation which closed further
continuation. Another window and a few interesting
chimneys above Slabeto lake were left for the next time.
Our international team mapped the active outflow corridor
Ozki Rov, which terminates by a cave-in. For the first time,
we visited parts around Saturn abyss and did a digital
mapping of Hojkerjeva Dvorana.

Figure 4. Rov za zrcalom – 2. siphon, photo by Petr Polák.

On the surface, we dug a promisingly looking breathing
spot called Vitkuv Dihalnik. At the end of 2012 we were
here in the depth of around 10 m. Luckily, we were present
at the place just while the Kačna Jama system was being
flooded up, and we observed very strong draught here that
continued for 2 hours. This filled us with a hope that this
digging would lead to the lowest level of the system and
could be eventually used as a short cut for a transport of the
diving stuff. We will see how lucky we will be there!

The discovered corridor passes to the third siphon. Jan
dived again and the siphon turned out to be 90 m long and
10 m deep. Next free cavity is 115 m long, 13 m wide, 22 m
high and its flat bottom is formed from gravel. It ends up in
a 25 m long lake with the fourth siphon. With respect to
remoteness of this point, Jan didn’t proceed to any further
and returned back to the rest of the company.
Overall length of the newly discovered passages is 768 m
and its general direction leads to the vicinity of Povir
village. In addition to the main effort, a documentary was
filmed and some side branches of the cave system were
surveyed with digital set and Pocket Topo software. Also a
chimney above Lojzov Podor that was climbed up +120 m
during the two previous expeditions was de-rigged, because
it didn’t lead to a prospective terrain.

For 2013 we plan a detailed research of Hojkerjeva Dvorana
and, if a dry weather permits, also the Ozki Rov outflow
corridor.

2. Kačna Jama official length:
1889
1,900 m
(first descent, Zahodni Rov and Vzhodni Rov)
1972
8,600 m
(Reka River, outflow section up to Cimermanov Rov)
1997
12,750 m
(section from behind Ogabno Jezero siphon – Novi Deli to
the intake siphon)
2007
13,250 m
Plánivský Rov +500 m
2008
13,750 m
Plánivský Rov +300 m, Plzeňský Rov +200 m
2009
14,450 m
Rov za Zrcalom +700 m
2010
15,100 m
Rov za Zrcalom +330 m, 2nd siphon Človeških Ribic
+200 m, chimney in Lojzov Podor +120 m
2011
16,068 m
Povirski Rov +768 m, intake siphon and continuation +
min. 200 m (Slovenian team)

Figure 5. Diver Jan Enčev, photo by Petr Polák.

During winter expedition of the beginning of 2012, our
diver Jan Enčev made an incredible diving attempt was
taken in the middle parts of Kačna jama, called Okretnica.
Here a small brook disappears to an unknown siphon. The
diver found there another free continuation after the first

Total length of Kačna Jama is over 16 km (2012).
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Figure 6. Rov desetih jezer, photo by Jindřich Dvořáček.

3. Credits also:
To all participants from the Czech Speleological Society for
their contribution to the expedition. It wouldn’t be feasible
without that.
Thanks to our Hungary and Slovenian caver friends for
cooperation!
Many thanks to the Gregor Žiberna local club for offering
a refuge, lending a material, for a help with the realization
and for an opportunity to carry out a research in their home
territory.
Figure 8. Vzhodni rov, photo by Csaba Egri.

If you would like to make an earnest expedition to Kačna
Jama, please contact the local club at: http://www.divaskajama.info/kontakt_os.htm

4. Glossary
Rov = Corridor
Podor = Cave-in
Dvorana = Dome
Dihalnik = Breathing spot

Figure 7. Active Reka River, photo by Jindřich Dvořáček.
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Figure 9. Map of actual known cavespace of Kačna jama system.
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IMAWARÌ YEUTA: A NEW GIANT CAVE SYSTEM IN THE QUARTZ
SANDSTONES OF THE AUYAN TEPUI, BOLIVAR STATE, VENEZUELA
Francesco Sauro1,2, Freddy Vergara1,3, Antonio De Vivo1, Jo De Waele1,2
Associazione di Esplorazioni Geografiche la Venta, Via Priamo Tron 35/F, 31030, Treviso
2
Department of Biological, Geological and Environmental Sciences, Bologna University, Via Zamboni 67, 40126
Bologna, cescosauro@gmail.com
3
Teraphosa Exploring Team, Puerto Ordaz, Venezuela
1

In February 2013 a new huge cave system in quartz-sandstones has been discovered in the eastern sector of the Auyan
Tepui, Venezuela by an Italian-Venezuelan team (La Venta Esplorazioni Geografiche and Teraphosa Exploring Team). In
twelve days of exploration over 15 km of passages were surveyed and other 4 km were explored. The system has nine
entrances and hosts three rivers giving rise to three resurgences. The cave passages belong to two levels, an active one in
which the rivers flow with a general and gradual WNW trend, and a inactive level located from 4 to 20 metres higher with
a N-S direction. The active levels are lithologically controlled whith typical pillars, potholes and wide and rounded bedrock
channels with very scarce sediment fill. The inactive level instead hosts large quantities of secondary minerals, mainly
sulphates-phosphates, and very nice and rare opal and silica speleothems. Flowing, drip and standing waters have been
analysed in situ for their Si content and many morphological observations have been carried out in order to try and
understand the speleogenesis of such large quartzite caves. Further geological, mineralogical, geomicrobiological and
biological studies are required in this exceptionally interesting quartzite cave.

1. Introduction

speleogenesis of quartzite caves (Aubrecht et al. 2011;
Aubrecht et al. 2013; Sauro et al. 2013). After the
exploration of kilometre long caves in the Roraima and
Chimantha massifs (Galán et al. 2004; Sauro 2009;
Brewer Carìas and Audy 2011), in April 2013 a new giant
cave, named Imawarì Yeuta (the Cave where the Gods
live in Pemon Kamarakoto indian language) was
discovered by an Italian-Venezuelan expedition on the
Auyan Tepui in the Canaima National Park. This
exploration suggests that well developed and extensive
underground drainage systems probably occur below the
surface of most of the tepuis in the Gran Sabana area.
Speleological investigations in the quartz-sandstone
mountains of Venezuela and Brazil seems to be only at
the beginning.

About twenty years ago cavers and karst scientists believed
that speleogenesis of caves in the quartz-sandstones of the
tepui mountains (Bolivar State, Venezuela) was related to
exceptional conditions and only of local importance. In the
80s and 90s the exploration of deep and wide shafts called
“simas” was explained as the result of arenisation processes
along open fractures close to the high cliffs surrounding the
plateaus. In these decades the researches didn’t investigate
the inner sectors of the plateus believed to be less promising
for the discovery of caves.
Since 2000, instead, several horizontal cave systems have
been explored and obviously this required to rediscuss the

This article shows the main results of the expedition
“Auyan Tepui 2013” and the scientific researches planned
for the future.

2. Geographical and geological settings
The Auyan Tepui is one of the largest table mountains of
the Gran Sabana area (700 km2, Fig. 1), well known for the
presence of the Angel Falls, considered the highest waterfall
in the world (975 m).
The Gran Sabana is a vaste geographical region located in
northern South America, between Venezuela and Brazil,
crossed by several tributaries of Rio Caroní, which in turn
flows into the Orinoco River. The Auyan Tepui has the
shape of a large table mountain delimited by vertical to
overhanging walls, often more than 1,000 m high. In plan
view it looks like a triangle pointing to the south. In the
inner part the Canyon del Diablo separates the northwestern sector from the north-eastern one, while the
southern part is a continuous plateau reaching its highest
elevation at 2,450 m asl.

Figure 1. The Auyan Tepuy from a Landsate image. The bounding
box represent the North-Eastern sector of the tepui.
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several caves summing up to 1,700 m of development. The
same year La Venta carries out a first aerial recognition in
the Aonda area in order to organize a future expedition. The
year after a big expedition organized by La Venta works in
three different areas of the same western sector: in Camp
Aonda, the team descends Sima Aonda and explores the
active horizontal system at its bottom (Ali Primera Cave)
and other deep shafts of the platform; in Camp 1, slightly
NE, Sima Churun (Sima Auyantepuy Norte 2) is explored,
and in Camp 2, moved further W, Sima Auyantepuy
Noroeste is discovered, becoming the deepest and longest
quartzite cave in the world at that time (3 km, -370).
In 1996 La Venta organizes another expedition in the Aonda
area, exploring several other simas and connecting Sima del
Bloque to Ali Primera, realizing a cave system 352 m deep
and about 2 km long. In 2010 a short prospection to the
south-western plateau allowed to find and explore the
Cueva Guacamaya (1.1 km), the first horizontal cave found
in the Auyan Tepui, presenting peculiar morphologies
similar to those described in the cave systems of the
Chimantha massif.

Figure 2. The large collapse of Sima del Viento represent the main
entrance of the Imawarì Yeuta Cave. Photo by F. Sauro.

From a geological point of view the Gran Sabana is part of
the Guyana Shield. The igneous and ultra-metamorphic
rocks in the northern portion of the shield (Imataca-Bolivar
Province, after González de Juana et al. 1980) have an age
of 3.5 Ga. The silico-clastic rocks (Roraima Group) belong
to the continental-to-pericontinental environment of the
Roraima-Canaima Province (Reid 1974). The age of this
arenaceous group can be inferred only on the basis of the
absolute dating of the granitic basement (2.3–1.8 Ga) and
of the basaltic dykes and sills that cross the upper formation
of the Roraima Group (1.4–1.8 Ga) (Briceño and Schubert
1990; Santos et al. 2003). The Roraima Group was also
intruded by Mesozoic diabases (Hawkes 1966; Teggin et al.
1985). These form thin NE-trending dykes with ages around
200 Ma.

Before the expedition of April 2013 a total of about 10 km
of cave passages were explored on Auyan Tepui, but
exclusively in the western part of the massif. The southern
and eastern sectors were completely unknown from a
speleological point of view.

4. The expedition Auyan Tepui 2013
The joint Italian-Venezuelan expedition on Auyan Tepui
took place in March 2013. The expedition was organized
by La Venta Esplorazioni Geografiche together with the
Teraphosa Exploring Team from Puerto Ordaz city. Ten
cavers (7 from Italy and 3 from Venezuela) and two park
rangers from InParques took part to the expedition. The
main aim was to explore the southern and eastern sector of
the mountain, with several unknown entrances located
during previous flights by the helicopter pilot Raul Arias.

A slight metamorphism, with quartz-pyrophyllite
paragenesis in the more pelitic beds, is the result of the
lithostatic load of almost 3-km-thick sediments now eroded
(Urbani et al. 1977).

3. Brief history of speleological explorations in
the Auyan Tepui

The expedition was based in Kavak and a helicopter
supported the installation of the exploration camps on the
plateau. A total of 12 days of exploration activity was
carried out on the mountain. A first group reached an
entrance which opens on the eastern wall of the mountain,
suspended nearly a thousand metres above the surrounding
plain. Unfortunately the impressive opening revealed only
a short gallery about sixty meters length. The same day
another group descended a big collapse, named Sima del
Viento (Fig. 2), apparently close to the bottom. After several
hours of research, finally a narrow passage in between big
boulders led to an impressive active gallery. In the days
after a new camp was installed on the border of the collapse,
allowing a continuous work of exploration, survey,
documentation and scientific researches. After only four
days about 5 km were surveyed, following two main rivers
(Fig. 3). The exploration led quickly to two further
entrances, named Mundo Perdido and Grieta de Los
Guacharos. In the meantime the structure of the cave
suggested the presence of another river to the north-west,
in direction of a giant collapse doline. The supposed river
was finally reached from inside the system through a
labyrinthic network of fossil galleries. An underground

The presence of caves in the Auyan Tepui is reported
already during one of the first ascensions of the mountain,
the expedition of Felix Cardona Puig and the italian
geologist Alfonso Vinci in December of 1946 (Vinci, 1957).
The cave explored and described by Vinci was never found
again (Merlak, 2010).
The first speleological expedition, with helicopter support,
was realized in 1983 by the Sociedad Venezolana de
Espeleología, with the main aim to explore the Sima Aonda
(Fig. 1), previously known thanks to aerial surveys in the
NW sector of the massif. With its 362 m of depth this
collapse was considered the world deepest quartzite cave
until 1993, even if it consists of an elongated depression
and not a true shaft.
Most of the expeditions carried out in the years after were
basically concentrated in this area where the SVE explored
several other deep “simas”, such as the Sima Auyantepuy
Norte and the Sima Aonda Este 2.
In 1992 an Italian expedition organized by four caving clubs
(CAI SEM Milano, Castellanza, Laveno and Cividale del
Friuli) works on the upper Aonda platform and explores
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Figure 3. Gallery along the “Rio de los Venezuelanos”. Photo
V. Crobu.

camp of three days permitted to survey about 10.5 km of
new galleries, with huge rooms (the biggest 270 metres long
and 150 metres wide), complex labyrinths and other three
new entrances. Finally the total surveyed length reaches
15,450 metres, thanks to the use of the Polish CaveSniper
instrument (www.caveexplorer.eu). About other 4 kilometres
were explored but not surveyed because of lack of time.
Imawarì Yeuta represents one of the world’s longest
quartzite caves explored until now, consisting in a unique
cave not divided by valleys, collapses or “grietas”. The
structure of the cave is quite complex but the main
hydrological routes draining the plateau are already well
clear (Fig. 4). Only the network of no more active branches
needs to be better explored and documented.

Figure 4. Preliminary sketch of the cave plan obtained using the
Cave Sniper instrument.

One of the most impressive peculiarities of the cave is the
presence of widespread crystallizations of gypsum, opal,
and other secondary minerals (probably alunite, sanjuanite
and rossiantonite). The gypsum occurs in form of acicular
crystals, flower-like forms, crusts and desert roses covering
thousands of square metres of the cave floor. Also deposits
of iron hydroxides are present, in form of stalagmites up to
5 metres high, flowstones, rimstone dams, and coralloids.
Anemolites, helictites and stalactites and other speleothems
of opal and amorphous silica are present (Figs 6–7).

The expedition recovered all the wastes produced and also
all the faeces from the cave and the surface of the tepui to
avoid microbial contamination. The exploration was carried
out using always the same trail to limit our impact on the
vegetation going to the cave and on the fragile cave floor,
in particular in the fossil branches.

These formations are extremely fragile and the explorationdocumentation of the cave must be carried out with double
flagged trails in order to avoid unnecessary damages.

5. The cave Imawarì Yeuta
The new cave consists of three hydrologically independent
collectors (Fig. 5), two of which coming from the big
sinkhole of Sima del Viento, while the other one derives
from the catchment area of a large collapse doline to the
north, about five hundred metres wide, and of a nearby
smaller sinkhole. Here a stream falls into the cave with a
waterfall about 90 metres high. During our explorations,
carried out during a particularly dry period, the first two
streams had a minimum discharge of about 20 l/s, while the
main river reaches a minimum of 100 l/s. From the signs
left by water on the walls it is clear that this last river can
probably reach several cubic metres per second during
floods. The direction of drainage is in general from ESE to
WNW following the dip of the sandstone beds. A labyrinth
network of inactive galleries, developed along an evident
bed, interconnects the different rivers. This “open” bed can
reach impressive width (more than 300 metres in some
sectors) creating huge environments where the ceiling is
supported only by random pillars. This situation causes
large collapse zones with chaos of fallen boulders. In some
cases the fossil galleries show palaeo-phreatic rounded
morphologies and are in general almost perpendicular to the
actual vadose drainage.

6. Researches and scientific interests
One of the main objectives of the 2013 expedition to Auyan
Tepui was scientific research, especially concerning
speleogenesis on quartzite caves, in the framework of a
PhD thesis by one of the authors (FS). InParques granted
us the autorisation to carry out chemical analyses on
waters, and to make geomorphological observations at the
surface and inside the discovered caves. Water samples
have been taken in underground streams, of drip waters, in
still-standing pools and lakes, and of surface waters. The
very low contents of Si and SiO2 in the sampled waters
required quick in situ measurements (UNESCO-WHO
1978; Mecchia and Piccini, 1999; Piccini and Mecchia,
2009) with an Aquaquant © 114410 Silicon by Merck, able
to analyse in a concentration range of 0.01–0.25 mg/l, with
an error lower than 20 %. Analyses were carried out within
24 hours from sampling. Samples with a higher
concentration of Si were analysed by dilution with distilled
water. Temperature, pH, and electric conductivity (EC)
were measured by a HI 991300 Hannah Instruments ©
field portable instrument.
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Figure 5. Sixty meter wide gallery along the “Collector de
Noroeste”. Photo V. Crobu.

Figure 6. Coralloids of amorphous silica growing on the cave
floor. Photo V. Crobu.

Figure 7. Rounded silica speleothems in the ceiling of the inactive
network. Photo V. Crobu.

Running waters have a pH ranging between 3.1 and 5.9.
Still standing waters in cave pools and lakes can reach
neutrality and high SiO2 values 7–8 mg L-1. The highest
SiO2 content was documented for an about one hundred
cubic metres pool of standing water with a value of
8.6 mg/l. This confirms that running waters (streams) are
always undersaturated with respect to Si because of their
fast passage through the system while percolation waters
are generally much higher in content confirming that a
dissolution process in fractures and cave walls is effective.
These results support the arenisation model of
speleogenesis in quartz-sandstone (Martini 2000; Sauro et
al. 2013), even though also processes of hydrolysis and
laterisation are possible where sandstones also contain
silicates as suggested by Aubrecht et al. (2011). For
morphological and speleogenetic studies we measured size
and bearings of over 100 pillars in the cave, together with
fractures and bedding planes in order to check the theory of
“pillar flow” proposed by Aubrecht et al. (2011). The results
of these studies will be presented soon.

The scientific interest of these caves is very high, ranging
from the processes of weathering that lead to the cave
formation, to the exceptional secondary minerals,
speleothems, cave fauna and geomicrobiological
interactions. In particular this last topic will certainly need
more attention in the future in order to better understand all
the processes interacting in the weathering and secondary
mineral deposition processes. For this reason La Venta is
going to organize a new expedition to this cave, hoping to
achieve all the permissions from the Venezuelan Ministery
of Environment for geological, biological and
geomicrobiological sampling, involving Venezuelan cavers
and scientists interested in this project.
The fragility of this cave will require a protocol of
protection similar to those applied in many other caves in
the world (for example Lechuguilla Cave), where the
visits must be carried out only for documentation and
scientific purposes, following restricted trails and
recovering all artificial and human waste in order to
minimize the impact.

Further researches are planned for the near future also
regarding the secondary minerals deposits present in the cave.
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In the late Eighties some Russian, Italian and British expeditions started the detailed exploration of the Baysun-Tau region,
a series of parallel limestone ranges showing karst features in an high altitude desert environment, with cave entrances
between 3,000 and 3,900 m a.s.l. The exploration came to a halt soon because of the breaking up of the Soviet Union and
related border contentions between Uzbekistan and Tagikistan. Over the past five years, the improvement of the political
situation in Uzbekistan and the possibility to get permits for exploration in this remote area has lead the Ekaterinburg
Speleological Club, with the support of La Venta Geographic Explorations, to inaugurate a new season of expeditions. In
two years, 2011–2012, new and extensive branches were explored in the cave systems Festivalnaya (-625 m, 16 km;
entrance at 3,500 m a.s.l.), Dark Star (-610 m, 7 km; entrance at 3,640 a.s.l.), with more than 11 km of new passages
surveyed. Dark Star, renamed as Central Karst System of Hodja Gur Gur Ata, in particular shows a great potential to
become one of the deepest caves of Central Asia, reaching now over 600 metres of depth but with a potential of 2,400
metres between the entrance and the resurgence of Machai. In 2011 also Ulugh Begh Cave was reached again, twenty
years after its first and unique exploration, discovering a new entrance at almost 3,800 m a.s.l. Additional to explorational
works, Chinese, Russian, and Swiss scientists harvested the first samples for climatic studies in 2012.
The Baysun Tau limestone ranges show exceptional potential not only for exploration and connection of the caves, but
also for future scientific research on paleo-climate and the paleo-geographic evolution of the area.

1. Introduction
The great central Asian limestone ranges are among the
most exciting frontiers of speleological exploration in high
altitude environment. After a long and successful period of
expeditions in the 80s, the complex political changes in this
area related to the breaking up of the Soviet Union in 1991
hindered the speleological investigation for more than
fifteen years. After a prospective return expedition in the
Hodja Gur Gur Ata in 2010, the Ekaterinburg Speleological
Club, in cooperation with La Venta Geographical
Explorations, has organized two new expeditions in 2011
and 2012, focused mainly on Festivalnaya Cave (-625 m,
16 km; entrance at 3,500 m a.s.l.), Dark Star Cave (-610 m,
7 km; entrance at 3,640 a.s.l.), and Ulugh Begh Cave
(-240 m, 2 km; entrance at 3,750 m a.s.l.). These last
exploration campaigns have demonstrated the impressive
potential of the area, with entrances at more than 3,700 m
a.s.l, and the karst base level inferred to be at 1,400 m a.s.l.
(Machai Springs).

Figure 1. Central Asia and location of Baisun Tau mountain
range.

15 km to the south-east, and reaches its highest summit at
Chul’bair (3,812 m).
Both Ketmen’ Chapty and Hodja Gur Gur Ata are formed
by Mesozoic deposits with two different types of
karstifiable strata. The upper one consists of a
Cretaceous sulphate rock with sandstone and clay bands,
while the lower strata are represented by upper Jurassic
limestones.

2. Geographical and geological description of
Baisun-Tau

Both Ketmen’ Chapty and Hodja Gur Gur Ata are
monoclines dipping 10–25 ºC to the NW (Fig. 2). Hence,
north-west slopes are gently descending and plateau-like,
while south-east slopes are steep with walls up to 400
metres high at the top (Fig. 3).

The region is located within the boundary of Baisun-Tau
and Surkhan-Tau, the southwestern spurs of Gissar Range,
in the Surkhandar’inskii region, Uzbekistan (Fig. 1). The
Baisun-Tau mountain range stretches 50 km from southwest to north-east. Absolute altitudes of its sub-ridges are
3,500–3,900 m. Baisun-Tau consists of two main mountain
chains, Ketmen’ Chapty and Hodja Gur Gur Ata. SurkhanTau mountain range is parallel to Baisun-Tau, is situated

In Hodja Gur Gur Ata, cave entrances are located on the
wall at different heights and represent paleo-phreatic and
vadose cavities cut by tectonic and erosion processes. Cave
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Figure 2. Geologic section of Sariikya, Hodja Gur Gur Ata and Chul Bair monoclines.

to a depth of 625 m (Fig. 4). Exploration of that cave system
was a result of joint efforts of speleologists from many cities
of the Urals (Ekaterinburg, Chelyabinsk, Orenburg,
Magnitogorsk, Perm, Berezniki, Kizel, Gubakxa ets.) as
well as from Moscow and St. Petersburg (Sapozhnikov and
Matrenin 1989; Vishnevskii et al. 1989). Speleologists from
Italy and England also visited the cave and gave an
important contribution in scientific researches and
explorations (Bernabei et al. 1990).

entrances are situated in an altitude range between 3,200
and 3,800 m a.s.l..
A hypothesis of origin of these cave systems is described
here. Initially, rocks of Hodja Gur Gur Ata formed an
anticline with faulting sub-parallel to its axis (Baisun
thrust). Water was able to reach significant depths and
formed paleo-phreatic galleries at the bottom of the
limestone through zones of tectonic weakness and
interstrata pathways. At the same time, active formation of
sinkholes and shafts took place at the upper ridge of the
anticline. These shafts continue downwards as inclined
passages and canyons controlled by bedding planes. An
increase of total groundwater discharge and glacial erosion
processes lead to the opening of parallel fold axis valleys
and finally to the wall formation which started to degrade
as a result of physical weathering. Increasing weathering of
the wall exposed sinkholes and cave passages as entrances.

Many other cave entrances on the main wall (35 km long)
were clearly visible from the distance, but it was impossible
to reach them without climbing equipment. In 1986, a small
group led by Aleksandr Babanin walked along the base of
the wall until the Babagui summit (3,921 m) and tied the
new cave entrances to survey points R-10, R-19 and R-21.
In 1988, a team from Izhevsk reached these entrances and
surveyed 1,600 m of passages in Isetskaya cave (R-10),
450 m in R-19 and 100 m in R-21. Unfortunately, the plans
of these last two caves were lost.

Groundwater discharge from Baisun-Tau occurs through the
springs along the Machai Valley, where the river Machai
crosses Jurassic limestones. The biggest spring, with a flow
rate of 1 m3/s, is located at the altitude of 1,400 m a.s.l.. The
altitude difference between the highest cave entrances and
the springs is more than 2.4 km.

3. History of exploration
Exploration of the southwestern chains of Gissar Range by
Sverdlovsk Speleological Club (SSC) started in the 80s of
past century. During many different expeditions at Ketmen’
Chapty, Ural’skaya cave named after Zenkov was explored.
A series of shafts (300 m depth) and a horizontal passage
ending in a first sump were explored in this cave in 1981.
Following expeditions until 1984 passed 2 sumps and
reached a depth of 565 m.
Exploration of Hodja Gur Gur Ata started in 1984 when an
expedition led by Victor Dianov attempted the excavation
of some sinkholes on the plateau of Ketmen’ Chapty.
During this expedition two speleologists from Sverdlovsk
– Sergei Matrenin and Igor Lavrov – made a prospective
trip to Hodja Gur Gur Ata (Fig. 3) in search of new caves.
This first scouting was a great success as several large caves
(Berloga, Yubileinaya, Sifonnaya) were found along the
wall nearby the Katta-Tash summit.

The main entrance of Dark Star cave was reached in 1990
by the English expedition Aspex ‘90, with a 3 day long climb
on the wall (Vale 1991; Vale and Wallis 1991). The cave
entrance, 60 m high and 7 m long, is located at the height of
160 m from the bottom of the wall. Cave temperature varied
between 0 to -5 ºC. Cave walls were covered with large ice
crystals and many frozen lakes were found. More than 2 km
of passages were surveyed to a depth of 100 m. The cave
ended at a T-junction (T Chamber) with several ascending
passages and a large shaft, unexplored due to lack of
equipment.
In 1991 the English expedition Aspex ‘91 attempted to
continue the exploration of Dark Star but was stopped by a
large amount of water from melting ice (Gregory 1992). At
the same time, nearby Ulug-Begh Cave was explored by an
Italian team (Badino et al. 1992). This is one of the highest
entrances in the wall at 3,750 m a.s.l. with a depth of
240 m and length of 1,700 m.
In 1985, speleologists from the Ural started the exploration
of Boy-Bulok Cave on the nearby Surkhan-Tau mountain
range. Fourteen expeditions to Boy-Bulok were organized,
also in cooperation with Italian cavers. Finally the cave
reached 1,415 m of total depth, which made it the deepest
in Central Asia (Bernabei and De Vivo 1992).
From the early 90s to 2006, Baisun-Tau and Surkhan-Tau
were inaccessible for explorers due to the complex political
situation in the region. In 2007, a new expedition to BoyBulok cave showed the possibility to re-start the
explorations in this region.

Festivalnaya cave, the largest cave on Baisun-Tau, was
found during the following expedition led by Aleksandr
Babanin in 1985. Exploration of Festivalnaya cave, which
later became Festivalnaya-Ledopadnaya Cave System,
continued until 1990 with 12.5 km of explored passages up
148

Exploration and Cave Techniques – oral

2013 ICS Proceedings
passage “Baiba” to the bottom of the cave and some southeastern branches near the “Clay City”.
The deepest point of the cave was explored in 1990, but
very few works were carried out there, as the expeditions
in 1998 and 2010 were unable to reach that part of the cave
because of technical problems.
Primary tasks of “Big Grot” group were climbing to reach
some windows in the “Big Grot” Hall, and search for new
passages in the upper branch “Salavatskii kosmos”. This
part of the cave (more than 2 km of passages) was
discovered by Ural cavers in pre-expedition of 2010 after a
climb in the “Big Grot” Hall. The hope was to find new
passages leading deep down into the massif, as all searches
at the cave bottom were fruitless.

Figure 3. The 450 meters high Hodja Gur Gur Ata wall, rope line
to Dark Star Entrance. (photo A. Romeo/La Venta).

The “Plateau” group had the task to reach Dark Star and
Ulug-Begh caves and search for further continuations, but
also explore and survey new cave entrances on the plateau
near Festinal’naya-Ledopadnaya cave system and carry out
a topographic survey and exploration of caves discovered,
but not yet explored, by Krasnoyarsk speleologists in 1996
due to lack of equipment.

In 2010 a new prospective expedition to Hodja Gur Gur Ata
was made with the following results: 1) new easier routes
to the wall and plateau were found; 2) new sources of fresh
water for the base camp were identified; 3) new equipment
and technology were tested and 4) promising directions for
future work in Festivalnaya cave were established. This
prospecting expedition was the premise of the two main
expeditions of 2011 and 2012.

This team was supposed to camp on the high plateau
between Ulug-Begh and Dark Star and to carry on
simultaneous works in both caves. The Asian climate forced
this team to change plans. A hot spring and an early summer
in 2011 led to a complete lack of snow and therefore water
on the plateau. For this reason it was impossible to camp
there. While groups in the Festivalnaya were working
according to plans, the “Plateau” group was forced to camp
under the Dark Star entrance near the only source of fresh
water nearby. As a result, “Plateau” group changed plans
and focused exclusively on explorations in Dark Star. Here
the explorations pushed further than the last room explored
by the British cavers in 1989 and led to the connection with
R-21 cave and with a new entrance on the wall, Red Wine.
But the most important result was the exploration of a new
series of giant galleries descending to a sump at 300 metres
of depth. The 2011 expedition ended confirming the great
potential of Dark Star and Festivalnaya System, while
Ulugh Begh wasn’t reached because of the very dry
conditions of the high plateau.

4. The expedition Baisun-Tau 2011
The joint Russian-Italian expedition on Baisun-Tau
mountain range took place in August 2011. The expedition
was organized by the Ekaterinburg Speleological Club
(former Sverdlovsk Speleological Club) with the assistance
of the Ural Speleological Association and the technical
consultancy of La Venta Esplorazioni Geografiche. Twentytwo members from Russia and Italy participated to the
expedition.
The following issues have to be taken into account for the
organization of an expedition in this area:
1) The caves are situated in a border area between Uzbekistan
and Tagikistan, where special and frequently changed rules
for registration of foreign visitors are applied;
2) The logistics are really complex because cave entrances
are located on the wall at an altitude of more than 3,600 m
above sea level and it is not possible to use helicopter to
reach the cave area, therefore the transport of all the
equipment has to be done with donkeys and on foot.

5. The expedition Baisun-Tau 2012
Thanks to the promising results obtained the previous year,
in 2012 the Ekaterinburg Speleological Club, again with the
support of the Ural’s Speleological Association, launched
the most prominent expedition on the Hodja Gur Gur Ata
mountain range over the last decade. Twenty-nine cavers
from many Russian cities took part in the expedition,
together with Italian, Spanish, British and Chinese cavers
sponsored by La Venta Geographical Explorations.

3) The expedition was made possible thanks to the
assistance of several old friends from Tashkent, Baisun
and Kishlak (village) Dyuibolo.
Exploration and documentation works in the expedition
were carried out by 3 different groups. The first group,
called “Bottom” and second group called “Big Grot” were
based in two different underground camps in Festivalnaya
System. A third group, called “Plateau”, was based near the
Ulug-Begh and Dark Star caves and carried out researches
for new entrances and attempted to reach Dark Star cave.

The expedition had a long list of tasks most of which were
fulfilled. The Hodja Gur Gur Ata wall was reached very fast
due to a new convenient ascending route and a large number
of donkeys for the transportation of the equipment. Such
fast ascension led to some troubles with acclimatization
among the members of the expedition. The place of Oasis
base camp (3,200 m a.s.l.) was covered by a major spring
mudslide, but this inconvenience was soon forgotten in the

The “Bottom” group, during an underground camp of ten
days, reached the bottom of the cave and searched for
possible unexplored passages. In addition they explored the
higher part of “Down with the CPSU” Branch, from
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Figure 4. Plan view of the Western Karst System of Hodja Gur Gur Ata (Festivalnaja-Ledopadnaja).

light of a new problem: half of the ropes hidden in the
Festivalnaya cave at the end of last year expedition had
been stolen. Therefore, an unscheduled trip was made in the
Caucasian Gallery of Festivalnaya cave to recover some old
ropes from the shafts. Two people descended also to Baisun
to bring 200 metres of spare rope, a courtesy of Sebastian
Breitenbach.

participated in the expedition in 2012, more than a third of
the group.

6. The new explorations
6.1. Dark Star-Central Karst System of Hodja Gur Gur
Ata

There were 3 main directions of work in 2012: to continue
the exploration in the new sector of Dark Star in order to
by-pass the siphon; to reach Ulugh Begh cave and re-open
its exploration; to continue the exploration in the upper part
of Festivalnaya System.

Dark Star was first explored in 1990 by the English
expedition ASPEX ‘90 for more than two kilometres of
huge galleries to an unexplored shaft. In 1991 the english
cavers tried to carry on the exploration but they were forced
to halt due to changing climatic conditions and melting of
ice floors forming impassable lakes. Then the cave was
abandoned for twenty-one years.

In addition to the exploration works, samples and data for
paleoclimate researches were collected by scientists from
Switzerland (Sebastian Breitenbach) and China (Yan Bin).
Samples of water, snow and ice were taken from
underground and surface sites, while temperature and
humidity data loggers were set in Tonnel’naya cave.

In 2011, more than 400 metres of ropes and three days of
works were necessary to reach from above the main
entrance of Dark Star. Fortunately the first scouting inside
the cave revealed that the lakes that had stopped the English
team in 1991 were frozen allowing a fast walk to the last
known room (“T” Room). After the new shaft of about 25
metres, a 10 metre wall was climbed leading to a new big
gallery characterized by strong wind. Finally the cave turns
to the south connecting with the big entrance of R-21
(Izhevskaya), a cave on the wall explored in 1988 by the
Izhevsky Team whose survey was lost. This new entrance,
situated only one hundred metres high on the wall allows a
faster and easier way to the deepest part of the cave than
from the main entrance of Dark Star. One other new
entrance to the system, the Red Wine cave, was found
exploring a 700 m long meander named Passakalosky. But
the most important discovery was achieved through a
fifteen metres climb above the “T” Chamber leading to
1.5 km of new giant galleries explored to a sump located at

In Dark Star System the survey has reached -610 m with
the exploration over -650 m and the cave continues
downward with a series of shafts. In Festivalnaya many
new branches were explored with a great potential for
future explorations. The entrance of Ulugh Begh, 350
metres up on the wall, was reached again after twenty one
years of break. A new easier entrance to this cave was
found leading to a new sector of narrow meander. In the
last days all the ropes were used in the different caves and
the exploration stopped only because of lack of equipment.
Almost all cavers were involved in surveying, with up to 5
teams working at the same time. Finally the 2012
expedition surveyed more than 6 km of passages, most of
them in very challenging conditions (ice and cold wind).
Most of the surveys were carried out by girls. Ten girls
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Figure 5. Plan view of the Central Karst System of Hodja Gur Gur Ata (Dark Star).

a total depth of 300 metres. A very impressive big room,
the “Polnolunie” Hall, characterized by peculiar formations
and giant crystals of ice, was found (Fig. 6). The 2011
expedition ended with many other unexplored branches in
this sector of the cave.

Central Karst System of Hodja Gur Gur Ata. Until now
7128 m of passages were surveyed, with 6 entrances (Dark
Star, Capricorn One, Red Dwarf, Cancro, Red Wine, R21Izhevskaya) but much more is expected along the
unexplored branches of the cave.

The winter 2011–12 was characterised by the largest
amount of snow over the last 50 years, and therefore the
cave climate was strongly influenced. During the 2012
expedition the first trips to the cave discovered a large
amount of snow at the entrance and all the frozen lakes were
turned into pools of mushy ice. All works in the old part of
Dark Star were impossible. Luckily, the new entrance
(R-21) discovered in 2011 enabled to access the deepest
sector of the cave.

6.2. Festivalnaya-Ledopadnaya – Western Karst System
of Hodja Gur Gur Ata
In 2011 the bottom of Festivalnaya Cave, at -625 m of
depth, was again reached twenty years after its first
exploration and confirmed to be impassable. Nevertheless
new discoveries were carried out, most of which in the
upper paleo-phreatic levels of this system. The exploration
of the “Clay City” branches led to a new meander with a
huge chamber at the end where one other passage continues
upwards. Other new branches were discovered in the upper
part of Salavatskii Kosmos Branch. One of the passages
ended in a huge chamber named Everest. Another passage
goes over Yubileinaya Cave. During the 2011 expedition
more than 2 km of new passages were explored, 1.3 km of
which were surveyed.

In this expedition the work in the cave was focused on one
of the lateral branches discovered in 2011 at -240 m. An
underground camp was set not far from the new part of the
cave and accommodated 3–6 cavers working in shifts. A
series of small shafts was explored leading to a big chamber
with two passages. One of them was called Corallite meander
and represents an alternation of narrow passages, small shafts
and squeezes with the walls thickly covered with calcitic
coralloides. Corallite passage leads into a big gallery crossed
by a stream (2–3 L/s). The downstream ends in an unpassable squeeze only 10 cm high swallowing the main
stream at the depth of 540 m. Also other parallel passages
and galleries were explored and surveyed, and in particular a
new easier route, bypassing Corallite meander, was found.

The exploration in Salavatskii Kosmos continued in 2012
and, in particular, in the meander Enigma discovered the
year before. The underground base camp was relocated
from the Room of Ural’s Cavers to the lake nearby Enigma
in order to save time and energy. Several shafts from 10 to
45 metres were explored but most of these were dead ends.
However, one of them led to an impressive chamber of
more than 6,000 square metres. The most promising branch
was found not far from Enigma at the end of the expedition
and was not completely explored. During this expedition
the work in the cave was complicated by the large amount
of water. As a result, in 2012, a group of 8 cavers explored
and surveyed more than 2 km of new passages (Fig. 4).

In the last days of the expedition, an exploration of the
upper part of the meander near Gothic chamber at -450 m,
led to a new huge paleo-phreatic sector of the cave. The last
descent of the 2012 expedition reached the depth of 610 m
and stopped above a deep shaft lacking ropes and time.
The connection with new entrances and the presence of a
huge network of fossil and active branches suggest to
consider Dark Star as part of a more complex system: the

Now Festivalnaya-Ledopadnaya reaches 16 km and -625 m.
151

Exploration and Cave Techniques – oral

2013 ICS Proceedings
Hodja Gur Gur Ata and, in general, the mountain chains of
Central Asia could become among the most promising
frontiers of cave exploration in high mountain environment
in the next years. This region is situated in a really “hot”
political zone, between Uzbekistan, Tagikistan,
Turkmenistan and Afganistan. If this situation will remain
stable and favorable for caving expeditions it is probable
that really deep (more than 2 thousand) and extended caves
(tens of kilometres) will be explored here in the near future.
Exploration of the region will continue in summer 2013.
Central Asia is waiting…

Figure 6. Walls covered by ice crystals in the “Full Moon” Room
in Dark Star (photo A. Romeo/La Venta).
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6.3. Ulugh Begh
Ulugh Begh is one of the highest complex caves in the
world, at 3,750 m a.s.l.
The entrance was reached in 1991 by Italian cavers thanks
to helicopter transport on the top of the wall of
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KES MOUNTAIN SINKHOLE
(KAHRAMANMARAS – SOUTHEASTERN TURKEY)
Ali Yamaç, Murat Eğrikavuk
OBRUK Cave Research Group; Acikhava Apt. 16/7, Nisantasi, Istanbul, Turkey info@obruk.org

As OBRUK Cave Research Group, we’ve been exploring Kes Mountain Sinkhole since four years. The sinkhole is 65 km
north of Kahramanmaraş in southeastern Turkey, high on the mountains at the east of Tekir Village. It is believed that the
waters that enter the underground aquifer from that cave, which is at 1,900 meters of altitude, pass through the Yesilgoz
Doline, at 900 meters altitude. Total distance between the doline and sinkhole is roughly 4,000 meters. During the first
expedition in 2009, our team dived in Yesilgoz and found the underwater entrance of the cave. In addition, we explored
Kes Mountain Sinkhole for the first time. By 2010, it was understood that the pit which begins at -175 meters continues
as a single drop of 170 m. Moreover, at that point the cave’s structural formation has an immense alteration; suddenly the
huge galleries of the cave changed to a very narrow and endlessly long and deep fault fissure. By July 2011, after OBRUK’s
third exploration at Keş Mountain Sinkhole, the total depth of the cave reached to -650 meters, being fifth deepest cave
of Turkey. Finally, by July 2012 we had reached a siphon at -728 meters. Unfortunately, connection with Yesilgoz resurge
couldn’t be proved. So, a dye test, not only at Kes Sinkhole, but also in 3 different sinkholes in the same area is planned
for next year.

1. Introduction
Kes Mountain Sinkhole is located at an altitude of about
1,800 meters on Keş Mountain, near Tekir Village, 65 km
north of Kahramanmaraş city, southeastern Turkey.
As OBRUK Cave Research Group, we had been informed
about the sinkhole by the Middle East Technical University
Cave Diving Group (MADAG). During their
reconnaissance dives to Yesilgoz Doline in the same area at
2008, villagers informed them that the water which springs
from the bottom of that doline comes from a sinkhole on
the top of the mountain.
Cave divers found two separate entrances at the bottom of
that resurgence, roughly at 40 meters deep. But,
unfortunately they were not able to penetrate due to the
tightness of vertical passage.
Our exploration began at Kes Mountain Sinkhole the next
year. In July 2009, with a small team of 6 cavers we found
the entrance of the sinkhole, descended and surveyed down
to -175 meters. After the first and second descents, Kes
Mountain Sinkhole continues with an extraordinarily wide
main gallery and high ceilings.
In certain parts, the width of the gallery reaches 20 meters
and the height is more than 30 meters. Although Kes
Mountain Sinkhole is an underground aquifer of not one,
but two small rivers, this main entrance is almost dry during
the summer season and those dimensions are extremely
large even for the largest and deepest sinkholes of Turkey.
A very limited amount of water was trickling into the main
gallery from small branches at a depth of -125 meters,
beyond which point, there was a small but constant stream.

Figure 1. Kes Mountain Sinkhole, Yesilgoz Doline and the area in
general.

At -175 meters, the geological formation of the cave
suddenly changed. At that point the width of the main
gallery narrowed down to 5 meters, with a seemingly
infinite drop. In addition to the depth, it was impossible to
see the ceiling and forward of the gallery. The water bed
was apparently dropping straight into a huge fault plane.

During the second year’s trip, after descending to -300
meters we still hadn’t reached the bottom of that pit.
July 2011 marked the exploration’s third year. Spending 15
days with a stronger team of 20 cavers, we first reached the
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2. Geology

bottom of that large pit and set up an underground camp at
-345 meters. A two-wire phone connection from that point
to the surface camp was also established.

At least five different geological formations can be
observed around Tekir Village. These are mostly deep sea
sediments and they were in a continuous action within the
tectonic movements and overthrust foldings of surrounding
area. The area, which lies completely in an orogenic phase,
has two main structural differences from east to west.
Although all are mostly limestones, there are huge age
differences between those formations.

At Day 10 of the exploration, members of OBRUK Cave
Research Group reached -650 meters. Cave was still
continuing with a cascade of small descents. As we had
done previously, nearly 1,000 meters of rope and telephone
lines were packed and left in suitable places of the cave for
next years’ exploration.

East and southeast part of Tekir village is mostly a single
formation. This geological unity, which also includes
Yeşilgoz Doline and Dongel caves, is mostly light colored,
reefal limestone with corals and foraminifera. There are two
different opinions about the period of that formation; either
Middle or Upper Miocene.
Within the north east of that unity lies Kes Mountain
Formation. It covers the whole area from Kes Mountain
towards Kaman Mountain, to the north; with mostly dark
gray or gray, re-crystallized and sometimes dolomitizated
limestones dated as Permian.

3. Comments on Exploration
Limestones of Taurus Mountains at southern Turkey has
some very deep caves and it is obvious that, in the future,
many deeper caves will also be explored in those mountain
ranges.
The five deepest caves of Turkey for the time being are:
Peynirlikonu Sinkhole (Içel)
Kuzgun Sinkhole (Nigde)
Cukurpinar Sinkhole (Içel)
Kuyukule Sinkhole (Isparta)
Kes Mountain Sinkhole (K. Maras)

-1,429 m
-1,400 m
-1,196 m
-832 m
-728 m

But, apart from being the fifth deepest, Kes Mountain
Sinkhole has some different aspects among others. First of
all, it is the easternmost cave on that list. Even if we do not
consider the first five, but the first ten deepest caves of
Turkey, it is still the easternmost of them all.
Secondly, it is the first “deep cave” of Kahramanmaras,
which has a limestone area of more than 5,000 km2, mostly
within the altitudes of 1,800–2,500 meters. Apart from its
natural beauty, we strongly believe that this area has an
enormous cave potential.

Figure 2. Kes Mountain Sinkhole.

By July 2012, our fourth year began in Kes Mountain
Sinkhole. 18 members of OBRUK, in addition to 8
Lebanese and 2 Iranian cavers, explored the cave for 15
days. Around -650 meters depth, geological formation of
the cave changed again and it became obvious that Kes
Sinkhole will not join with Yesilgoz resurge. Sinkhole;
which began with large passages, slowly changed to small,
narrow maeanders and descending as spiral passages, rather
than covering the distance towards Yesilgoz Doline.
Though, for the first time till this depth, we had contacted
with a continuous water flow, compared to the doline it still
has little water. And, after few more small descends, the
sinkhole ended with a small lake and a siphon at -728
meters.

4. Kes Mountain Sinkhole – Yesilgoz Doline
Connection
The rumor that the water which sinks at Kes Mountain
Sinkhole resurges from Yesilgoz Doline was the main
reason of our exploration in that sinkhole. All the villagers
told us that 24 hours after it begins raining at Kes Mountain,
the water of the doline becomes muddy, even though its not
raining in the lower parts. Also, it is said that during May
and April one can hear the sound of running water under
the ground at the farmed fields above Yesilgoz Doline.
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But, after four years of exploration, we are still far from
proving that connection. Entrance of Keş Mountain
Sinkhole is at 1,900 meters altitude and Yeşilgoz Doline is
at 900 meters. Apart from that 1,000 meters of depth
difference, horizontal distance between the two caves is
around 4 km. But after descending nearly 70 % of that total
estimated depth at Kes Mountain Sinkhole, its horizontal
extension is still not more than 300 meters.
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But, numerous other sinkholes and karstic aquifers around
the vicinity of Kes Mountain Sinkhole and Yesilgoz Doline
are the evidences of a huge underground water system. So,
the water which springs from that doline can be sinking to
underground elsewhere. Next year a comprehensive dye test
will be carried not only at Kes Sinkhole but, within the 3
additional sinkholes of the same area.
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PREMIER EXPLORATION OF THE CAVES OF HOLY MT. ATHOS,
GREECE
Alexey Zhalov, Magdalena Stamenova
Speleo Club “Helictit” – Sofia, Bulgaria, azhalov@gmail.com, m_stamenova65@yahoo.co.uk

The article presents the results of the exploration under the project “Exploration of the caves of Mount Athos as integral
part of the world natural, cultural and historical heritage” under the patronage of Euro Speleo Projects – European
Federation of Speleology. During two expeditions carried out in 2011 and 2012, the international team of cavers form
Bulgaria, Greece, Romania, Russia, Serbia and Turkey explored 90 caves with total length 792 m. The caves can be divided
into three main categories – caves associated with the lives of Saints, cave chapels, caves-cells, usual and sea caves and
artificial caves (water catchments and reservoirs.

1. Introduction
The Mount Athos (Greece, Halkidiki Peninsula) occupies
an area of 2,886 sq. km in the Northern Greece. The area
presents a terrain of different forms. There is a mildly wavy
row of hills in the central part of the peninsula with
gradually increasing altitude (between 450 and 990 m,
before climbing to an altitude of 2,033 m – the summit of
Mount Athos) to the southeast. The relief consists of deep,
steep traverse gullies alternating with steeper folds. The area
belongs to the Serbo-Macedonian Massif, a large basement
massif within the Internal Hellenides. The south-east part
of the Mount Athos peninsula is built by fine-grained
banded biotite gneisses and magmatites. The southern tip
of the peninsula, which also comprises Mount Athos itself,
is built by limestone, marble and low-grade metamorphic
rocks with thickness of 2,000 m. The northern part and most
of the western shore of the Mount Athos peninsula are
composed of highly deformed rocks, belonging to a tectonic
me´lange, named the Athos-Volvi-Suture Zone. The rocktypes in this me´lange range from metasediments, marbles
and gneisses to amphibolites, eclogites and peridotites. In
the north part of peninsula there is an area 11 km long and
average 2 km wide covered by Triassic recrystallized
limestones-marbles (Kockel and Mollat 1978; Himmerkus
et al. 2011) (Fig. 1).

Figure 1. Geological map of Athos Peninsula (after Kockeland
Mollat 1978) with the explored areas and number of caves in it.

culture and nature. In addition, on the basis of the criteria
of the Habitats Directive, the entire Athos peninsula has
been incorporated into the EU Natura 2000 Network.
Because of inexplicable reasons the caves of Athos did not
exist in the documents as a factor of the environment,
cultural and historical sites. They are not declared as natural
habitats!

Mount Athos or Agion Oros (“The Holly Mountain”) is a
place dedicated to monasticism, to austere asketism and
deep contemplation. Among the greenery and the
impassable gorges, perched in the most unexpected
positions, are situated the monumental walls of 20
monasteries and numerous huts, where hermits spend theirs
days in solitude and contemplation.

That is why the international team of cave explorers decided
to organise a long term project under the patronage of ESP
of European Speleological Federation for complex
speleological and karstological exploration of Mount Athos,
named “Exploration of the caves of Mount Athos as an
integral part of the world natural, cultural and historical
heritage”.

2. Study of the information for the karst and
cave in Athos
The review of the assessable information for the caves in
Athos Peninsula and the state of their exploration made in
2010, shows that some of them are described as places,
related with religious practices (hermits and cells) and
information for karst and cave explorations (including
maps) did not exist. In 1988 Mt. Athos was recognised by
the World Heritage Convention as a mixed site for both

The General Aims of the project are:
• Location and survey of all known caves;
• Discovering and exploration and surveying of new caves;
• Carrying out of geological, geomorphological and
climatological cave studies;
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3. General data for project studies up to date

Collapsing or boulder caves are formed in the limestone by
natural processes such as collapsing and dilatation
movement of slope modeling. The typical collapsing caves
are these close to Skete Kavsokalivya.

The first stage of the project was held from 15–22 July
2011. The project team consisted of Zhalov A. – Head,
V. Gyorev (Bulgaria), L. Makrostergios, J. Lazaridis,
I. Agapov, S. Kaminski (Russia), D. Tomic (Serbia),
T. Tuluchan (Romania). During the expedition were
surveyed the areas of the monasteries Zograf, Kostamonit,
Dohiyar, St.Xenophont, Dionysius, St.Pavlou, St. Grigoriou
and Pantocrator and skete communities “ Kafrsokalivion,”
Little St.Anna, St. Anna and New Skete.

As sea caves we can determinate the cavities which are
located in the contemporary erosion network of the seashore
on the sea level, or in the slope at a different altitude (~ 0.5
to ~ 10 m a.s.l.). All caves are formed in karstificated rocks
(Fig. 3). The caves in surroundings of Nea Skete are
developed in greyish-white and bluish-grey Triassic
recrystallized limestones-marbles, but those who are located
on the sea level are formed in compact limestones and the
rest are in conglomerates.

During the event were identified and mapped 42
underground sites (Тable 1) with a total length of 356.20 m.
Among them is the longest sea cave near the harbor of the
monastery Kostamonit (56.40 m; Fig. 2) (Agapov еt al.
2011; Zhalov et al 2011; Zhalov et al. 2012).

Coastal caves between the ports of Xenophont and Dohiyar
monastery are developed in marbles.
The sea caves can be classify under genetic point as
corrosion – abrasive (Seal Cave, Great Sea Cave
(Kostamonit), Cristal Cave, The Cave with 4 entrances, The
Cave Lokum), due to the rest which are more complex
polygenetic origin (probably suffusion – corrosion).

The second stage of the international project took place
from 1 to 12 September 2012. The team was composed by
Zhalov A. – Head, V. Gyorev, Zh.Vlaykov (Bulgaria),
L. Makrostergios, J. Oykonomidis, T. Komaditis and
M.Karidas (Greece), I. Agapov, S. Kaminski (Russia),
A.Yamac (Turkey). There were surveyed the areas of the
monasteries, Dohiyar, Xenophontos. The explorations in the
vicinity of sketes “Kafrsokalivion,” “Little St.Anna”,
“St. Anna”, St. Nilos and “Nea Skite” were continued in
more detailed manner.

If necessary to analyze the sea caves from morphometric
point of view, we can conclude that these ones, located at
the sea level and developed in compact rocks, are the
longest among all explored caves, but the caves in
conglomerates have bigger volume.

During the expedition were identified and mapped about 48
underground sites with a total length 435.84 m. (Тable 2)
Parallel was collected oral and photo information to other
cave objects, which will be the subject of future studies.
Other 9 objects were only visited and sketched among
which is probably the longest cave in Athos for the moment.
There were localized, but not explored 2 more caves, one
of which probably is so called “The Big Cave of Athos”.
According to the existing data, the cave is over 150 m long.
Its entrance is 50 m wide and around 80 m in high.
The explored caves can be divided into three main
categories – caves associated with the lives of Saints
(St. Kozma, St. Pimen Zografski; St. Maksim; St. Gerasim,
St. Nile), cave chapels (St. Dionysius and Mitrofan), cavescells, usual and sea caves and artificial caves (water
catchments and reservoirs). The total number of the
explored underground cavites under the project up to date
is around 90 with total length of 792.04 m.

4. Brief characteristic of the explored caves
Most of the explored karst caves had tectonic-corrosive
origin. Their study shows that they are initially tectonic
caves enlarged by the corrosion of infiltrate atmospheric
waters. They have not big morphometric indexes (length,
depth) and some of them could be recognized as niches.
Some of the caves had tectonic origin. Most of them are
developed in non-karst rocks as amphibolites alternating
with plagioclase gneiss or green schists (Caves close
Monastery Pantocrator, St. Pavlou, Skete St. Anna
[Danilos’Cave, St. Maxim]). They are characterized by
narrow fissure, enlarged by the tectonic movements as a
consequence of endogenic processes.

Figure 2. The Sea Cave Kostamonit harbour.

Many of the explored caves are used by monks as storage
places or for religious purposes. We can divide them by the
kind of use as follows:
1. Natural caves in which there were no traces of permanent
human use.
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2. Drainage galleries and underground conduits. Caves,
carved in the rock (possibly in the course of natural caves
small fissure type) for water collection or delivery to a
monastery or hermitage. The length of such cavities
varies from few meters to 21.6 m.

7. Chapel, equipped with a cave or grotto (usually along the
path between the monasteries; Fig. 3). The length of such
cavities may be up to 5 m.
It should be pointed, that the present study of caves in the
Athos Peninsula still covers a much lesser area from the
whole region, covered with karst rocks. More detailed study
of this area could positively lead to discovery of many new
different karst and non karst objects. That is why the further
exploration will continued while as the explorers discover
and study all caves in that sacred and unknown place.

3. Rock cut storage tanks (cisterns).
4. Small natural caves, grottoes and niches used for the
practice of prayer (as a rule, these caves can
accommodate only single person.) Have small artificial
transformation: planning and opening the cavity masonry
(from cleared volume) without a solution for weather
protection, equipped with a sitting place, shelf icons, etc.
These caves are located near the surface of cells.
5. Hermit’s cell, which occupy caves, niches or grottos with
volume bigger than caves considered in § 4. The entrance
of the caves is barred by stone or wooden wall with
windows and doorways. The length of such caves can
reach 5–10 m or more. Such cells may be composed of
several rooms (ground and surface), which can be used
for the practice of prayer, housing, for economic
purposes. In some cases, in combination with cells, they
can be equipped with a water storage tank (Fig. 4).

Figure 4. Complex of cave and 2 nishes-Nea Skete.
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Figure 3. The St. Ana Cave – St. Ana Skete.

6. Cave chapels, dedicated to the memory of the saint, who
lived in it. As a rule, in some cases, they are equipped of
natural caves used in solitary practice (see section 4) or
cells (see section 5). Such cavities in some cases may have
a wall of masonry with a doorway (St. Kozma; St. Pimen
Zografski; St. Maksim; St. Gerasim; St. Grigoriou;
St. Pavlos). The decoration inside the chapel looks like a
small temple. The length of such caves is from 3 to 20 m.
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Table 1. List of the caves explored during the 1st stage.
No
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

Name
Cave
Cave
Cave – (water conduit) Source of the Mother of God
Сave of St. Maksimu and Kafrsokalivion
Cave
Cave (cell)
Cave
Cave (water conduit)
Cave Complex (2 caves) – cell
Cave (cell)
Nishe (cell)
Grotto (cell)
Cave (cell of Sacred Trinity)
Cave (cell)
Cave (sea cave)
Cave (water conduit) – Complex 2 caves
Сave of St. Pavlos (one complex with cave № 16)
Cave (sea cave) – complex 2 caves

Locality/ Monastery/Skete
Pantokratoros
St. Ilia
St. Ilia
Kafrsokalivion
Katounakion
Danailo
Danailo
St. Anna
Nea Skete
Nea Skete
Nea Skete
Nea Skete
Pavlos
Pavlos
Pavlos
Pavlos
Pavlos
Pavlos

19
20
21
22

Cave (water conduit)
Cave (cell)
Cave (sea cave)
Cave (sea cave) and 2 sea grotto

Dionysius
Dionysius
Dionysius
Dionysius

23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

Сave of St. Grigoriou
Cave (water conduit)
Cave (water conduit)
Sea cave
Cave of St. Kousma
Cave of St. Naum
Cave 12 Apostles
Сave of St. Gerrasim
Cave of
Cave
Cave
Cave
Cave
Complex (cave and 2 nishes)
Quanat
Artificial well
Group of three littoral caves

Grigoriou
Grigoriou
Grigoriou
Neo Roda
Zograf
Zograf
Zograf
St.Anna
St.Anna
Kostamonitou
Kostamonitou
Kostamonitou
Nea Skete
Nea Skete
Pantokratoras
Pantokratoras
Pantokratoros

40
41
42

Shelter Cave (boulder cave)
Cave Georgios (cell)
Cave (spring)

Pantokratoros
Pantokratoros
Pantokratoros
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Length (m)
4.00
15.00
20.40
6.00
4.00
6.50
3.00
4.20
5.00, 3.50
4.00
2.85
2.30
7.55
1.50
20.00
21.60, 5.00
3.00
41.40,
2.36
14.00
3.80
2.50
6.60,
10.00,
8.00
5.7
11.15
5.50
7.00
20.23
2.80
9.60
3.90 -1.20
5.17 +2.40
56.40 -1.20
7.40
19.48 +1.80
13.00 +1.40
7.86, 1.90, 3.05
20

Depth

+1.0

-2.0

+0.8
+4.0
-0.85, +1.5

+1.2

15.5
6.5
5.5
1.5
1
3
3
356.20
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Table 2. List of the caves explored during the 2nd stage.
No
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48

Name
Water
Cave
Cistern
Cave
Niche
Niche
Cave Church St.Dionysius
Cave Illarion the Georgian
Cave Аrhondrik
Niche
Cave
Cave chapel
Niche
Cave &Cistern
Grotto Temple Christmas
Cave
Sea Cave 1
Sea Cave 2
Cave with the well
Cave behind the house
Davids’ Cave
Cave
Cave 26 monks
Cave close to skete
Niche
Теctonik Cave
The big Sea Cave
The Seal Cave
The Big Sea Cave
Cristal Cave
The Cave with 4 entrances
Cave
Cave “Lukum”
Tunell
Niche
Niche
Skete Josef Hisiahast
Niche Josef Hisiahast
Niche
Niche + well – Agiasma
Niche
Cave
Теctonik Cave
Теctonik Cave
Теctonik Cave
Niche
The Cave of St.Nillus
Cave

Locality/Monastery/Skete
Catchment St.Anna
St.Anna
St.Anna
St.Anna
Little St.Anna
Little St.Anna
Little St.Anna
Ipatievskie Cells
Ipatievskie Cells
Danailo
Karaulya
Karaulya
Karaulya
Karaulya
Karaulya
Karaulya
Nea Skete
Nea Skete
Little St.Anna
Little St.Anna – Danailo
Little St.Anna
St.Anna
Stavros
Stavros
Stavros
Stavros
Nea Skete
Nea Skete
Nea Skete
Dohiyar
Dohiyar
Nea Skete
Dohyar – Kostamonit
St.Anna
St.Anna
St.Anna
St.Anna
St.Anna
St.Anna
St.Anna
St.Anna
St.Anna
Kavsokalivya
Kavsokalivya
Kavsokalivya
Kavsokalivya
St.Nilus
St.Nilus
Total length:
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Length (m)
2.6
6.2
3.2 × 1.7
3
2
7
18.5
11
4.7
3
3
46
3
6.2

3.9
3.5
17.1
9.85
9.36
8.22
1.2
6.7
1.0
6.70
34
7.40
11.56
18.50
25.26
20.12
10.57
10
3
2
15
3,2
1,85
2,80
2,5
8
12,35
15
14
12
12
11
435.82

Depth
+2
-1
–
–

+1.5
–
–
6
–
–
–

-6.0

4
-8
-4
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EXPLORATION OF THE JASANKA CAVE IN BANAT, ROMANIA

1

Vít Kaman1, Petr Barák2
Czech Speleological Society, ZO 6-25 Pustý žleb, kaman.v@seznam.cz
2
Czech Speleological Society, ZO 6-22 Devon, pbaro@seznam.cz

From 2008 to 2012 the members of Czech and Slovak Speleological Society discovered and explored new cave called
“Jasanka”. This cave is more than 2 kilometres long and thanks to several expeditions it became the longest cave in Muntii
Locvei Mountains, Romania. The exploration isn´t finished, because in this location there are still places with possibility
of additional progress.

1. Introduction

4. Jasanka Cave

Our first expedition into Romanian Banat happened in
2006. Since the first expedition we were focused on the
speleological research in the surrounding area of the Czech
villages especially Svatá Helena in Muntii Locvei
mountains. Our fellow countrymen lived in this region since
1823 because of the job opportunities found in the
woodworking industry. The total number of the Czech
villages was 8 – Sv. Alžběta, Sv. Helena, Bígr, Rovensko,
Šumice, Eibenthal, Gernik and Frauvízn, but the first and
last mentioned ceased to exist because of the short supply
of water. This region is situated close to river Donau which
creates natural borderline with Serbia.

We started to remove the debris covering the beginning of
the travertine cascade in fall of 2008. We were rewarded
two days later by discovering a winding corridor that was
on average 2 meters high, 0.8 meters wide and 80 meters
long and ended at a sump. In places this corridor had
standing water up to 1 m deep. We believed that there was
continuation of the cave behind the sump. Sediments on the
bottom of the cave that were at first muddy changed at the
sump to gravel. We decided to call this cave “Jasanka”
according to the popular name of the place by local
inhabitants (Fig. 1).

2. The geology of the region
The region of interest belongs to the west part of the SouthCarpathian “horseshoe”. In general, this region is
considered part of Alpine-Carpathian belt which creasing
began in Cretaceous period as result of subduction of the
African plate under European tectonic plate and subsequent
collision of the continental crust. The karst plateau itself,
on which the village of Svatá Helena is located, is created
by Cretaceous limestone.
Figure 1. Passing through the first sump in the Jasanka Cave.
Photo by Zdeněk Motyčka.

3. Our first speleological activities in Banat

We continued our research in fall 2009. This time of the
year is the most suitable for a survey of the area due to the
low water levels. The sump was very short and easy to
overcome. This was followed by a dry corridor with a
vertical passage 5 meters high with a waterfall. This passage
was also conquered. The following elongation was finished
at the next sump but the diving attempt here was not
successful.

The main goal of the first expedition was a survey and
discovery of the water source in the karst region near Svatá
Helena because during the summer months there is short
supply of water. Later we turned our attention to regions
located further from the above mentioned village into the
catchment area of Bazinul Liuborajdea, Bazinul Dunareii
and Bazinul Bosneag. Interesting places and caves with
potential of the unknown underground were localized by
GPS coordinates and became part of a list of the most
promising localities, which could yield an access into the
draining system of local karst plateau. High on this list
figured an outflow with travertine cascade above the Kavčí
valley. Local inhabitants called this place “Jasanovka” – it
means in dialect “soft stone”. We found this place very
interesting, because the large mass of travertine had to be
created by calcareous water.

Other diving attempts were done in 2010 with tube in order
to reduce the water level but due to the high levels of water
we decided not to continue that year.
In the fall of 2011 the water levels were favourable. The
second sump was overcome thanks to a pump. On the other
side of the sump we discovered 40 m of new interesting
corridor and were again stopped by third sump. The third
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with rising altitude were explored. These levels signalized
gradual descent of the water flow. The oldest level has very
nice decoration and character of an old meander. Lower
meandering corridor is the longest with rare decorations,
probably with often active water flow. The lowest part
creates small passages with erratic character. Really
interesting point is the geological structure of the cave. The
corridors are created in the compact benched limestone with
subhorizontal bedding. Subhorizontal character is respected
by pieces of black silicate. There are three possible variants
of genesis of this rock closed in limestone of cretaceous age.
Silicate can be product of acid volcanism (in surroundings
of the region there are known positions of calcareous
dacites and rhyolites), product of hydrotermal activity on
the seabed or chemical dissolve of cases containing SiO2
(sponges, radiloarites).

sump was conquered in the fall of the following year with
the help of second sump. The new passages after the sump
were evidently greater and longer and they often lacked
sediments (Fig. 2).

5. Conclusions
These expeditions were result of cooperation between the
caving clubs of the Czech Speleological Society (Pustý
žleb, Jihomoraský kras, Tišnovský kras, Devon) and the
Slovak Speleological Society (Čachtice).

Figure 2. Main corridor in Jasanka Cave. Photo by Zdeněk
Motyčka.

During the three expeditions in 2011 new corridors with
character of meanders in length of 1,200 m were explored.
The result of the follow-up expeditions in 2012 was the
discovery of 600 m long corridor with nice decoration
(Figs. 3, 4, and 5).

Figure 3. Richly decorated upper part of Jasanka Cave. Photo by
Zdeněk Motyčka.
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Figure 4. Map of the Jasanka Cave.
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Figure 5. The most beautiful part of the Jasanka Cave. Photo by Zdeněk Motyčka.
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CAVE EXPLORATION OF THE BELIĆ MASSIF IN THE PROKLETIJE
MOUNTAINS (MONTENEGRO)
Ditta Kicińska1, Krzysztof Najdek2
Institute of Geology, Adam Mickiewicz University, ul. Maków Polnych 16, 61-606 Poznań, Poland
2
Wielkopolski Klub Taternictwa Jaskiniowego, os. Przyjaźni 14/114, 61-688 Poznań, Poland

1

The Prokletije Mountains are located in the southern part of the Montenegro. These are the highest peaks in the Dinarides,
where denivelation between them and the bottom of valleys reaches 1,000 m. The selected carbonate massifs have been
explored regularly by Polish and Serbian speleologists since 2006. The expeditions have discovered 50 caves, among
these the Górnicza Cave was explored to -515 m.
The Prokletije Mountains (also known as the Albanian Alps
or Bjeskët e Namuna) are the southernmost part of the
Dinarides (Fig. 1). The highest peak of the Prokletije Mts.,
and also of the Dinarides, is Jezerski Vrh/Maja Jezerce
Mount (2,694 m a.s.l.) situated in Albania (Mulić 2009).
Geologically, this region belongs to the High Karst unit. It
is composed of Mesozoic limestones and dolomites (Kardaś
1978). Glacial and karst forms predominate in the
morphology of this area. Cvijič (1913) was first who
described glaciations of the Prokletije Mts.: U-shaped and
hanging valleys, moraines and cirques occur here in a great
number.
The exploration has been conducted near Gusinje, a little
town situated in the Ljuča Valley. Two mouths of big glacial

Figure 1. The Belič Massif (Photo: Mariusz Woźniak).

Figure 2. Map of the Belič Massif showing discovered caves.
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valleys: Ropojana (Fig. 2) and Grbaja occur in this area.
Carbonate massifs surrounding these valleys are drained by
two big springs: Alipašni Izvori and Savino Oko (Fig. 3).
The Savino Oko spring is discharging the Belič Massif. Two
groups from Poland dived in this spring and descended to
96 m deep (Kur 2008).

• Jaskinia Gigant 03 113 (depth of -296 m, length of
1,635 m)
• Jaskinia w Trzech Kopcach 03 142 (depth of 141 m,
length of 456 m)
• Jaskinia Entuzjastyczna 03 147 (depth of -107 m, length
of 543 m)
• Jaskinia do Savino Oko 03 006 (depth of -256 m, length
of 588)
• Jaskinia Łezka-Jaskinia Kolektor 03 311 (depth of -236 m,
length of 1,011 m)
The expeditions have already surveyed ca. 50 caves. Every
year speleologists check several dozen entrances on surface,
but most of them are terminated with blocks, snowy plugs
or narrow places. During exploration some caves were
connected into bigger systems as the Nibyczarna and
Babina Sisa caves or the Łezka and the Kolektor (Kicińska
and Najdek 2007; Najdek 2007, 2008; Najdek and Kasza
2008; Biegała et al. 2009; Kasza et al. 2010a, b; Kicińska
et al. 2011).

Figure 3. Savino Oko Spring (Photo: Ditta Kicińska).

The Belić Massif is located at the boundary between
Montenegro and Albania. The highest peak of this massif
(and of the Montenegro too) is Maja Kolata (2,534 m a.s.l.).
The Belič Massif is surrounding by U-shape valleys:
Ropojana in Montenegro (Fig. 4) and Valbona in Albania.
During the period of 2006 to 2012 took place 8 exploratory
expeditions, organized by Polish and Serbian speleologist
(Wielkopolski Klub Taternictwa Jaskiniowego and
Speleoklub Świętokrzyski from Poland, and Akademski
Speleosko-Alpinisticki Klub from Serbia) in the Prokletije
Mts. The exploration was performed in Ploče, Volušnica
and Zastan Grbajski (in the Grbaja Valley) and the Belič
Massif (in the Ropojana and Zarunica valleys).

Figure 5. Jaskinia Górnicza (Photo: Zbigniew Tabaczyński).

The caves of Prokletije Mts. developed on tectonic
discontinuities or along bedding planes. Vertical invasion
vadose passages (Górnicza, Lodowa, W Trzech Kopcach
caves) predominate in most caves. In some caves, short
horizontal passages (Gigant, Nibyczarna-Babina Sisa)
occur as well, except of Čardak in the Greben Massif which
wwas known before. Generally, the Prokletije caves are
poor in speleothems; more frequent was found in the
horizontal part of the Gigant and Čardak caves (stalagmites,
stalactites, moonmilk and other).

Figure 4. The Ropojana Valley (Photo: Krzysztof Najdek).

Among discovered caves the longest and the deepest are:
• Jaskinia Górnicza 03 013 (depth of -516 m, length of
1,218 m) (Fig. 5)
• Jaskinia Lodowa 03 110 (depth of -451 m, length of
1,956 m) (Fig. 6)
• Jaskinia Nibyczarna-Jaskinia Babina Sisa 03 015-03 131
(depth of -236 m, length of 1,611 m)
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The exploration and scientific activities is conducted in
agreement with the Speleological Society of Montenegro
and the National Parks of the Montenegro. All result of
exploration are on the website: www.prokletije.pl.

Kardaś R, 1978. Zjawiska krasowe w okolicach Gusinje (góry
Prokletije, Jugosławia). Kras i speleologia, 2, 110–114.
Kicińska D, Najdek K., 2007. Prokletije – góry przeklęte. Jaskinie,
1, 46, 20–22.
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Taternik, 2–3, 40–45.

References

Kur J, 2008. Eksploracja w Jaskini Savino oko 26-30.10.08.
http://www.hotdive.com/news,117,more.html

Biegała N, Kicińska D, Najdek K, 2009. Prokletije (Bjeskhet e
Namuna) 2006–2009. In: Gradziński M., Kicińska D,
Szelerewicz M, 2009 (Eds). Polish Caving 2005–2009
(Published on the occasion of the 15th International
Speleological Congress). Caving Commision of Polish
Mountaineering Association, 44. Wyd. Firma Rysunkowa
Szelerewicz, Kraków, 20–22.

Najdek K, 2007. Prokletije – Bjeskhet e Namuna 2007. Taternik,
3–4, 50.
Najdek K, 2008. Prokletije – Bjeskhet e Namuna 2008. Taternik,
3, 46.

Cvijič J, 1913. Ledeno doba u Prokletije i okolnim planinama.
Glasnik Srpskie Akad. Kraljevske, XCL, XCIII.

Najdek K, Kasza A, 2008. Prokletije – Bjeshket e Namuna 2008.
Jaskinie 3, 52, 21–24.

Kasza A, Kicińska D, Najdek K, 2010a. Jaskinie i zjawiska
krasowe w górach Prokletije. Mat. 44. Symp.
Speleologicznego, Wisła 2010, 46.

Mulić R, 2009. Plavsko-Gusinjske Prokletije, četrdeset
planinarskih staza. Planinarsko društvo “Karanfili”, Gusinje
2009, 1–213.

Kasza A, Kicińska D, Najdek K, Tabaczyński Z, 2010b. Prokletije
Belič 2009. Jaskinie, Kraków, 2, 59.

Figure 6. Jaskinia Lodowa (Photo: Mariusz Woźniak).
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VOLCANIC CAVES AND PETROGLYPHS OF BORLUK VALLEY – KARS
(EASTERN TURKEY)
Ali Yamaç
OBRUK Cave Research Group; Acikhava Apt. 16/7, Nisantasi, Istanbul, Turkey, info@obruk.org

Borluk Valley which continues 6 kilometers towards the east of Magaracik Village of Kars had long been known by its
petroglyphs, rather than its caves. However, in 1942 in some caves of that valley, an archaeological survey had been carried
out by Prof. Kılıç Kökten and some prehistoric findings had been documented. According to microliths and scrapers that
he had found in the caves around Azat and Magaracik villages, Mr. Kokten claims in his article that those caves were all
Paleolithic settlements. In this poster presentation, Borluk Valley of Kars, which has an archaeological and cultural
importance, will be explained in details, in addition to the caves that were explored. Magaracik Cave, which Prof. Kokten
searched 70 years ago and wrote about the importance of findings in detail but had not indicated the exact location, was
also found, measured and mapped.
In this poster presentation, those caves and their volcanic formations will be explained. Also, the need for preservation of
that area will be emphasized with some interesting examples of petroglyphs.

1. Introduction

nor had anybody known of its exact location. Another
research study made in this valley is by Prof. Oktay Belli.
About 200 rock pictures were found out during his recent
visits to the area.

Borluk Valley was formed as the result of thousands of years
of Borluk Stream erosion which starts 18 km southeast of
Kars traverses Magaracik and Azat villages. The stream
mingles into Kars Stream at a point a little more north-west,
close to Karacaoren Village.

We found five caves and one church carved into rocks
during our exploration at the valley. None of them were ever
researched nor published before, other than Magaracik
Cave. Today we know that there are very few caves that are
composed of andesite and ignimbrite in Turkey. So, these
five volcanic caves are of great importance.

Figure 2. Plan of Scarlet Church.

Figure 1. Location map of Borluk Valley, Kars.

Prof. Kilic Kokten made the first scientific research in
Borluk Valley in 1942. He published an article where he
drew attention to the caves of the region and gave
information about the prehistoric materials found in the
area. When he went to the region two years after his first
research, he made an excavation of a drilling at the entrance
of Magaracik Cave and by looking at the finds he wrote that
this cave was most probably a Palaeolithic settlement.
Nobody had ever went to the mentioned Magaracik Cave

About 3 kilometers to the southeast of Borluk Valley there
is a church carved into the rocks which was named Scarlet
Church by the villagers. It is far from all the settlements in
the midst of a deserted place. In spite of the long time
elapsed and the damage that men have given, some
embroidery can still be seen in the dome and on the walls.
During the same exploration, a detailed measured drawing
of this structure, which was never investigated nor
published, is made.
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2. Geology of the Area
It is estimated that the most forceful stage of volcanic
activity lived in this region is about 6–7 million years ago.
This stage is charactarized by widespread rhyolitic - dacitic
pyroclastic products and interval lava additives on the
surface. It is thought that this material has been driven to
the surface from different volcanoes by Sub-Plinia and
Plinia high-energy explosions rather than by flow. It is
observed that there is ignimbrite and obsidian besides
pumice/ash rubble spread over large areas on the surface.
Domes and massive lava sequences were formed in
southern Kars by ascending of andesitic lava to the surface
again 5–6 million years ago. Volcanic activity has been
active, especially in western Kars, and has caused the
formation of plateaus in the region mostly in this period.
Volcanics of Khorasan, which are widely located in
northern Khorasan, were formed 4.1 million years ago.
Where as, Aladag volcano was formed 3.5 million years
ago, which is more to the eastern region. However, the
basaltic and andesitic lava flows observed in a large area
from north to south of Kars Kagizman continued, until the
last eruptions occurred 3 million years ago.

Figure 3. A group of petroglyphs in Borluk Valley.

In the andesite under rock shelter pictures of non-existing
varieties of deer, wild cattle, wild boar, mountain goat,
mountain sheep along with a variety of kinds of animals
that cannot be percieved precisely and figures of the Mother
Goddess, hunter shooting an arrow to animals, drawn using
scraping the rock surface and line-pounding emphasis
techniques, can be seen. More than two thirds of these
hunting animals are wild sheeps and goats.

3. Petroglyphs of Borluk Valley
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Abstract. Rio Grande do Norte is a state in northeastern Brazil that has a very peculiar karst, characterized by karst
pavements (lapiás) and small caves. This karstic area is located on west side of Rio Grande do Norte, near to Ceara state.
In September of 2003, a team from the National Center for Research and Conservation of Caves (CECAV-RN) located
the entry of a new cave in the valley of the River Apodi, one of the main drainages in the region, near to Felipe Guerra.
Since then, several technical and scientific expeditions were organized for the study of this cave called Gruta do Trapiá,
the most important cave occurrence in the region. This article describes some of these studies carried out in the cave, the
historical aspects of the first cave surveys and the scientific results obtained so far. The cave is mostly consisted by a
single meandering conduit that is a tributary of the Apodi river. The main difficulties encountered during first expeditions
were a syphon in a norrow passage during the rainy season and the anomalously hot temperatures of 34 ºC (93.2 ºF) on
average with week air vertilation, since there is no other entrance. In the biological aspect, collections were made in an
area that is approximately ¼ of the cave, resulting in a list of 47 morpho-species. In the geological aspect, some active
stalagmites has been collected, and should provide data of unprecedented record of climate changes in the region over the
past three thousand years.The Trapiá Cave development reached 2,300 m, becoming the longest cave in Rio Grande do
Norte.
Résumé. Rio Grande do Norte est un état du nord-est du Brésil qui possède un karst très particulier, caractérisé par de
grands champs de lapiés et des petites grottes. Cette région karstique est située à l’ouest de Rio Grande do Norte, près de
l’état Ceará. En Septembre 2003, une équipe du Centre National pour la Recherche et la Conservation des Grottes (CECAVRN) a trouvé l’entrée d’une nouvelle grotte dans la vallée de la rivière Apodi, l’un des principaux bassin à drainage de la
région proche de Felipe Guerra. Depuis lors, plusieurs expéditions scientifiques et techniques ont été organisées pour
l’étude de cette grotte appelée Gruta do Trapiá, la plus importante cavité de toute la région. Cet article décrit quelques
études réalisées dans la grotte, les aspects historiques des premières explorations et les résultats scientifiques obtenus
jusqu’à présent. La grotte se développe pratiquement dans un seul conduit en méandre qui est un affluent de la rivière
Apodi. Les principales difficultés rencontrées dans les premières expétitions sont un passage bas qui siphonne pendant la
saison des pluies, et la chaleur étouffante, en moyenne 34 ºC (93,2 ºF) sans courants d’air, car il n’y a pas d’autres entrées.
Par rapport aux études biologiques, des collections ont été recueuillies dans une zone qui est d’environ ¼ de la grotte,
aboutissant à une liste de 47 morpho-espèces. Au niveau de la géologie, des stalagmites actives ont été prélevées et doivent
fournir de nouvelles données sur les changements climatiques dans la région au cours des trois derniers millénaires. La
grotte Trapia a atteint un développement de 2,300 m, devenant ainsi la plus longue grotte de Rio Grande do Norte.

1. Introduction

metres was occupied by a huge hive of aggressive types of
bees. During this expedition, the CECAV-RN team
preliminarily explored 620 meters of the cave, limited to
the passages that reached by the floods.

The Advanced Base from the National Center for Research
and Conservation of Caves of Rio Grande do Norte
CECAV-RN operates throughout the Northeast region of
Brazil, with the exception of Bahia State. In this region, the
caves did not stand out for its development and, so far, only
one had surpassed 2 km: the Ubajara cave, in Ceará state.

The team returned to the cave in January 2007, together with
Vladir Quintiliano (RN Caving Club) and the Professor
Francisco Cruz from University of São Paulo, to support
new exploration and geological research activities. During
this last operation ran up the conduit over the Northern Cave,
until a moment in which they feel that the CO2 concentration
was too high, forcing the return of the team.

Since 2002 the CECAV-RN has been conducting surveys
over the exposed karst pavements areas where the potential
speleological findings is higher in the Rio Grande do Norte
State within a area larger than 100 km2, where 462 new
caves were discovered. Trapiá cave has been located with
help of local people guidance in September 2003. However,
the exploration only began almost three years later, in mid2006, because its cave entrance, a vertical gallerie of 18

Despite the difficulties such as beehives, flooded conduits,
breathing problems, the possibilitity for potential new
discoveries in cave Trapiá fascinated everyone on the team
and motivated further missions.
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2. History of mapping

pictures taken by the mapping team, that the cave is densily
ornamented with speleothems.

In january 2009, during a caving meeting in Brasilia, Jocy
Cruz, head of CECAV, invited Leda Zogbi and the team
Meandros Speleo Club to explore and survey a newly
discovered cave in Rio Grande do Norte.

We had to wait until 19 September 2009 to return to the
cave. Meanwhile, the team CECAV has been there several
times to check the water level, but it still high. In one of the
attempts they not even entered the shafted entrance, because
the bees were nervous and they retreated before being
attacked.

On February 14, 2009, the Meandros team, composed by
Leda Zogbi, Daniel Menin, and the bio-speleologists Renata
Andrade and Marcelo Kramer went to Mossoró to join the
CECAV-RN staff people, composed by Jocy Cruz, the biospeleologist Diego Bento, Iatagan Mendes de Freitas and
Darcy dos Santos.

This time we had monitored the temperature that changed
dramatically from 29 degrees celcius by the entrance to 34
degrees after passing throught the sifon Thus, these high
temperatures and saturated relative humidity made the
climate during exploration very unconfortable.
We advanced slowly to the point where we had ended up
surveying the last time: we really needed time to adapt
ourselves to this unbearable heat.
Once again, the team worked well despite of internal
climate. The main passage was mostly a long, meandering
gallery with minor straight passages of 5 m wide and 3 m
high in avarage. We found an active stalagmite with more
than 1.2 m high and decided to call this snippet “Chico’s
Paradise,” in tribute to our friend Francisco Cruz, who
certainly would be very happy with this new discovery. We
also found an “avenue” beautiful, straight, with a flat profile
and several yellow round runoff on the roof, which we call
the “The Suns Avenue” because the runoff seemed true suns
ceiling. We found many megafauna bones, some quite large
fixed in the rock, in a room we call “Hall of Bones.”

Figure 1. Lapias Fields of Felipe Guerra region.

To reach the cave, the path is not easy: after leaving the
main road, you take an unpaved road crossing the
“lagedos” (flagstones fields). The region is quite arid,
with a predominance of lapiás endless fields, shrub and
thorny.
The entrance of the cave is located 30 meters from where
the car is parked. It is a sinkhole with a pit in the center. At
the entrance, we saw the bees signaled by CECAV team.
We anchor the rope and descend into the abyss which is
18 m deep.
After a tight passage at the entrance of the gulf, the descent
is beautiful, accomplished between large runoff. Then
reached the riverbed underground-dry this season – the
main conduit of the cave.
The cave is developed by conduits that move in curves, the
floor is sand. We passed a low ceiling and arrive in a large
room with many speleothems, rare for this region, as
gypsum flowers. After two days of hard work, the
topography reached 1,225 m line tape, and the cave could
already be considered the largest cave of Rio Grande do
Norte, passing Furna Feia cave (766 m). After plotting the
the mapped galleries on regional map we found that the
cave was clearly heading to Rio Apodi, and there was still
a significant distance between the end of the topography
and the river, indicating a possible continuity of cave.

Figure 2. Large fossile fixed in the rock.

At the end of this stage, the cave reached 2,100 m. By our
calculations there were still some 500 m to reach the Apodi
river therefore a new assault would be needed before the
rainy season.
On November 7, 2009, the same team got together again
for a new assault.
It took about an hour and a half to reach from the entrance
to the point where we had stopped the topography. We
began to map the cave, but the task was not easy: huge
fallen blocks covered by a layer of slippery mud hindered
progress in the cave. The uncomfortable feelings given by
the humidity increased after every step forward. We were
evolving at the limit of risk, and luckily we had brought a
rope we use to help each other in the most exposed, since
there was no possibility of tying the rope anywhere.

Our desire was to return soon to finish the exploration, but
we had to wait the demise of rainy season in order to avoid
eventual cave floods. Still, there was another attempt in
March 2009, with the participation of Daniel Menin and
Francisco Cruz, who was very interested in using
speleothems for paleoclimate studies. He knew from
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Figure 3. Trapiá Cave map.

3. Biospeleology

After many efforts, we apparently reached the end of the
cave, which is an accumulation of large fallen blocks
covered with mud and many organic wastes, like a great
natural drain. We let a fixed base on a rock at the bottom,

The biological characterization of Trapiá Cave was part of
a larger project that included collections of invertebrates (in
two campaigns, one at the end of the dry season and another
at the end of the rainy season) in 24 wells of the western
RN (municipalities Baraúna, Mossoro, Governor Dix-Sept
Rosado, Felipe Guerra and Apodi), and data collected in 23
other caves in the same area, coordinated by Professor. Dr.
Rodrigo Lopes Ferreira (Drops), UFLA (Universidade
Federal de Lavras, Minas Gerais State). This project
resulted in the dissertation of Diego Bento. The two
sampling campaigns performed on 06/01/2010 (end of dry
season) and 08/04/2010 (end of rainy season), were limited
to those portions before the siphon (about 25 % of the cave).

so that if someday someone could overcome the collapse,
they could connect the topography. The cave reached
2,300 m and became the largest cave in the Rio Grande do
Norte State.
The final map was impressive. The cave is developed
almost by a single conduit, meandering off toward the river
Apodi. There is only one bifurcation that develops into a
much narrower conduit, shortly after the siphon.

Collected in the area, the available trophic resources were:
leaves, wood waste, animal carcasses accidental
regurgitation pellets of owls (mostly near the entrance,
however leaf litter and wood are oftenly delivered by rain
water coming into the cave), organic matter carried by
colonies of social insects (ants and termites), feces of other
vertebrates (frogs and “gias”) and patches of guano bats
(Diphylla ecaudata), the latter being the only resource
widely distributed in the observed area. As might be
expected, the spatial distribution of population did not occur
at random, but strongly dependent on the availability of
resources on site. Other species such as Endecous sp.
(Ensifera: Phalangopsidae) Heterophrynus sp. (Amblypygi:
Phrinidae) and Loxosceles sp. (Araneae: Sicariidae) were
widely distributed throughout the length of the sampled
area.

Figure 4. Satelite image with the survey line and Apodi River.

On the map, you can see that the cave is still relatively
distant river Apodi. We suggest to friends CECAV-RN they
seek from the opposite side, near Rio Apodi, the resurgence
of this cave. By the dimensions of the conduits and the
volume of water that must pass through the cave during the
rainy season, it is likely that upwelling is great, and we can
go the other way, rising from the river to the collapse.

Although it was not the object of the study, were also
observed vertebrates present in the cavity. Among the
mammals the only vampire bat Diphylla ecaudata was
observed (a small rodent, mocó – Kerodon rupestris, dead
probably due to the fall in the abyss of entry was also
observed), with small groups (usually fewer than ten
individuals) and stains guano spread across the entire length

Despite the difficulties mainly related to the heat and
humidity of the cave leading cavers to their physical and
psychological limits, exploring the Cave Trapiá was an
extraordinary adventure.
172

Exploration and Cave Techniques – poster

2013 ICS Proceedings

sampled. Among birds, only the church owl (Tyto alba) was
observed (local food pellets and regurgitation, inclusive),
between reptiles only a green snake (unidentified) and
between
amphibians
frogs
(Ranidae),
“gias”
(Leptodactylidae) and frogs “cururu” (Bufonidae), the latter
being found in areas far from the entrance.

Table 1. Taxa of species found in the cave Trapiá, Felipe Guerra.
/ RN, and population abundances in the two campaigns (end of
dry season and late rainy season).
Morphospecies
Acari
Argasidae – Ornithodoros sp1
Laelapidae sp1
Melicharidae – Proctolaelaps sp1
Macronyssidae sp1
Sarcoptiforme sp1
Sarcoptiforme sp2
Sarcoptiforme sp3
Acaridae sp1
Anoetidae sp1
Amblypygi
Phrinidae – Heterophrynus sp.
Charinidae – Charinus sp.
Araneae
Ctenidae sp1
Gnaphosidae sp1
Pholcidae – Mesabolivar sp.
Pholcidae – Metagonia sp.
Salticidae sp1
Salticidae sp2
Scytodidae – Scytodes sp.
Sicariidae –Loxosceles sp.
Sicariidae – Sicarius tropicus
Theraphosidae sp1
Theridiidae –Theridion sp
Opiliones
Gonyleptidae sp1
Pseudoscorpiones
Garypidae sp1
Schizomida
Hubardiidae – Rowlandius spn.
Diplopoda
Polydesmida-Chelodesmidae sp1
Isopoda
Isopoda sp1
Armadiliidae sp1
Plathyarthridae – Trichorhina sp.
Collembola
Collembola (entomobryomorpha) sp.
Paronellidae – Campylothorax sp.
Blattodea
Blattodea sp1
Coleoptera
Carabidae sp1
Carabidae sp2
Carabidae sp3
Nitidulidae sp1
Tenebrionidae – Zoophobas sp.
Ensifera
Ensifera sp1
Phalangopsidae – Endecous sp.
Hymenoptera
Formicidae – Myrmicinae –
Acromyrmex sp.
Isoptera
Termitidae – Nasutitermitinae –
Nasutitermes corniger
* - Colony (accounted as an individual)

There were large differences between the invertebrate
communities observed in two campaigns: At the end of the
dry season were observed 603 individuals from at least 28
different taxa, while at the end of the rainy season were
1,699 individuals of at least 42 taxa (Table 1). Therefore,
there was a significant increase in species richness and
abundance in virtually all populations, which is probably a
result of increased seasonal availability of resources
imported from the external environment. These results were
also expected in view of the dependency on imported
ecosystem cave resources and, likewise, similar responses
are well documented in the literature for the surface
invertebrates, particularly with strong rainfall seasonality
within dry dry forests environments called caatinga.
The list of species of Trapiá Cave has 47 morphospecies
and is the region’s average (for a total of 47 caves surveyed,
the average wealth observed was 44.21 ± 19.76 species per
well, and the cave of Crotes also in Felipe Guerra, with 101
species is the richest).
Regarding troglobite species (exclusively cave), we found
an earthworm (Annelida: Oligochaeta) and a collembola
(Collembola: Entomobryomorpha), both in puddles of
water dripping with patches of guano Diphylla the “dome
of the animals.” Although the number of troglobitic species
is not considered high (the cave of Troglobites also in Felipe
Guerra, have so far 11 species troglobite and caves are
common in the region with more than two species
troglomorphic), these species were not found in any other
cave and are probably new to science, having been sent to
taxonomists for formal description.
Another aspect worth mentioning is the abundance of two of
the most venomous spiders in Brazil, Sicarius tropicus and
Loxosceles sp. (Both family Sicariidae). Sicarius tropicus
were observed mainly near the entrance, but Loxosceles sp.
(Brown spider) were observed throughout the sampled length
of the cave, being particularly abundant in the north hall just
inside the entrance (where the gypsum flowers) but also
frequent throughout the Southern portion of conduit.
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Highlighted lines correspond to troglomorphic taxa.
Figure 5. Earthworm with troglomorphic features.
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Lepidoptera sp1
Tineidae sp1
Psocoptera
Psyllipsocidae–Psyllipsocus sp.
Thysanura
Nicoletiinae sp1
Oligochaeta
Oligochaeta sp1
Gastropoda
Streptaxidae-Streptaxis sp.
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The most of dated speleothems stopped growing at about 4
thousand years ago which is consistent with the aridity trend
and the establishment of semi-arid climate in the region
suggested by higher values of oxygen isotope ratios in the
record. The goal of this new study on Trapiá cave
stalagmites is to understand the higher frequence climate
variability in the region during the last three thousand years.
This study can give new insights into the origin of intense
droughts episodes tha has impacted human occupation since
the first settements of immigrants in the region 400 years
ago until today.
Samples were studied in America. The results were very
interesting because it showed that almost all speleothems
stopped graduating four thousand years ago, which
indicates establishment of semi-arid climate in the region
since then. In fact, the climate became drier in the northeast
for the past four thousand years while in much of Brazil
became increasingly humid. The paleoclimate data from the
caves of the RN became central to discussion of the origin
of climatic contrasts on the South American continent.

Highlighted lines correspond to troglomorphic taxa.

These spider occurences need caution especially because is
necessary go crawling during exploration by the spelunkers
to creep forward. Although accidents with these spiders in
caves are relatively rare, such aspects should be taken into
consideration in any work on cave Trapiá.

Working with a stalagmite of Furna Feia, also from Rio
Grande do Norte, we had surprising results about the
climate based on the variation of chemical composition over
the past 3,700 years and completed a climate record of the
last 26,000 years that was published in Nature Geoscience
in 2009. However, this sample was an only child and this
variability in chemical composition had to be tested in other
samples to see if they really correspond. We needed more
samples.
The first time we went to Trapiá cave was looking for a
sample that was actively growing in the cave, something
that had failed to find in Rainha cave. In the first trip, time
was short, and only visited the starting areas of the cave.
After the exploration and surveying expedition performed
by of CECAV-RN and Meandros teams, we were informed
that they had found active speleothems, but it tooks several
visits to the cave until we could cross the siphon and reach
the room where the stalagmites were.

Figure 6. Amblypygi Heterophrynus sp with juveniles on the
abdomen.

It should be noticed, again, that only about ¼ of the cave
was biologically sampled, thereby, surveys in the areas after
the siphon will be necessary.

I had particular interest in knowing that such conduct from
“Chico’s Paradise”. Really that place is something quite
unusual for the region as a cave high concentration of large
candle shape stalagmites. In fact, we could find adequate
active stalagmites that are already precisely dated and have
been studied by a graduate student at University of Sao
Paulo, under supervision of Prof. Cruz. These new
speleothem records will soon provide precious informations
on regional climate variability.

Now, with the addition of biological data, besides the
remarkable dimensions in length, area and volume and the
presence of rare speleothems in the region, we can affirm
that the cave is also an essential habitat for species of rare
and endemic troglobitic fauna.
More than ever, there are many attributes to define the Cave
Trapiá as the jewel of Rio Grande do Norte’s caves.

4. Paleoclimate studies in the area of Felipe
Guerra-RN
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Studies of the past climate variations in the Rio Grande do
Norte has been performed since 2004, using stalagmites
from Rainha cave which is located nearby Trapiá cave.
The previous paleoclimate record is based on speleothem
Isotope records dated by using U/Th geochnology technique
of the last 26 thousand years (Cruz et al. 2009).
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1

In this article we consider the largest, interesting and meaningful man-made underground structures of North-Western
Russia, which are located on the territory of Leningrad and Pskov Regions and the Republic of Karelia. These are:
Sablinskaya, Staroladozhsky man-made caves, Petrovskaya underground quarry, cult caves Svyataya (“The Saint cave”)
and Dolozhskaya, Taitsky sluice-way (Leningrad Region), underground complex of the Pskovo-Pechersky Dormition
Monastery (Pskov Region), mine workings of Ruskeala and Rogoselga fields (Republic of Karelia). This review does not
include fortifications and modern existing fields.

1. Introduction

structures. From the Middle Ages, various underground
cavities were built in castles: hiding-places (siege wells to
provide water in the case of siege), mine galleries, passages
for messages within the fortress walls. However, nowadays
they are destroyed or inaccessible for a visit. During the
XIX–XX centuries many facilities were built for military
purposes: hideouts, communication trenches, fire positions,
missile silos, warehouses.

The North-Western region of Russia is located at the
junction of two major tectonic units – the Baltic Shield and
the Russian Platform. The Baltic Shield is composed mainly
of Upper Archean and Proterozoic igneous and
metamorphic rocks. This region is characterized by
minerals as iron, copper and tin ores, marble and granite.
The majority of the Republic of Karelia territory is situated
on the Baltic Shield, which determines the features of the
history of mining here, as also a large number of old mine
workings.

Other types of structures are also quite common in the area.
Basically they are underground hydraulic engineering
constructions: sluice-ways, sewers, drainage structures.
Complex systems have been preserved in manor-parks
property, which were constructed in the XVIII century.

The territory to the south of the Baltic Shield is composed
of rocks of the sedimentary cover of the Russian plate. In
its structure, Lower Cambrian – Lower Carboniferous
sedimentary rocks predominate, represented by sandstones,
shales and limestones.

Underground cult structures are interesting enough, that are
known from the XV–XVII centuries and are related to the
Eastern Christian tradition (the Orthodox Church). There
are the following types of sites: cave monasteries, cave
temples, caves of hermits, burial structures, natural
pseudokarst caves with revered holy springs.

In this region numerous underground mine workings are
present (Figure 1), which have been subdivided based upoin
the types of minerals (Dolotov 2010). These mines were
created for: 1 – Ore (iron, copper), 2 – Fossil fuel, 3 –
Building material, 4 – Raw materials for the glass industry.

For these purposes man-made underground structures were
constructed and also natural caves were used, mainly in
sandstones. The arches of natural caves sometimes were
strengthened by stonework, and cavity volume was
increased by mining penetration method (Agapov 2012).

Among the underground architectural structures the
following stand out: 1 – residential, 2 – manufacturing, 3 –
protective (fortification), 4 – transport, 5 – cult sites.
The mining has received active development in this region
since the XVIII century. Various ores (iron, copper, etc.)
were mined in mines by underground method. The mines
were used to extract fossil fuels (oil shale), in underground
stone-pits – limestone and marble (for building purposes),
sandstone (for glass industry). Part of the mine workings
were carried out for mineral exploration.

2. Leningrad Region
The mining in the Leningrad region in pre-Petrine Period
was weakly developed. Mine workings were preserved,
which were created in the XIX– early XX centuries on
deposits of Cambrian quartz sandstone of
the Ladoga and upper Sablinskaya formations. The largest
deposit – Sablinskoye, is located 40 km to the SW from St.
Petersburg, at the Leningrad Region. Layers of this deposit
contain 95 to 99 % of quartz and could be used for the
manufacturing of glass without enrichment. In Sablino
15 mines are known, the largest of which – the
Levoberezhnaya (Fig. 2), has a length of 5,500 m
(Lyakhnitsky 1990; Dolotov and Sokhin 2001).

In this region there are various types of architectural
underground structures. The most common are underground
structures of entertainment character in park ensembles,
which were built from the XVIII century (grotto). During
the war time natural caves could be used as a temporary
shelter by the population.
Underground structures for manufacturing are rare. Most
common are the protective (fortification) underground
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Figure 1. The overview map with the location of underground structures. Compiled by I. Agapov. Based on the 2013 Yahoo map.
Legend:1 – Pskovo-Pechersky Monastery; 2 – Izborsk Fortress; 3 – Pskov City; 4 – Dolozhskaya Cave 5 – Posolotino Novye
Pechora Cave; 6 – mines near of Korpovo Village; 7 – mines near of Borshevo Village; 8 – Svyataya Cave; 9 – underground passage
from the Gatchina Palace; 10 – Petrovskaya Cave; 11 – Taitsky sluice-way; 12 – Levoberezhnaya Cave; 13 – mines near Apraksino;
14 – Quartz sandstone deposit StaroLadogskoye; 15 – Rebrovskoe Quartz sandstone deposit; 16 – Dvuglazka Marble Mine; 17 –
mines near Pitkäranta City; 18 – Rogoselga Mine; 19 – Nadezhda Mine.

The deposit was worked by room-and-pillar method with
free clearing space. The mines in the Sablinskiy field are
horizontal, but because of breakdown from vaultss, their
ceiling reaches heights up to 7 m. The height of adits and
drifts reach about 2 meters, chamber height are 3–4 m, with
a capacity of productive layer of sandstone of 3 m. The
largest landslide halls reach in length some 20 m. Due to a
collapse in the domes of the cavities, Ordovician limestones
were exposed, thus starting the karst processes. Landslide
processes have revealed the narrow slotted cavities in the
limestones that arch the mine workings,which were formed
under the influence of the glacier. In the Levoberezhnaya
Cave were formed three lakes and a stream. In the
Sablinskie caves 8 species of bats hybernate during the
winter. The complex inspection of the underground cavities
was carried out in the last century (Lyakhnitsky 2006). The
Levoberezhnaya Cave was equipped for underground
excursion routes. The work included the fixing of unstable
areas, concreting of heads of inputs, regulation of the
hydrological and microclimatic regimes, laying of the
excursion trails, etc. On the surface a number of tour routes
was also developed. Now it is one of the most valuable of
the environmental and excursion centers – the Museum of
Geology and Mining. In fact – this is the first geopark in
Russia.

Figure 2. Levoberezhnaya Cave. Topographical survey by
Y. S. Lyakhnitsky, 1990.

in the Rebrovsky deposit is about 507 m long. Mining
workings of Staraya Ladoga deposit are the largest reserve
for wintering bats in northern Russia.

The Cambrian quartz sandstone deposits StaroLadogskoye
and Rebrovskoe are located at the east of the Leningrad
region. The method of processing and the geometry of the
mine workings are similar to the Sablinskiy deposit.

The minings for the extraction of Devonian quartz
sandstone are located in the south-western districts of the
Leningrad region. The major areas of minings are the
surrounding of Borshevo Village and uninhabited Korpovo
Village. They were worked out mainly at the beginning of
XX century by the room-and-pillar method with free
clearing space. From minings in Cambrian sandstones they
are distinguished by the highest section of adits and drifts,

The largest mine in StaroLadogskoye deposit has a length
of about 6,000 m, by the topographical survey of the
Speleology section of the Mining Institute, that was made
in 1968–69. (Dolotov and Sokhin 2001). The largest mine
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is associated with a greater capacity of the productive strata.
The largest cave in the vicinity of Borschovo Village has a
length of about 560 m, whilst in the vicinity of Korpovo
Village the longest cave is about 400 m.
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as curative. Most of these caves are located in the area to
the South-West of the Leningrad region. Some of them have
been enlarged by man, and represent therefore nowadays a
combination of natural and man-made cavities.
The biggest one is the Svyataya Cave, showing a total
length of about 130 m.

The main building material is a limestone,which was
extracted since the first half of the XIX century through the
first half of the XX century in underground mine workings
in the Leningrad region. It was quarried on theIzhora
Plateau near the villages of Telezi and Aropakkuzi from the
layers of Llanvirnian tier. It was produced at more than 20
working sites, typically reaching in cross section from 5 to
3 m in height. The largest quarry is near the village Telezi,
it is the Petrovskaya stone-pit. The entrance was long ago
closed by a collapse. In 1980 it was found by members of
the Leningrad Spelestologycal Party (Miroshnichenko
1992). Galleries and drifts in the Petrovskaya stone quarry
have a total length of 360 m, they are located on two levels,
with the altitude difference between the highest and the
lowest marks of the floor level of the mine being about
5 metres. The width of adits and drifts is up to 6 m, the
height is up to 4 m. An engineering and geological survey
of the stone quarry showed that it is extremely dangerous
because of the possibility of falls and collapses. The archs
of the mine in many places is composed not from
Ordovician limestones but from the overlying Quaternary
moraines. In order to preserve this unique monument of the
history of mining, it is necessary to strengthen the arches
of the mine and cleaning it from garbage, left by the
unorganized visitors. Near the station Apraksino, on the
banks of the Nazia River was mined the limestone of the
Arenigian stage of the Lower Ordovician. It was extracted
through the method of developing room-and-pillar, with
partial backfilling of the cleaning space. The galleries have
a length up to 70 m. Adits and drifts are rectangular in cross
section, high up to 2 m, and wide up to 4 m.

This is a unique system of pseudokarst cavities, formed by
suffusion and erosion processes, associated with
underground streams in non-karst red Devonian sandstone,
in the beautiful cliffs of a small stream – a tributary of the
Oredezh River. It starts out from the spacious picturesque
grotto with a height of up to 5 meters. The spring water,
flowing out of the cave until the middle of the XX century,
was considered curative and was revered by locals
residents. Subsequently, because of its pollution, its worship
was stopped. Now the Svyataya Cave is mostly used as a
tourist site (Lyakhnitsky 2006; Agapov 2008).
The second longest (only about 21 m long) is the
Dolozhskaya Cave, known since the XVIII century.
According to legend, nearby the cave an appearance of the
Virgin had occurred. Inside the cave there is a healing
spring. This natural pseudokarst cave in the Devonian
sandstone was also in this case enlarged by man. At the
beginning of XX century at the entrance to the cave, the
terraneous Church of the Assumption of the Blessed Virgin
was built, which was destroyed later on, during the middle
of the XX century. Out of the temple, by the covered
gallery, the passage to the cave was built. Now the cave is
widely used by people for religious purposes. Once a year
a religious procession goes to the cave (Agapov 2008).

3. The Republic of Karelia

In the Leningrad region all types of architectural underground
structures are known. The most common are a variety of
underground fortification structures, built from the XIX to
the early XX century. These are various types of forts and
fortresses, that, however, will not be treated in this article.

In Karelia the mining industry, as a matter of fact, did not
exist during the pre-Petrine Period. Evidences of use of
underground mining before the XVIII century, except for
Ruskeala, have not been found up to today. The iron ore
was mined in Karelia in several deposits, located in the
North Ladoga, and the copper ore in deposits located near
the Ladoga and Onega Lakes.

Only one available underground passage of the XVIII
century is known today, leading from the Gatchina Palace
to the grotto “Echo” on the Silver Lake. Now it is used for
excursions. The length of the passage is about 120 m

The largest area of mining of ore minerals is in the vicinity
of the city Pitkäranta where deposits of copper, iron and tin
were worked out. Most of the deposits in this area are of
the skarn type.

In the suburbs of St. Petersburg drainage systems of the
XVIII to the early XX centuries are present, built under the
city’s parks of Pushkin, Pavlovsk, Gatchina, Krasnoye Selo.

The deposits around Pitkäranta were used from 1810 to
1940. Different methods of mining were used with free
clearing space. Most mines have a vertical or inclined
shafts, extending to a depth of 270 m from the ground
surface. From the shaft, galleries head off at different levels.
To this date, the vast majority of mines were flooded and
are only available for study with the use of diving
equipment. Very little is known about the morphology of
these mines due to bad availability of the information.

The largest-scale hydrotechnical structure is the Taitsky
sluice-way, created in 1772–87 for the supplying of
Tsarskoye Selo (Miroshnichenko 1992). The total length of
the sluice-way is about 15 km. About 7 km of the way are
in the form of so-called “Mine gallery”, traversed by in
limestone at a depth of about 17 m. Along the route of the
gallery has been made 59 mines for excavation. The water
flowed from the Taitskie Springs. By 1905 the using of the
sluice-way was stopped, and it went into decline.

In the Tulamozerskiy district a very interesting hematite
deposit is situated at Rogoselga. It was used from 1870 to
the 1900s. Its underground mines (Fig. 3) are relatively well
preserved. After a short entrance gallery (about 18 m), a
long haulage drift begins, in the ceiling of which are two
huge sloping flattened cavities of a waste vein-shaped

For religious purposes mainly caves of natural erosion and
suffusion in the Devonian sandstones were used. Their
veneration is associated to the springs, which are considered
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hematite body. In their upper part they have an access to the
surface by the through-boreholes. Thanks to this exits, all
the way down to the horizontal drift, it is illuminated by
natural light. In the worked space rotten wooden chock are
preserved. In the bottom part of the second ramp there are
two small pillars, which are still supporting the arches
above.
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quarried for lime burning. During the long years of work at
the deposit, it resulted in several quarries and an extensive
network of underground workings. It consists of three
vertical shaft sinking, connected by galleries and drifts with
large chambers, rooms, located on three levels. After
completion of the work, the two lower levels of workings
and, in part, the upper level, were flooded. The deepest drift
of mine, no. 3, is at a depth of 38 m below the level of
flooding and the shaft extends to a depth of 66 m. The
largest flooded quarry has a length of about 370 m and a
width of 15 by 105 m. The depth of the quarry to the flood
level ranges from 6.4 to 24.4 m, and even up to 25 m to the
flooded floor. It was called the Marble Canyon. Nearby is
another picturesque flooded “Monferranovskiy” quarry and
a beautiful lake. Now on the base of the deposit, the
mountain park “Ruskeala.” is present. It is one of the most
valued geological heritage sites in north-west Russia. In the
primary equipping of the tourist route around the quarry an
excursion trail and a pier with promenade boats were
constructed. The underground space of the deposit –
galleries and large cameras – halls are not used yet. The
largest hall has a length of about 115 m and a width
reaching a maximum of 55 m (Figs. 4 and 5). The arch of
the hall rests on 8 massive columns. The height of the hall
over the water is about 8 m, up to 12 m. including the depth
of the flooded part. To create the underground route it is
planning to use at least two galleries and this huge room.
By combining underground and surface routes, a beautiful
Geopark can be created, which will become one of the best
in Europe (Lyakhnitsky 2006).

The 30-m deadlock transport drift is at the western drift.
The total length of the horizontal galleries of the mine is
about 200 m. The look of these old mines is very
impressive: it is shined by a weak daylight, and covered in
some places with moss and lichens. Not far from the mine
there are the picturesque ruins of the Tulomozerskiy ironsmelting factory. The mine and factory ruins can be
beautiful excursion sites, such as a museum of history of
mining.

Figure 3. Schematic plan of mining by hematite field Rogoselga.
Yuri Lyakhnitsky, with supporting KRPOSR “Kolos” (Karelian
Republic Public Organization of Speleology Researches). 2007.
The legend: 1 – host rocks, 2 – surface, 3 – entrance gallery,
4 – haulage drift, 5 – ramp – the worked space on the steep slopes
of the hematite vein-shaped body, 6 – small lakes, 7 – pillars,
8 – wooden chock, 9 – trench on the surface, traversed by ore
body, 10 – through-boreholes.

Most copper mines, typically small in size, are located near
Onega Lake. The most famous – the horizontal mine
“Nadezhda” – functioned since the beginning of the XVIII
century to 1750–1754 (Miroshnichenko and Khlebalin
2011). Its adits and galleries cover on an area of 52 × 30 m.
In the mine chalcopyrite, chalcocite and oxide copper were
extracted.
Karelia is extremely rich in various construction cladding
and ornamental stones, so there are widespread quarries for
their extraction. Large amounts of granite and marble were
especially extracted. The largest deposit of marble –
Ruskeala – is located in the Northern Ladoga area, at 40 km
from Sortavala city, near the border with Finland. This is
the ancient Novgorod territory, but the village Ruysselka
was firstly mentioned at Nikolsko-Serdobol’sky Pogost in
the Census Book of Korelsky County (Swedish) in 1590.
The first information about its use is related to the XVII
century. In 1766 in Ruskeala the pilot production of blocks
of Proterozoic gray marble began for the construction of St.
Petersburg. In 1817, Auguste Montferrand visited Ruskeala
and chose the varieties of marble for the construction of St.
Isaac’s Cathedral. The Ruskeala marble was also used for
the construction of the Marble Palace and other buildings
and obelisks in St. Petersburg. Later the marble was

Figure 4. Dvuglazka Marble Quarry. Yuri Lyakhnitsky, Igor
Khlebalin, Oleg Minnikov 2010.

4. Pskov Region
In the Pskov region the underground mining is weakly
developed. In the area the quarries are spread for the
extraction of building materials and for the construction of
fortresses and cities. However, the production was produced
mainly by the ground mining method along the sides of the
river valleys. Underground mining of stone was private and
fragmented. The length of the underground quarries do not
exceed an average of 10–20 m. Cases of alabaster
underground mining in the XIX century are known.
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Figure 5. The longitudinal section (section A-A) through the Hall of Columns in the underground marble quarry Dvuglazka (Dvuglazka
marble quarry) in Ruskeala (flooded volume is darkened). Yuri Lyakhnitsky, 2010. Legend: 1 – the host rock, 2 – water, 3 – ice (in
winter).

Alabaster mining was conducted in the winter. In the spring
such minings are often flooded with water, and subjected
to likely collapses of rocks.
In the region there are various architectural underground
structures. The largest is the cult and household
underground complex of Pskovo-Pechersky Dormition
Monastery of the XV century (Agapov 2011). It is one of
the largest Orthodox cave monasteries of Russia. This is the
only monastery in the history of Russia that at any time
since its founding has never been closed. It is constantly in
use and developed over more than 600 years. The
underground complex (Fig. 6) consists of several cavities:
an underground necropolis, cave church, cave cells.
The total length of the passages of the underground
necropolis is 177 m. About 10,000 people are buried there.
It is a system of galleries with burial chambers that have
been cut in the Devonian sandstone. The necropolis is used
as intended to this day.
The cave Temple, the Assumption Cathedral, evolved
during the XV–XVIII centuries. Restorers opened in 1971
frescoes of the XVI century in the altar of the temple. The
temple has length of 18 m and is 20 m deep. The arches of
the church are resting on 10 massive pillars of sandstone,
overlaid with brick. The temple has a terrestrial facade, in
which five windows are made.

Figure 6. Plan of cult underground complex of the PskovoPechersky Dormition Monastery. Computer processing –
I. Agapov. 2013.

The cave monastery cells, where hermits lived, emerged
during the expansion of natural erosion and suffusion caves
by monks. The length of the cells ranges from 4.5 to 13 m.

The scheme is based on the plans from the archives of the Institute
“Spetsproektrestavratsiya” (Special Project of Restoration):
Mikhail Semenov 1966. Drawing by Mikhailov S.P. 1977, Semenov
M.I., Mikhailov S.P. 1975. Drawing by – Mikhailov SP.

On the monastery grounds underground structures for
household purposes are known: cellars and subterranean
reservoirs, in which the Kamenetz brook is running, flowing
through the monastery. Apparently there were also tunnels
for military use, as a monastery in the past performed the
function of a fortress.

Legend: 1 – entrance to the Assumption Cathedral of the XV–XVIII
centuries. 2 – entrance to the underground necropolis of the XV–
XXI centuries. (“Bogom Sdanniya Pesheri”), 3 – the rise to the
second (upper) layer in the Church of the Protection, of the XVIII
century, 4 – the Church of the Resurrection, 5 – the old common
cemetery before 1700, 6 – new common cemetery after 1700.

In the Pskov region several cult caves of natural origin are
present. These erosion-suffusion caves were formed in
sandstone and were later expanded by man. In the northwest
of the Pskov region in one of these caves, in the XVI
century people from the Pskovo-Pechersky Dormition
Monastery founded a new monastery, “Posolotino Novye
Pechori”. The monastery was abolished in the XVIII
century. The length of the cave is about 21 m. The arches
of the cave were strengthened by brickwork. Over the

masonry one burial chamber was built. At the cave entrance,
a bell tower with cell (destroyed in XX century) was built.
Inside the cave there is a healing water spring.
The medieval fortresses of the Pskov region were equipped
with a variety of underground fortifications, the so-called
hiding-places. These are underground passages, intended to
deliver water during a siege. For the most part they have
not been preserved. They are most probably in the fortresses
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In Ouro Preto, the gold extraction was started in alluviums and terraces, later interesting slopes rock masses, through
underground mining. This mining left its marks, which are visible in the surroundings and inside the city. The discovery
of gold in 1711 boosted the socio-economic life in Brazil, especially in Minas Gerais State, creating a new center of
production and consumption. However, the fast population growth generated serious supply crisis in which the miners
could not find food to buy. From the second half of the 17th century, with the gold decline, the Portuguese Royal Family
came to Brazil, and a policy of attention to the mines was started, sending a specialist to observe the mistakes of the miners
and to study and implement methods which could increase the production again. At first, the exploration was limited to
the alluvial deposits, looking for the auriferous gravel. As the time passed, associated to the impoverishment of the alluvial
deposits, the exploration of other kinds of deposits began, and new extraction techniques appeared, in which the workers
opened galleries and tunnels following the layers with gold in all directions. At the slightest sign of impoverishment of
these layers, the miners abandoned that workplace and opened another mine. This lack of technical knowledge accounted
for the existence of several mines with varied extensions. The total number of mines opened during the gold cycle in Ouro
Preto is not known, with some estimates ranging from 1,000 to 2,000 mine openings. Nowadays, many mines have
inaccessible and/or hidden entrances. Some are still used as touristic attraction and/or as source of water collection for
urban supply. The Sociedade Excursionista e Espeleológica (SEE; Excursion and Speleological Society) develops projects
together with the Federal University of Ouro Preto (UFOP) and the local communities. The projects include hikes and
visits to the places with remains of mining activities, aiming to locate and identify these remains, besides raising awareness
of the local population about the importance of their preservation and also intending to recover some of the history of a
time which was essential for the development of the country.

1. Introduction

finally reching the rock masses through underground
mining. Mining activities were developed for over a century
in the place where today lie the cities of Ouro Preto and
Mariana (Domingues et al. 2006).

It is not possible to define who was responsible for
discovering gold in Brazil, and where and when the gold
rush started. Some researchers report about a mulatto from
Taubaté City who found gold in Tripuí Stream, in Ouro
Preto. However, in the last decade of the 17th century,
hundreds of alluvial gold deposits were found in the rivers
and streams in the surroundings of the mining cities of Ouro
Preto, Mariana, Sabará and Caeté, thus starting the gold
rush in Brazil.

These activities left marks still today visible in Ouro Preto
Range (Fig. 1). In the surroundings and inside the urban
area of Ouro Preto there are several records of the gold
extraction. They are cut mountains, aqueducts which cross
the slopes to carry water for the wash down of gold
deposits, and huge reservoirs called “mundeus”, intended
to collect the auriferous mud that came down from the
mountains and underground galleries.

The search for the metal also had a great impact on the life
of the colony and the metropolis itself. Thousands of people
from all over the country moved to Minas Gerais in search
of wealth. In Portugal, it is estimated that around 750
thousand people migrated to Brazil. Although the numbers
seem exaggerated, it is known that it was large enough for
the Portuguese Crown to restrict the coming of the
Portuguese to Brazil, in 1720.

This work focuses on the underground galleries which
besides having a little of the history of the early days of
mining in Brazil, are part of the touristic routes of the city.
They have extensions ranging from just a few meters to
hundreds of meters, and have been object of study due to
their historical and touristic importance and need of
preservation.

The gold cycle meant the colonization and definitive
settlement of a vast region inside the colony, changing
deeply the standard of land occupation and the economic
activity of Brazil-Portugal and of the world. It marked the
beginning of the demographic, economic and political
hegemony of the Central-South region of Brazil,
represented by the transference of the colony capital from
Salvador (BA) to Rio de Janeiro (RJ) in 1763.

2. Characterization of the physical environment
Geologically the city of Ouro Preto is located in the south
part of Quadrilátero Ferrífero, in a large regional structure
known as Anticlinal de Mariana. Ouro Preto is located in
the south corner of this structure. Ouro Preto grew in a large
valley limited by the mountains of Ouro Preto Range in the
north and Itacolomi in the south, where the Funil Stream
runs. The local morphology is characterized by high

In Ouro Preto, the gold extraction started in the alluviual
and terrace deposits, and later affected the slopes, generally
through the wash down of deposits and more friable rocks,
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authorization to search for gold in the name of the Crown
(Eschwege 1883, reedited in 1979). It is in this context that
gold was discovered in Brazi (Figure 2) and the
colonization of the interior of the country developed,
culminating on the foundation of Minas Gerais State, from
the cities of Ouro Preto, Mariana, Sabará, Caeté, among
others, which were nothing more than gold-rich regions.
The gold cycle in Brazil represented the largest surge in the
production of this metal at the time in the world history.
This production remained unparalleled until the great
discoveries in California (USA) in 1848, Australia in 1851,
and especially the discoveries of Witwatersrand, Transvaal,
South Africa in 1886. The gold extracted here between 1700
and 1770 was equivalent to the whole production in the rest
of America, from the discovery until 1850, or yet, to half
of the world production in the 16th, 17th and 18th centuries.

Figure 1. View of Ouro Preto Range.

mountains of linear development, plain areas of different
altitudes and long valleys. Approximately 40 % of the area
shows slopes traits between 20 % to 45 % and only 30 %
with gradients between 5 % and 20 %. Steep zones are
common in all urban area (Gomes et al. 1998).
The traces of the relief, rugged with very steep slopes and
deep valleys show a clear dependence on the local geology.
The main element of the landscape in the urban area is the
Ouro Preto Range, the north limit of the urban area and
watershed of two large regional hydrographic basins, the
Rio das Velhas and Rio Doce – Ouro Preto is on the
headwaters of this last river. The altitudes are around 1,400
meters a.s.l. at the highest parts of the city, with Itacolomi
Peak, the highest point of the region, at 1,760 m a.s.l.
The bedrock consists of metasediments of PaleoProterozoic age – phyllite, quartzite, schist, and iron
formations – deeply affected by tectonics. The regional
structure is oriented in East – West direction, having the
general dip layers to south, in the order of 30º, at the south
corner of the structure, and has similar values, dipping to
north in the north corner of it. There is a common
occurrence on the top of the slope of the hills, the superficial
cover of lateritic crust, usually called “canga”. These
materials, of Tertiary – Quaternary age, are products of
supergenic alteration in tropical climates. The soils, when
occurring, are thick, on the order of centimeters, except for
some larger spots of colluvial material. The lithology
feature, besides marked metamorphic exfoliation, planar
discontinuities (faults and cracks), which deeply influence
the geotechnical behavior (Sobreira and Fonseca 2001).

Figure 2. Historical photo of mining.

During the first half of the 18th century, the development of
the captaincy of Minas Gerais and the wealth generated for
the Crown made Ouro Preto, then called Vila Rica, capital
of the province and one of the largest populated centers in
the interior of Brazil. According to Ferrand (1894, reedited
in 1998), in 1750, a period that can be considered the
heyday of gold extraction in the region, there were around
80,000 workers extracting gold in Ouro Preto.
In the second half of the 18th century the gold production
started to decline due to the precarious techniques and lack
of investment in technology. At that time, the Portuguese
Crown was only focused in charging taxes on the gold
production – named “Quinto do Ouro” (Fifth of Gold –
20 % of the production). When Napoleon invaded Portugal,
the Portuguese Crown sought out for refuge in Brazil and a
new policy of attention to the mines was started. With the
arrival of Baron Von Ezchwege in 1811, a new era in the
history of gold mining in the country began.

3. Historical context of the gold cycle in Brazil
With the Portuguese arrival in Brazil in 1500, an intense
campaign in search for gold, silver and precious stones was
started. However, the settlements were concentrated on the
coast. Due to the mountainous relief, existence of a dense
forest and several tribes of fierce and even some
anthropophagic native indians, the colonization of the
interior of the country seemed impossible. But, from the
mid-17th century, the residents of the Province of São
Vicente (São Paulo State nowadays), started the incursions
to the interior of Brazil, looking for indians as slaves and
for gold. These incursions were called “bandeiras” (flags)
since they carried a flag of the King of Portugal as a
passport for the conquest of the country and as an

4. Formation of mines
Right after the discovery of gold, the extraction works were
limited to the alluvial deposits in the riverbeds. The
prospectors, “faiscadores” as they were called, searched for
the gold gravel, revolving the riverbeds using small tin,
sometimes wooden, plates to separate the visible gold with
their hands. Later, slaves from Africa, who knew better
mining techniques, led to an increase in the gold production.
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evolution of gold mining was the development of
underground mines.
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also develops activities in these galleries. In this context,
the old gold mines, characterized as artificial underground
cavities, make excellent sites to train speleological
techniques and to conduct researches in the diverse areas
that involve speleology. This study presents the works
carried out by the SEE, which include the use of old
underground gold mines of Ouro Preto City to train the
speleologists in the mapping techniques and activities from
the scientific and broad points of view of the works
focusing on the preservation of old mines and their cultural
importance as a memorial of the gold cycle in Minas Gerais.

The underground mines were open, usually, in the middle
of banded iron formations (BIF) (Figure 3), locally known
as itabirite and in some points in quartzite and phyllite. In
general, they followed the several layers of quartz rich in
gold, although, the banded iron formations also had some
gold.

Almost after 200 years of opening, some mines have become
touristic attractions and/or as source for water supply
(although the consumption of water from mines have been
restricted by public administration due to high arsenic
content). The mines dedicated to tourism (Figure 4) have
artificial light among other modifications inside, in order to
be more pleasant for the tourists.The guided tours describe
the mining techniques employed, present a historical view of
the activity through the years, and tell, in many cases, a little
of the local folklore and legends involving the gold rush.
Naturally, there are water infiltrations in the mines that
locally are so intense that to generate a great water flow
inside the mines. Other mines reached the groundwater and
after the end of the activities were partially flooded forming
large water reservoirs. In January, 2012, intense rain caused
several landslides in the slopes in Ouro Preto. In one of
these landslides, a flooded mine used for water supply in
the 18th century was rediscovered. The entrance of this mine
is covered with bricks dating back to the beginning of the
20th century, and there is a pipeline that still supplies the
main water reservoir of one of the main neighborhoods of
Ouro Preto.

Figure 3. Entrance of a mine open in the iron formation.

The workers opened galleries and tunnels following the
layers with gold in all directions. At the slightest sign of
disappearance of this layer, they abandoned the works and
opened another mine. The tunnels and saloons opened by
these workers varied from mine to mine but usually the
tunnels were 1 meter wide by 1.8 meter high and the
saloons had an average area of 30 m2. This clearly
demonstrates the low geological knowledge of the miners
who did not observe the dip direction of the mineralized
layers. This generated, in some mines, saloons of
considerable dimensions (saloons with areas of up to
120 m2), because when removing material with unknown
dip, the miners had to widen the galleries to look for the
correct angle. Depending on the country rock, some mines
could present stability problems such as landslides or loose
blocks, but the mines rearely have these problems.

SEE performs activities of research and training of
speleological techniques with its members in the old gold
mines in Ouro Preto. The main activity is the prospection
and mapping of the mines. Some mines present magnetic
interference due to the iron formations where they were
excavated. This interference prevents us from using the
compass, thus it is necessary the use and improvement of
mapping techniques without a compass.

This lack of technical knowledge accounted for the
existence of several mines with varied extensions. The
largest are over 400 meters long on average, with some
mines over 1,000 meters long of development.
The total number of mines opened during the gold cycle in
Ouro Preto is unknown, and it is difficult to quantify them
today, due to the growth of the city that makes it difficult to
access many of the entrances. However, Lacourt (1937)
surveyed 2,350 mines or mine entrances in the Ouro Preto
Range. Nowadays many mines have their entrances
inaccessible and/or hidden for several reasons.
Figure 4. Mine used for tourism by the owner of the area.

An interesting aspect in the mines is the presence of
“pseudo-speleothems” formed from the dripping and
leakage of water containing iron oxides, manganese oxides,
clays and sand (Figure 5). The mixture of these substances
gives rise to stalactites, stalagmites, draperies and micro-

5. Current use of the mines and activities
developed by SEE
The Sociedade Excursionista Espeleológica (SEE), known
for its research activities in different karstic environments,
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rimstones. They are delicate structures, which fall apart to
the slightest contact because they lack a cement substance
such as calcium carbonate. Their color varies in tones of
red, yellow, gray and even blue when there the presence of
arsenic.
The environment within the mines is very similar to that of
a natural cave, with little or no light, constant temperature,
presence of water and energetic support. Many mines are
today the habitat of bats, crickets, moths, and opiliones.

Figure 6. Waterfall from a higher level in Mina Felipe dos Santos.

SEE seeks yet in these works to draw the attention for the
importance of preservation of the old gold mines in Ouro
Preto given its historical importance, and nowadays, as a
source of income for the local residents as touristic
attractions. Moreover, the knowledge and mapping of these
mines enabled the identification of old water reservoirs still
in use. This has drawn the attention of the authorities due
to the high content of arsenic in these waters, making them
inadequate for consumption.

Figure 5. Speleothems being formed inside a mine.

The authorities and institutions responsible for ensuring the
preservation of this heritage should implement measures of
preservation and awareness raising about the importance to
preserve these monuments and to encourage controlled
visits in these places in order to spread the knowledge and
the spirit of preservation of the Brazilian historical and
cultural heritage.

SEE has recently carried out a project together with the
community of Veloso Hill in Ouro Preto. In this work, trails
were made along the ruins and mines in the area for the
community. The project had many visits to many structures
remaining from the 18th century mining specially the
aqueducts, water reservoirs, “mundéus”, abandoned
buildings and mines. These works involved the location and
positioning of these structures, followed by the mapping of
the mines with greater cultural and historical expression.
Five mines were mapped in total.
One of the mines selected for mapping, called Mina Felipe
dos Santos, has many levels, with the first being used for
touristic visits. The mine is also used for water harvesting.
(Figure 6) shows the volume of water that overflows from
one opening that serves as access to a higher level of the
mine. The mapping works have not been concluded in this
mine. So far, 400 meters of galleries have been mapped and
it is estimated that there are more than 1,000 meters left to
conclude the work.
Another mine studied in this project is called Mina do Du.
In this mine, the mapping was concluded unveiling a linear
development of 290 meters (Figure 7). This mine has a well
which leads to a lower level (nowadays flooded). In this
well it is possible to see a wooden ladder that connects the
levels. However, because of safety reasons and lack of
equipment, the lower level was not explored.

6. Conclusions
The several remains of mining, including the underground
mines, are part of the tourist routes of the city of Ouro Preto
and are an important landmark in the gold rush history in
Brazil. The objective of this work was to introduce and
spread the works of SEE on speleological mapping, besides
providing its members with an important field for training.

Figure 7. Map of Mina do Du.
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THE SUGANO MINES OF ORVIETO (ITALY): ALUMINIUM FROM
VOLCANIC FIRE
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A speleo-minerary research discovered two mines in the Orvieto district, in Central Italy, where was extracted a leucite
rich ore, a mineral formerly used to obtain alumina, an intermediate in the aluminium industry. The mining works started
in the early 30s, and reached the peak in the mid-thirties till 1937, when the veconomic conditions imposed the
abandonment of the exploitation. For the processing of this specific mineral G.A. Blanc developed an acid treatment.
Blanc was an italian scientist known to the scientific community for his studies in ethnology, but almost unknown for his
important researches in the mining industry and radioactive elements, in fact he was for two years a collaborator of the
Curies in their laboratory in Paris. Here is given a short description of the site and the mineral, and a few aspects of the
alumina extraction are represented with the process registered by Blanc.
Eventually, the results of a series of radioactivity measures of the leucitic ore, a phonolytic tephra, are presented. Some
aspects have dealt with a short text demands here, and will be developed in a further research text.

Introduction

The tunnel named Sugano 1 deeps horizontally in the rock
bank for a lenght of 142 meters; the rock is phonolitic
tephra with big leucite crystals.

The aim of this work is the description of a leucite mine,
located a few kilometers west of Orvieto, Central Italy, at
about two hours drive north of Rome.

Along the tunnel there are two couples of recesses, opening
at the opposite sides of the tunnel axis. On the vault there are
two shafts heading upwards, the smallest halfway along the
tunnel, and a deeper one at the end, the walls of which were
populated of hundreds of bats hanging upside down. These
bats were recognized as Miniopteris Scheibersii (Fig. 1).

The geological substrate is volcanic, typical of the Volsinian
system, at the edge between the above-mentioned volcanoes
and the low sea sediments of a Quaternary Thyrrenian gulf.
The Volsinian was a system whose activity spans from
600,000 to about 100,000 years ago, consisting of several
eruption centres, mostly explosive, whose products are
alkaline and very rich in potassium, consisting mainly in
tephra.
The volcanic events underwent four phases, the second one
of which is responsible of the calderic collapse that formed
the basin of Bolsena lake, the biggest european volcanic
lake (Varekamp 1980).
During the eruptions that formed the rocks of these ores,
the calderas depression were not formed yet, and in the
place of the lake, there were several volcanoes erupting
clouds of ashes and lapilli.

Description
The mining site consists of two galleries named Sugano 1
and 2, respectively 142 and 76 metres long, the storage
squares and the washing plant with hoppers, where raw
material was crushed and enriched.
In the area there are hydraulic tunnels of etruscan age, over
20 centuries ol; one of these was restored and kept in
working conditions during the Middle Age, by monks of
the nearby monastery of Holy Trinity. Nowadays they are
still functioning and serving drinkable water to several
households around the place.

Figure 1. Miniopteris Schreibersii bats by the end of Sugano 1 tunnel.

There is a third tunnel, named Saggio Sorgente, formerly a
mine changed in use when a burst opened a crack from
which water is still plentifully leaking, thus opening a spring.

The end of the mine presents a layer of red sandy flint rising
gradually. We think this could be a fossil seashore of a
Thyrrenian gulf in the Ionian (780,000–126,000 years ago),
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the chrono-stratigraphic stage corresponding to the Middle
Pleistocene, a period in which the vast Thyrrenian basin,
filled with the sediments originated from the dismantle of
the newly formed Appenine chain, emerged from the sea
and became mainland (Del Monaco et al. 2005).

The crystallization of sanidine consumes the rest of the
silica still present in the liquid phase and eventually a part
of it in the leucite molecule, according to the equilibrium:

The other mine, Sugano 2, turns of 45° to deep inside the
bank some metres after the entrance. With its 76 metres, it
is shorter than Sugano 1, and at the end its floor is made of
a layer of thin ashes and pyroclastic flow debris.

Leucite Silica Sanidine

KAlSi2O6 + SiO2 = KAlSi3O8
The crystallization of sanidine from the melt and partial
trasformation of leucite into sanidine itself is called
peritectic reaction and the point of the diagram at which
this happens is called peritectic point, a triple point in which
very particular conditions occur and a slight variation of a
single parameter changes completely the composition of the
solid and the melt.

This tunnel has one recess and two shafts, the first at 2/3 of
the lenght, and the other one at the end. On the end-wall the
bore of a big drill is clearly visible. In this gallery too there
are big leucite crystals on the walls and the vault.

Bowen studied this equilibrium and elaborated the state
diagram bearing his name.

The third tunnel is a test in order to open a new mining
work, it was interruped when an explosion broke the stone
wall confinating a water vein, that broke through as soon
as the way outside opened. So a spring was opened and
nowadays water is still flowing thorugh it.

A study of the Bowen diagram goes far beyond the scope
of our research; let’s say that leucite-sanidine is not the only
peritectic system known in volcanic geochemistry, another
peritectic is the system forsterite-enstatite.

This tunnel is 27 metres long, and has two wide recesses
some metres before the end, witnessing the mining origin
of the tunnel, later turned to a spring. At the end wall there
are beautiful white crystals of leucite contrasting with the
black tephra rock, and with the colours highlighted by the
water.

What is leucite?
In this section we provide some information about the ore
and the historical context of the mines object of the study.
The mineral is leucite, a tectosilicate feldspathoid of the
tetragonal system corresponding to the formula KAlSi2O6
(Fig. 2). This mineral occurs in the unsaturated potassium
rich alkaline lavas of the Roman Magmatic District. The
probable place of emission was not a real crater, but a
narrow long volcanic vent located a few kilometers SW of
these mines. The flowing direction was likely towards NE,
because at that time (430,000 years ago) there was not yet
the caldera depression occupied by the Bolsena lake, the
largest european volcanic lake,was not yet formed and in
its place there were several craters, with very unstable
slopes.

Figure 2. White leucite crystals clearly visible in a slab of rock in
Sugano 2 tunnel.

Autarchy and mining in Italy in the 1930s’
After the invasion of Abyssinia in 1935 the Society of
Nations declared trade embargoes towards Italy at the time
ruled by Mussolini, so, to overcome the increasing demand
of minerals for the fast growing industry, the italian mining
industry reached a peak never seen before.

The presence of blocks of scoriae in the tephra is an
indication of the proximity of the emitting vent.
The abundance of so many crystals of leucite, some of
which over 1 cm large, uniformly distributed in a tephra
matrix, means that the crystallization process of leucite took
place in the orto-magmatic phase, before the open air
discharge. Leucite crystallization process starts at about
1,600 °C, enriching progressively in silica the molten
residue, so when the magma is emitted consists of a twophase system solid/melt in which, at lower temperatures,
several more phases crystallize in lower amounts.

The italian industry at the time required increasing
quantities of aluminium, whose main mineral is bauxite, a
reddish earthy oxide present in laterite layers.
Another exploitable mineral is leucite.
Indeed, in these mines they extracted leucite ore.

Blanc and Alumina

The more leucite leaves the molten phase, the more the
liquid residue is rich in silica; this process reaches a level
in which the concentration of silica allows the
crystallization of a new mineral: sanidine, KAlSi3O8, high
temperature potassium feldspar.

The difference between bauxite and leucite for alumina
extraction is not merely formal.
Bauxite is extracted from open air mines while leucite is
extracted in underground mines.
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Blanc served two years at the Curies’, where he determined
the constant decay of thorium.

Bauxite is worked by caterpillars, due to his nature of earthy
silicate oxide seldom mixed with iron, while leucite is
worked with dinamite, being crystals in a hard rocky ore.

Radioactivity was not the only field of interest of the
Curies’, since also magnetism was another interest for them.
Marie discovered that a ferromagnetic mineral loses his
magnetic properties above a typical temperature, named
Curie Temperature after her.

Metal aluminium is obtained in two stages: a first chemical
stage in which alumina is obtained, Al2O3, and a second
electrochemical stage, in which alumina is processed in
particular cells with melted criolite Na3AlF6 with graphite
electrodes, the Hall-Heroult process.

Then Blanc came back to Italy and developed further
studies about magnetism posing the bases to a very useful
method of geochronology: Paleomagnetism.

Metal aluminium is not obtainable by fusion and reduction
like other metals, but only by electrochemical way.

Blanc realized that magnetic vectors line up with the Earth’s
pole in the interval between two temperatures: the Curie
Temperature (about 600 °C) above which vectors are
completely disorganized, and the Blocking Temperature
(about 150 °C) below which vectors have fixed positions.
In this interval lava solidifies, and this is the gangue of the
leucite ore. During the solidification process it acquires
ferromagnetic properties as the vectors align with the
Earth’s Pole’s direction while the process was going on,
430.000 years ago in our leucites, according to the dating
given by Evernden and Curtis in 1965.

Much has been discussed about the bauxite alumina alkaline
process, the Bayer method, but not quite the same occurred
about the leucite acid process, that is the Blanc method.
Nowadays this process belongs to industrial archaeology,
but it represented a milestone in the industrial chemistry of
the 30s’.
Blanc submitted his project of alumina production from
leucite at the National Congress of Industrial Chemistry of
Milan in 1924 (Blanc 1924).
The raw ore, made of a dark lava rich in leucite crystals,
was transferred to the crushing plant, close to the mining
site, and then to the hoppers.

Radioactivity

The ore was not crushed to a fine powder, but rather to small
gravel, and this is exactly what we found by the plant; the
reason of this is described in the text reported in
bibliography: Blanc in his experiments found out that
treating a fine powder of leucite with hydrocloric acid
resulted in a colloidal dispersion that coul not be filtered
(Blanc 1924).

In these mines there is a pretty high level of radioactivity
background, concentrated in the gangue.
This is a common feature in several minig sites in the estern
area of the Bolsena lake, object in the 70s’ of mineral
exploration for uranium ore in old marcasite mines at NE
of Viterbo.

The method developed is exposed in detail in the
aforementioned text of 1924 reported in bibliography.

When spending time inside these mines, we had to wear gas
masks to prevent alpha rays inhalation, but no filter can
prevent beta and gamma rays.

When is treated with concentrated hydrocloric acid, leucite
dissolves in it very exothermically, and the products are
ionic aluminium Al3+ and potassium K+ in the acidic
medium and finely dispersed colloidal silica SiO2. Due to
the colloidal nature, silica could not be taken away from the
acidic solution, impairing further treatments for alumina
isolation.

The Geiger counter registers a total radioactivity emission
in air of about 2,5–3 microGray per hour, a level about 30
times over the normal background.

The enrichment of the mineral from the ore was reached
through magnetic separators, being the raw material
attracted by magnetic fields while leucite is not a magnetic
mineral.

We tested the surface emission of rock samples just outside
the mines using a military instrument especially designed
for measuring solid matter, equipped with a lead shielded
probe not of Geiger type, that can reveal particles only from
the bottom, thus excluding the cosmic radiation component
of the background. Such instrument is able to discriminate
and count separately alpha, beta and gamma rays. We found
a surprinsingly high level in beta rays. We think that Radon
222 is not the only responsible for such level, but there is
the presence of Uranium and Thorium widespread in the
rock, as suggested in a previous research in a hydraulic
tunnel nearby performed by nuclear track detectors LR115
type (Bellocchi et al. 2009).

Blanc developed this method after his experience as a
chemist in the Curies’ laboratory in Paris.
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WORKSHOPS AND SURVEY RESULTS IN THE CHRIMA CINP PROJECT
(EU PROGRAMME CULTURE 2007–2013)
Carmela Crescenzi
Dipartimento di Architetturav-dsp, UniFi,Via San Niccolò 93, 50125 Firenze, Italia

The activities carried out under the project activity of Crhima-cinp, an acronym standing for “Cultural Rupestrian Heritage
in circum Mediterranean Area. Common Identity-New Perspective” is described in this paper. It has been financed with
funds from the Culture Programme 2007–2013, Budget 2010, Strand 1.1 Multi-annual cooperation projects, Strand 1.2.1 –
Cooperation measures. The project responds to the unitary purpose of the invitation Culture 2007–2013: contribute to
enhancement of a cultural area shared by Europeans, the development of cooperation between the creators, operators, and
cultural institutions of the countries participating in the Programme. The activities have promoted a new interest in the
rediscovery of the rupestrian villages that characterize many countries of Europe and of the Mediterranean, populated
until the last century, memory of layers tangible and intangible of great interest that is likely to be permanently
compromised or destroyed. The project increased the exchange of information between the various Mediterranean countries
by producing monographic studies on different sites, publishing new studies of little-known areas, and contributing with
new materials at the scientific deepening of topics and at the dissemination of information. The report summarizes the
experiences of the workshops carried out in some centers chosen as the site of the work, (Massafra in Italy, Saumur in
France, Santorini in Greece and Ortahisar in Turkey). The work summarizes the major activities in the area with drawings
and photographs that illustrate the differences and similarities of rupestrian settlements of each region under study.

1. Introduction

people. The project supported the transnational mobility of
cultural operators who, through their activities, have
strengthened the knowledge of the known territories and
focused the attention of the authorities and the local
population on the value of the indigenous patrimony, often
not fully known. New operators educated to the respect for
cultural diversity that enriches the regions of the same
country or of countries of the Union were also formed.

1.1. CRHIMA-cinp project
Theme of the project is the Rupestrian Heritage, a
distinctive feature of the Mediterranean landscape.
The works show how the rupestrian culture is widespread
an across the Mediterranean area, a heritage developed over
time with environmental, architectural and artistic
emergencies that are known only to scholars and enthusiasts
of the subject, still though without having an overall picture
of this cultural event.

The partnership CRHIMA-cinp project. Project
Coordinator: (coordinator): (IT) Università Di Firenze –
Department of Architecture dsp – Project manager Prof.
Carmela Crescenzi. Project co-organiser (co-organiser):
(EL) Dep of Energy Physics National, NKUA – Project
manager: Prof. Assimakopoulou Margarita (ES) Dep. De
Expresión Gráfica Arquitectónica, UPV – Project manager:
Prof George Llopis; (FR) Dep. of Sciences Humaines and
Department of Science and Techniques for Architecture
ENSAP “La Villette” – Project manager: Prof Edith
Crescenzi; (IT) Archeogruppo “E. Jacovelli” onlus Project
manager: Avv. Giulio Mastrangelo; (TR) “Kadir Has”
University Of Istanbul – Virtu Art Faculty Project manager:

The project, with the various activities organized, presents
a synthetic framework of the influences and events that have
contributed to the diffusion of the phenomenon and the arts
that characterize it. It favored a greater awareness about the
extension of the different features present in the sites chosen
as study areas. It also encouraged interdisciplinary
knowledge, which contributes to the understanding of a
complex heritage, lasted over time, responding to practical
needs, spiritual and contingent of everyday life for many

Figure 1. Palagianello. Troglodyte village.
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eroded by external agents and then covered by the sea. The
building activity has always been based on the different
rocks of the island. The different mechanical and chemical
characteristics of the rocks offered different solutions.

Prof. Mehemet Alper.Additional partners (IT): Centro Studi
Sotterranei – Genova, Museo del Territorio di Palagianello
e Centro Unesco di Firenze Onlus.

In Italy and France, on the other hand, the bedrock is
represented by different types of limestone rocks, from
calcarenite deposits (Italy) to chalk (France).

1.2. Rupestrian culture
Man has excavated structures in the rocks from the
Anatolian highlands to the Egyptian deserts, from the
Balkans to Italy, from France to Spain. In this
anthropological and ethnographic context, the cave is the
“common house” of Mediterranean cultures. Medieval
caves – rupestrian houses and churches – massively
characterize the landscape of the plateau of Cappadocia in
Turkey, several regions of Spain, Greece and the Loire
Valley in France, and many other places in the
Mediterranean area and in other regions the world.

The water and wind erosion in the area of Massafra,
Palagianello and Mottola (Italy) have eroded the calcarenite
on the Ionian coast, creating ravines. Many rupestrian
settlements were realized in these ravines.
The geological constitution of the cliffs in the Loire Valley,
France, has been influenced by the typical chalk of Turonian
age. The Lower Turonian chalk is the most typical, whilst
the Upper Turonian has a greater content in sands.

All these settlements are the micro cells of the wider
Mediterranean rupestrian habitats that encompasses
diversity but also many common aspects. The rupestrian
civil structures were considered an expression of inferior
classes, since UNESCO included Cappadocia (Turkey) and
the rupestrian districts of the city of Matera (Italy), in the
World Heritage list. From that moment, the valley of the
Loire and other centers, have considerably increased
scientific studies on the rupestrian structures and the
preservation of monuments and environmental contexts.

3. Troglodyte Settlements
The man has always responded, according to historical
periods, with “built form” to its security, defense and
spiritual needs. The original “rock shelter” and natural
cavities were transformed into dwellings functional to daily
life. The provisions of natural shelters were transformed with
additional excavations or expanded with the construction of
spaces extended outward. He decorated the caves with wall
art (graffiti, paint dry, frescoes, etc.), satisfying the need to
tell great, superhuman and mystical events.

The cultural unity of rupestrian settlements was, in some
cases, damaged or destroyed, but their relevance as open air
eco-museums has never been underestimated, despite
anthropogenic deterioration caused by weather conditions.

The adaptation of the needs is expressed by simple
interventions in the natural setting to create a troglodyte site
included: the natural caves are enriched by a hearth; the
rock shelters are protected by a wall, in cracks between
rocks are built homes, a village situated protection and
backed by a natural wall. Cave builders were able to
combine different solutions, adapting and improving
technical construction and different materials to the natural
features of the sites.

Recently, the attention was focused on urban settlements,
on the typologies and on subterranean shelters. These
structures are certainly less monumental than churches, but
they are more numerous and more ancient.

2. Geography and geology
The geology of the five examined sites has geologic and
morphologic characteristics which allowed the excavation
of rocks to create spaces for daily activities. These places
developed mainly because of volcanic eruptions, which
deposited soft materials (as tuffs) that could be excavated
with rudimental tools. This was the case, for instance, for
Turkey and Greece. In Cappadocia, Turkey, volcanic
eruptions formed plateaus. The water and wind erosion
created the characteristic valleys of the area.
Santorini, in Greece, is constituted by a crater, which was
destroyed by a prehistoric earthquake. Later, it has been

Figure 3. France, “carrière de falun”.

3.1. Hollowing out settlements
The realizations of the underground volumes are obtained
by subtraction of materials. There are two methods of
excavation:
1. Horizontal excavation in the sides of valleys and cliffs:
there are rupestrian dwellings.
2. Vertical excavation in the plateau, originating hypogean
settlements.

Figure 2. Geological materials of studied areas.
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troglodytic architecture to the geological, climatic and
anthropogenic settings.
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3. Hipogean villages. The residential units are organized
around wells drilled vertically and called courts or patios
or vicinanza. The courts are connected to each other trough
underground passages or at the surface. Common areas of
aggregation and distribution to homes and their annexes,
the courts regulate the entry of sun, light and heat, and
ensure, with fireplaces, the ventilation. Typical of
settlements in North Africa, the emblematic example is the
village of Matmata, Tunisia. The court system or
“neighborhood” was imported in Massafra in the fifth
century. In the Comuniad of Valencia is known the
settlement of Paterna; in Turkey an exemple of these
structures is the Gümüşler Monastery, in the province of
Niğde; finally, in Santorini, there are small groups of
villages on the plateau of Oia.

3.2. Typology of troglodytes settlements:
1. Rocky villages in terraces or on the wall. It is the most
common settlement system. The number of households is
variable and takes full advantage of the valley slopes. These
architectures are usually carried out with particular attention
to insolation during the different seasons.
Important achievements of this kind are in the complex
linear in France in dwellings carved into the cliffs of the
Loire Valley; in Spain, in the many buildings that
characterize Andalusia; in Turkey where one example is the
village of Zelve or the valley of Selime; in Puglia with the
villages in the ravines of Massafra and Ginosa; in the
districts of Caveoso and Barisano at Matera, Basilicata; in
the villages of Santorini Votonos and Finikia.

4. Underground villages. In some cases, the imperatives of
defense led to totally conceal the urban structure. The
communication with the outside are limited to few accesses
and outlets required for ventilation. The cities of Derinkuyu
and Kaymakli (Turkey), on several levels, are representative
of this undergroundvillages. In France it is known the city
of Naours.

4. Documentation
The heterogeneity of the public to involve requires different
tools for the graphic and multimedia description, to
understand bot It is the most common settlement system.
The number of households is variable and takes full
advantage of the valley slopes employing his good
orientation. h the continuity of living in a cave, and
representation of the architecture and the environment.
The representation, in all its modalities, is one of the most
useful tools for the documentation of monuments already
ruined by the passing of time and that are destined to
destroy.

Figure 4. Wall village, Bocairent, Valencia, Spain.

2. Villages on the surface. They are found in Cappadocia;
these villages are carved into the cones, called “fairy
chimneys”, pyramids of rock (tuff, silt or volcanic
boulders), showing a caprock consisting of a more compact
slab of the same material, which protects the underlying
rock from erosion.

The acceleration of degradation is clear: in the
environments of the monastery of Hallach (Hortahisar –
Cappadocia), in a few years, there has been a loss of quality
of the drawings (Fig. 5) and the integrity of the rock appears
heavily compromised. In 2007 the village of Zelve was
accessible, while in 2010 it was closed to the public.

The rock cones are distributed in a natural setting that
reproduces, in fact, the village’s structure. These villages,
having the buildings excavated in rock blocks, are
considered surface settlements.

Failing to safeguard and restore the abundance of cave sites,
any form of documentation, even if only photographic or
aimed at a simple survey, it would be desirable in order not
to lose the memory of the legacy left to us over the
centuries.
It is nowadays possible to use softwares to recreate the
three-dimensional reality of the caves, in order to let people
appreciate the environmental and architectural features with
sure effect and involvement. Furthermore, the softwares,
with the data processing, are able to produce models from
which the site can be quantitatively measured and analyzed.
The same places require several readings and the main
instrument for this documentation is represented by
photographs. It is necessary that the photos are shot in
peculiar ways, according to the used software. Therefore,

Figure 5. Ortahisar, Villages on the surface.
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the effectiveness and efficiency of data acquisition must be
supported and integrated with the data processing, in order
to effectively produce integrate geometric information,
attribute of matter, excavation techniques, state of decay,
etc. Further, the difficulties in classification and processing
of the amount of data that may contribute to the knowledge
of the sites have not to be underestimated.
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of building basilican Allac, of a traditional topographic
survey (closed profile of plan or section) and sufficient
measures for the development of the third dimension.
In Allach (2010) metric measurements in the courtyard of
the church, in the hall with a dome and in the basilica were
carried out, together with the photographic survey for the
construction of a tridimensional model and a panoramic
view. The textual description of the court highlighted the
architectural features, revealing decorative elements that
cannot be appreciated in the short time of the survey.

The major activities carried out within the CHRIMA-cinp
consisted in analysis of different rupestrian sites.
Through experience, different operating modes and
methodological approaches have been tested, aimed at
identifying the most proper conceptual data collection plan,
and the related cartographic products. The critical analysis
of the project results, conducted with basic documentation,
has tested the critical importance of a fast survey to obtain
satisfactory results to document the rupestrian heritage.
4.1. Methods and data survey of some heritage.
4.1.1. Traditional survey. Surveying in France contributed
to collection of data at Bourg-Neuf, Saumurois.

Figure 7. Hallac Monastery, the top.
Hallac Monastery is located to the north-northeast of the
Ortahisar village, in the area between the road connecting
Nevshehir to Urgup and Yolu and that connecting Ortahisar to
Nevshehir. The complex has an open courtyard on the south side
(Pic. 2) on which seven rooms open on the ground floor and others
on a second level. The court has partially oxidized pink and cream
walls and it is cut into a spur limited by a crown of brown
cones.The original core was probably a closed court, accessed by
a narrow passage on the SE edge; the southern front was probably
closed by small cones eroded by time. The original ground level
of the courtyard is covered by a 1–1.5 m pile of debris.
Today, the court disengages four entrances: at north there is a
three-room complex, which is located at the bottom (no. 2, 3, 4),
while at the top there are openings of unvisited rooms. A church
is located at east with an inscribed cross plan church with a
funerary narthex; on the eastern side, at the top, there are
entrances to the house of the monks, which were successively used
as pigeon house (no. 7); at west, there are an inscribed cross plan
large square room (no. 5) and a second room, probably used as
kitchen (no. 6).

Figure 6. Bourg-Neuf, plan.
Bourg-Neuf is a town in the municipality of Dampierre-sur-Loire.
Its origin dates back to the fifteenth century, when the ligerians
dug dwellings into the tufa creating a small village away by the
floods of the Loire. More and more modest families inhabited these
houses until the 60s of the twentieth century, finally abandoning
them for newer and more comfortable spaces.
The village of Bourg-Neuf develops along the winding path of
“Rue Haute” located half way up the cliff. At the entrance of the
village, the Rue Haute divides into two paths that serve all the
houses in the village and is part of the old mining tunnels of tuff,
serving other houses and gardens overlooking the valley. Sixteen
of the private homes in Bourg-Neuf have real possibilities for
restructuring despite the decay: one has already been renovated
and upgraded to “holiday home”, two are in the process of
restructuring, the remaining thirteen are abandoned. The houses
are troglodytic and partly semi-troglodytic. Bourg-Neuf differs
from the typical wall troglodytic settlements of the area: it has the
characteristics of rock settlements but has some of the
characteristics of the underground settlements, such as
underground galleries opening into courts. All homes have at least
one fireplace, some have a “potager” or a bread oven; all have a
small green space; some of them consist of a single large
compartment, other have multiple rooms and levels.

4.1.2. Speditive survey. The experiment carried out on
Hallac highlighted some issues about facing cameras like
as daylight factor, definition and dept of field and the
quality of metric reading of homologous points. It is
highlighted the need, in critical location such as the aisles

Figure 8. Hallac Monastery, the front-section.
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The photogrammetric survey was also applied to the Chapel
of S. Pietro and Paolo in Balkan monastery (Ortahisar –
Turkey). Despite the photographic documentation was
heterogeneous and not aimed at the photogrammetric
restitution, it was possible to obtain relevant data to an
understanding of its architecture.
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Other important caves are the Hegumen’s house and the
anonymous crypt in Vico III Canali, used as an oil mill until few
decades ago. The ravine is surmounted by the severe and majestic
Castle from the 16th century (but founded before), with a square
plan, three cylindrical towers and one octangular tower.

The same technique was applied to survey of some caves
in the territory of Casabona in Calabria (Italy). Casabona
has three rupestrian villages. The first is Valle Cupa, located
in the ravine of the Malolacco valley, and contains about
250 rupestrian environment developed along linear terraces
with an extensive network of trails. Then, there is the site
of Timpa Tallarico and the Rione Croce with 80 caves; in
the site of Montagna Piana, moreover, there is a village with
15 caves.

Figure 12. Ginosa, top the ravine.

4.1.4. Virtual Tour – 360° photos. Different architectures,
religious and civil, and the hosting environment have been
object of these analysis in Turkey and Italy.

The cave with spirals presents in Valle cupa is very
interesting: spirals, concentric circles and moon are carved
into the sandstone.

Figure 13. Gravina di Trovanza, environment virtual tour.

In Massafra, was detected the little “gravina” of Trovanza,
in Mastropaolo area. Some caves were part of the
settlement, on two levels, used as residence and
outbuildings; one of the caves has a rectangular plan and
it has one wall entirely covered by small square niches
arranged in parallel rows (dovecot/herbarium). The
common interpretation describes it as a room for the
conservation of medicinal herbs, hence the popular name
of “pharmacy”.
Faced with this cave is a small rupestrian church with a
rectangular plan (about 4.60 x 3.20 m, height 2.30 m) and
a single orthogonal basis (2.75 x 1.20 m) to the east, with
an altar against the wall. There are some frescos (in fair
condition). The canal system is well conserved.

Figure 9. Chapel of S. Pietro and Paolo in Balkan monastery.

4.1.3. 3D scanner survey. Different architectures, religious
and civil, have been object of 3D survey in Spain and Italy
(Massafra and Ginosa).

5. Annotations
In Cappadocia, from surveys made in some places with
rupestrian sites in terraces like Ortahisar, the structural
decay of the sites has accelerated with the change of the
population during the first half of the twentieth century.

Figure 10. The San Marco ravines, 3DS architectures and hosting
environment survey.
The San Marco Ravine is north of Massafra, and originates near
the Masseria Pantaleo. It is on the east side of the old town,
dividing it in two parts. It is part of the town, and is named after
the rupestrian church of San Marco.
In the past it was called (the Greek word paradeisos means
garden), because Paradise cliffs and terraces are covered with
blooming spontaneous vegetation, gardens, orange gardens. The
suggestive view from the Ponte Vecchio shows terraces, cliffs,
caves and cactuses. Many of these caves were inhabited in the
Middle Age; were important crypts are San Marco, the Candelora
and Santa Marina.

The conservative wisdom and culture of land hard rock has
been lost; the necessity to build on the surface prevailed
though lacked the technical bases of support for good land
management. The voussoirs for new homes quarried from
the rock on which he was edified: emptying of the rock, and
the overhead of the underlying structures are contributing
factors of the collapse.
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These collapses were further favored by lack in water
management that, taking advantage of the network of
collection and distribution, found new paths seeping into
the rock, thus causing erosion. In many countries, the lack
of a network of wastewater collection, together with the
excavation for the restoration of some houses, continues to
heavily contribute to the collapses.
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Puglia. It collects photographic material representing the
qualities of the territories: rupestrian settlements,
humanized villages, architectural emergencies; moments
of socialization and activities of Crhima-CINP.
• CD “Music for bagpipes in the Mediterranean Area”, with
sounds and music of the Mediterranean area;
• Web site www.rupestrianmed.eu. The site is an important
data source that promotes the activities of the CrhimaCINP project, collects drawings and papers developed
during its activities, as also the data from the censuses that
have been carried out or are still in progress.

The villages were abandoned in the wall, and the lack of
care led to the loss of many settlements of considerable
architectural value.
Presumably, the same phenomena have occurred in
previous eras in rupestrian sites of the different states;
negligence over the time and the ignorance of the value of
cultural and environmental rupestrian heritage contributed
to the loss of the cultural heritage of living in a cave.

The results of the project activities, including the works on
the rupestrian heritage by the participating students, are
published in:
• Days of Study on the Jonica Earth. Rupestrian habitat in
the Mediterranean. From archeology to new practices for
its protectionand recovery. Massafra 29–31 October 2010.
Antonio Dellisanti publisher, May 2012. isbn: 978-8889220-92-4

In various countries restoration and environmental
rehabilitation are ongoing for cultural needs or, more often,
for economic interests related to tourism activity. For
instance, significant interventions are occurring at Saumoirs
and Matera. However, in several sites it is not yet clear the
bioarchitectonical value of the rock; therefore, the rock is
coated with plastic and anti-perspirants fabrics and then laid
in plaster supported by wire mesh. In other countries, the
exposed rock is an aesthetic value required by tourists, but
is completely ignored the need for ventilation systems for
the health of the environment and of the same rock.

• Days of Study on the Jonica Earth. Rupestrian habitat in
the Mediterranean. From archeology to new practices for
its protection and recovery. Massafra April–May 2011
published by DAdsp, typ. Il David, Florence, June 2012.
isbn: 978-88-96080-06-1.
• Crhima Cultural Rupestrian Heritage in the CircumMediterranean Area, Conference Firenze 21–23 Giugno
2012, Abstracts, published by DAdsp, typ. Il David,
Firenze June 2012. isbn: 978-88-96080-07-8.
• Exbition: Massafra 2010, Massafra 2011, Ortahisar 2011,
Mustafapasha 2011.
• Final exibition: Firenze 2012, Sorano 2012.
• Rupestrian Landscapes and Settlements Chrima Cinp
Project Workshops and Survey Results. published by
DAdsp, typ. Il David, Florence September 2012. isbn:
978-88-96080-08-5.The volume contains descriptive
graphic papers of the Crhima-CINP project; general
information about the rupestrian sites of the partner
countries; general information about the rupestrian
territories and emergencies.

Figure 14. Restoration of a cave. Finikia Oìa.

Credits

6. Results of the project Chrima-cinp

Figure 6. http://www.pixelistes.com/…/ souterraine-t24158.html

The activities of the partnership were intense and
continuous; the specific activities of the partners are
published in the:

Figure 6. Bourg-Neuf, plan – by Giovanni M.Vampa, Nicola
Pacini.
Excerpt from the thesis: Studi e riqualificazione della Loira
troglodita. Il bourg-neuf: “La Loire a velo” elemento di
riqualificazione. Relatore: Carmela Crescenzi, Correlatore:
Bernard Tobie. Laureandi: Giovanni M.Vampa, Nicola Pacini.

• The rupestrian settlements in the circum-Mediterranean
area, published by DAdsp, typ. Il David, Florence,
September 2012. isbn: 978-88-96080-09-2. The texts
discuss: historical and cultural features; studies of some
settlements with unpublished drawings of the architectural
emergencies; thematic studies on the rupestrian culture.

Figure 9. Chapel of S. Pietro and Paolo in Balkan monastery
Fotogrammetry Survey by Simone Beneventi, UniFI.
Figure 10–12 M. Manganaro, A. Altadonna, G. Martello, A.
Nastasi, N. Siragusa. DiSIA. UniME.

• CD documentary Journey through the rupestrian cultures.
The CD contains a video presenting the three territories
of the Workshop: Puglia, Santorini and Cappadocia; 3D
virtual video of the rupestrian environments with
architectural and landscape values in Cappadocia and
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THE AUGUSTEAN AQUEDUCT IN THE PHLEGRAEAN FIELDS
(NAPLES, SOUTHERN ITALY)
Graziano W. Ferrari1, Raffaella Lamagna2
via Vignati 18, I-20161, Milano, Italy, gwferrari@gwferrari.it
2
via Cisterna dell’Olio 5, I-80134, Napoli, Italy, raffaella.lamagna@unina.it
1

Romans built the 96 km long Campanian Augustean Aqueduct to bring fresh water from Southern Italy mountain springs
to the densely populated areas of Puteoli and Baiae in the Phlegraean Fields. In the XVI and XIX centuries the ancient
aqueduct was investigated in order to restore it to bring water to Naples, with no result. The section after Naples was never
seriously investigated. From 2010 we are performing researches about underground hydraulic systems in the Phlegraean
Fields. The paper reports about several findings in the area. Up to now, only few hundred meters of aqueduct are
documented, out of more than 22 km. However, the little information gained already contributes to the comprehension of
a very important ancient settlement area.

1. Introduction

Lettieri with the task to investigate the ancient aqueduct in
order to restore it. Lettieri research lasted four years but the
restoration effort proved too large. We are just left with a
hand written relation (Lettieri, ab. 1560) describing the
course from the springs to Naples, with some hints about
the course after Naples in the Phlegraean Fields. The same
happened between 1840 and 1880, when architect Felice
Abate performed a similar research (Abate 1864). Finally,
in 1885 a modern aqueduct was completed, tapping the
same sources as the Roman aqueduct.

The Phlegraean Fields are an active volcanic caldera,
composed by several craters in an area of about 65 Km² in
the surroundings of the town of Naples (Campania,
southern Italy). Presently, the volcanic activity is limited to
fumaroles and thermal springs but in 1538 a new crater
erupted and destroyed a large area. Main eruptions are dated
at 39/35 ky b.p. and 15 ky b.p., while several minor
volcanoes erupted in pre-historical times (Rosi and Sbrana
1987; Orsi et al. 1999; Fedele et al. 2011; Scarpati et al.
2012). The area is affected by bradiseismic effects: a longperiod raising and lowering of the land, related to variations
in the underlying magmatic chamber. In Roman times the
land was at higher elevation than today, so many coastal
structures, villas, palaces and harbour plants are presently
underwater.

2. Aqueduct explorations in the Phlegraean
Fields
Since the restoration of the Phlegraean Fields section held
no special interest, the ancient aqueduct was neglected in
the area. Even the dating was uncertain. In 1938 a
celebration stone was found at the springs, which attributes
the aqueduct to Augustus (Sgobbo 1938). Finally, in the XX
century second half a wall inscription was found in a tunnel
at Scalandrone, between Pozzuoli and Baia, bearing a date
corresponding to 10 A.D. for the opening of a water
catchment from the Augustean Aqueduct (Camodeca 1997).

In ancient times the presence of safe harbours, thermal
springs and a temperate and fertile land raised attention by
Greeks and Romans. In the last years of the first century B.
C. the area was fully exploited with leisure establishments,
fisheries, storehouses and with the Navy harbour plants.
Many caves were opened in Roman times, as tunnels,
aqueducts, water tanks, hot water catchments, steam tubes
to warm spas. A major drawback in the Phlegraean Fields
was its lack of fresh water. The volcanic land produced just
thermal salt springs. In order to support a growing
population and the demanding military and commercial
fleets, the Romans designed a long aqueduct, tapping
important springs in the calcareous Appennines. The
aqueduct course was largely underground. Side branches
reached the ancient cities of Pompeii, Nola, Atella. The
main branch skirted Neapolis (the present Naples) and
reached the important commercial harbour of Puteoli (today
Pozzuoli), the Portus Julius Navy harbour, the wealthy
settlement of Baia and the Misenus harbour, after leaving a
side branch to the ancient Greek city of Cuma. Total length
was about 96 km (De Feo and Napoli 2007).

Very few bibliographic references to aqueduct sections in
the Phlegraean Fields were found. We began research on
the aqueduct in 2010, with the support of the Special
Superintendency for Archaeological Heritage of Naples and
Pompeii and of the Phlegraean Fields Regional Park. The
following sections will report briefly about the first results
of these studies. Sections are reported in flowing
progression, from Naples to the aqueduct end in Miseno
(Fig. 1).
The ongoing research aims at providing a small contribution
to the Italian map of ancient underground aqueducts (Parise
et al. 1999).

The ancient aqueduct ceased functioning at an
undetermined date in the Middle Age. In the XVI century,
the city of Naples required more water to support its
growing population, so the Spanish viceroy Don Pedro de
Toledo appointed the Neapolitan architect Pietro Antonio

2.1. Crypta Neapolitana
The Crypta Neapolitana is a 709 m long tunnel which in
Roman times connected Puteoli with Neapolis. The
aqueduct runs parallel to the Crypta, few meters deep within
its north wall (Amato et al. 2002). The Crypta pavement
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Figure 1. The Phlegraean Fields. In black: the explored sections.

plaster is present. The passage top is not vaulted but angled.
However, just the angled mark in the tuff is visible.
Evidently, the terra-cotta tiles usually employed in angled
vaults were removed.

was lowered several times, mainly on the Naples side;
presently, the elevation of the Naples entrance is 34 m a.s.l.
The entrance toward Pozzuoli opens in a place called
Fuorigrotta; its elevation is 45.5 m a.s.l. The Crypta
pavement raises from Naples to Fuorigrotta. On the
contrary, the aqueduct slopes slightly from Naples to
Fuorigrotta, beginning at an elevation of 39.5 m a.s.l. This
means that at the Naples entrance the aqueduct opens at
about 4.5 m above the present pavement, while at the
Fuorigrotta entrance it is supposed to run 6 to 7 meters
below the pavement.

Both the entrance “windows” in the Naples side and the
cubicles in the Fuorigrotta side are roughly evenly spaced.
Distances range from 36 to 41 meters. The lesser value is
very near to one Roman actus, corresponding to 120 Roman
feet, that is 35.6 meters. The “windows” and the shafts

On the Naples side, four entrances open on the Crypta wall,
reachable with a ladder. In 2012 we were able to explore
and survey a 120 m-long section of the aqueduct. Its crosssection is rectangular with a vaulted roof. The width is
about 0.7 m and the heigth is about 1.8 m, but the aqueduct
is partly filled with a variable thickness of fine tuff sand
(mean heigth about 1 m), so explorers are required to crawl.
The hydraulic plaster is intact; its height reaches the point
in which the walls join the vault (vault impost). The usual
calcareous deposit lines the hydraulic plaster. The
exploration ended where a big wall collapse exposed the
aqueduct, revealing interesting details about the building
techniques, which are presently under investigation by
archaeologists. A further section of the aqueduct is visible
after the wall collapse, to be reached in the near future with
a long ladder. However, large parts of the Crypta central
section were affected by wall collapses, so the aqueduct
could be inaccessible or destroyed in this section.
In the Fuorigrotta entrance some cubicles are present on the
north wall. They are filled with rubble; just the second one
was only partly filled, revealing a descending shaft. We dug
out some rubbish and nearly three meters of rubble to reach
the bottom, 6.5 m below the Crypta
pavement. A passage similar to an aqueduct specus was
revealed, 0.8 m wide and 2.2 m high, but no hydraulic

Figure 2. Crypta neapolitana: the aqueduct at a junction between
two digging teams.
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Naples side section slight misalignments of the specus are
evident nearly halfway between two consecutive
“windows”. They were the connection points between the
excavation teams working in opposite directions from
consecutive entrances (Fig. 2).
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as steam catchments and a 140 m-long aqueduct branch
running to the south-east toward via Vecchia Agnano. It was
evidently a side branch bringing fresh water to the baths.
The passage is cut into volcanic ashes; the vault collapsed,
so it is quite difficult to determine the geometry of the
aqueduct and the hydraulic plaster height. In two places,
water seepage, possibly from the modern aqueduct,
produced white calcareous courtains (Fig. 3) and pisolites.
A small bat colony dwells in the passage.

Lettieri and later researchers report that at Fuorigrotta a side
branch ran from the Crypta to Nisida island. Sgobbo (1938)
claims to have traveled into long sections of this branch,
but unfortunately he left no entrance position, description
or survey.

2.3. La Pietra
La Pietra is a coastal area in the Municipality of Pozzuoli.
It owes the name (meaning “the rock”) to a hard volcanic
rock reef in the sea. Land ridges are composed by several
layers of tuffs, with different hardness. The Augustean
Aqueduct was reported in nearby trachyte caves. At the
beginning of 2012 we identified a cave entrance on the cliff

2.2. Agnano
Past improvements in via Vecchia Agnano, an old road
between Fuorigrotta and Bagnoli in the Municipality of
Naples, cut the aqueduct. Presently, the specus emerges
from the north-east under a hillside at about 2 meters above
the road and continues in south-western direction across the

Figure 4. La Pietra. White: the cave; dashed black: inferred
upstream aqueduct; dotted black: the destroyed downstream
aqueduct; solid black: railway tunnel.

over La Pietra. Exploration revealed a 175 m-long aqueduct
section with two side branches, for a 279 m overall cave
development (Fig. 4). The two side branches are a
horizontal unplastered service tunnel and a modern tunnel
sloping down, probably related to a nearby railway tunnel.
The first half of the cave was mined in a soft and altered
rock, while the second half opens in a hard tuff. The
hydraulic duct shows different building characteristics: the
first half is lined with tuff masonry up to the vault impost
(about 1.35 m); the hydraulic plaster is applied over the
masonry, while the vault is just lined with a thin layer of
plaster over the encasing tuff. In the second half, the
hydraulic plaster is applied directly on the rock walls. The
cave was half filled by tuff dust and sand. The first half was
cleared up, possibly to allow the recent mining of the
sloping down branch. Exploration in the second half
requires to proceed on all fours. Both the aqueduct and the
service branch end with earth fillings, near to the surface.

Figure 3. Agnano: the masonry lining was partly removed;
calcareous water seepage decorates the passage.

road under a plain within the boundaries of a school in
construction. We examined both the entrances, and found
that both structure and dimensions are the same as in the
Crypta Neapolitana. The only difference is in the enclosing
terrain: solid tuff in the Crypta, volcanic sand and soil in
via Vecchia Agnano. The former entrance is choked by fine
sand and debris after three meters; the latter one is choked
after 6 meters. Here again we started a digging operation.

Graffiti letters are present at four sites on the vault plaster;
they were probably length measurements. As far as natural
sciences are concerned, the cave hosts a small bat colony.
Very interesting depositional phenomena are present on the
hydraulic plaster, such as extruded cave flowers.
Furthermore, a luckily inactive volcanic gas fumarole is
present in a side branch. A detailed description of the cave
is reported by Ferrari and Lamagna (2012).

400 meters north-west, past a small ridge, the remnants of
the Roman Agnano baths stand. They were an ancient spa
exploiting hot natural steam from underground. Here in
2012 we explored some sloping passages which operated
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2.4. Pozzuoli Amphitheater

2.6. Scalandrone

The Flavian Amphitheater in Pozzuoli is a large arena, the
third largest in Italy. Its speleological interest lies in the
nicely preserved underground level, with rooms for
services, wild animals, gladiators and so on. A 70 m-long
tunnel connects this underground level to an aqueduct
running north-east of the Amphitheater (Fig. 5), placed at
an elevation of 35 m a.s.l. The specus was filled with dried
tuff mud for three quarters. A 83 m-long section was cleared
in 1951 to reveal a rectangular cross-section with vaulted
roof, 0.6 m wide and 1.5 to 1.7 m high. The hydraulic
plaster reaches the vault impost, to suggest that the section
belongs to the main Augustean Aqueduct branch. The northwestern part is still filled up to the vault impost. In 2011 we
crawled into a vaulted space 0.6 m wide and 0.4 m high, to
explore a 80 m-long aqueduct section. Two square
inspection shafts were found, each lined with reused marble
stones. The passage continues, but forced ventilation is
needed to further proceed in safety.

A little known roman tunnel is placed in the municipality
of Bacoli (Naples, Italy), in an area historically called
Scalandrone. The tunnel was designed as an underground
road communication over an impervious cliff slope.
Originally it was about 200 m-long, but at present only 75 m
can be explored, due to dust fillings. The cross-section is
rectangular, with a vaulted roof and no masonry or plaster.
It is 2.5 m wide and 3.5 m high. Five inclined light shafts

Figure 5. Pozzuoli Amphitheater. In black: the explored section.

2.5. Grotta di Cocceio

Figure 6. Scalandrone: the Haustus and the superposed inscription.

Lucius Cocceius Auctus was a renowned imperial architect
in Augustean time (Strabo, V, 4, 5). His name is related to
several important and ambitious projects in the Phlegraean
Fields. Cocceius’ Cave is the name of a 920 m-long tunnel
connecting Lake Avernus to Cuma. The reported length is
comprehensive of sections where the original vault
collapsed. In the north side of Cocceius’ Cave an aqueduct
is reported. It was first identified and explored in 1844
(Scherillo 1844) when a peasant was lowered down a 11 m
deep shaft to reach an aqueduct. Caputo (2004) reports
about the aqueduct and stresses the similar topography of
tunnel and parallel aqueduct between Cocceius’ Cave and
Crypta Neapolitana. A common development plan can be
easily inferred, so Cocceius could reasonably be the actual
designer of the tunnels and the aqueduct system.
The specus parallel to Cocceius’ Cave is probably the
beginning of an Augustean Aqueduct side branch to Cuma.
Caputo (2004) reports also about a settling and distribution
plant (castellum aquae) just at the Cuma entrance of
Cocceius’ Cave. However, we have not examined this
branch yet, because Cocceius’ Cave hosts two bat species
in the Red List, so its access is strictly regulated.

are present, one of them being the present-days entrance. A
small square opening, 1 m-wide and 1.5 m-high, stands on
the left tunnel wall. Just above the opening, an inscription
is engraved on the tuff wall, celebrating the inauguration of
the opening as an haustus (passage intended as a water
catchment) connected to the Augustean aqueduct (Fig. 6).
The date of the event is reported as December 30th, 10 A.D
(Camodeca 1997). So, on December 30th, 2010 we
celebrated the bimillennial “birthday” of the haustus.
Thanks to the cooperation between A.R.I.N. (Naples water
resources company) and the Special Archaeological
Superintendency of Naples and Pompei, an event was
organized in order to celebrate the tunnel and the inscription
at the same time. The birthday celebration summed up with
a monumental cake inspired to Roman and modern
aqueducts.
Three days later, on January 2nd, 2011, we succeeded in
digging the filling in the haustus, to reveal a 0.5 m-high
hydraulic plaster lining and a 53 m-long aqueduct section,
partly filled by tuff sand and lapilli. The aqueduct elevation
is 34 m a.s.l. Researches need to be continued. A detailed
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usually 0.64 m-wide and 1.5 to 1.8 m-high. A fine hydraulic
plaster is nearly always well preserved; its height is about
1.3 m between Naples and Pozzuoli and 0.5 m between
Pozzuoli and Miseno. However, the available data are not
sufficient to make a rule, and further observations are
needed. About the encasing ground, there are four cases. In
solid tuff rocks the hydraulic plaster is directly lined over
the walls, usually with a thin plain plaster on the vault
(Crypta, La Pietra, Scalandrone). In less coherent volcanic
rocks, the bottom part of the walls is lined with tuff masonry
which bears the hydraulic plaster, while the vault plaster is
lined on the bare rock (La Pietra, Agnano). In little coherent
volcanic deposits (lapilli, pumices) a full masonry tube was
employed (Agnano, Baia). Finally, in soil or earth the full
tube was built in a trench and covered (Agnano). Up to now,
the measured elevations are coherent with a progressive
sloping of the aqueduct. However, data are too few and
inaccurate to provide a reliable dip.

description of the cave is reported by Ferrari and Lamagna
(2011).
2.7. Baia Archaeological Park
The Baia Archaeological Park is a large area completely
built in Roman times as a thermal establishment. Several
underground sources of hot water and steam were exploited
by the thermal plants. Three large vaulted domes stand in
the area; they were calidaria (hot rooms). Fresh water was
provided by the Augustean Aqueduct and by long rows of
water tanks holding rain water. The area is open to tourists
and it is managed by the Special Superintendency for
Archaeological Heritages of Naples and Pompeii, local
office of the Ministry of Cultural Heritage.
In 2010 we began investigating underground cavities in the
Park, both thermal and hydraulic. Just outside the Park
entrance, the public road enters a trench in the ridge. The
trench cut the ancient aqueduct. An entrance closed by a
wall shows on the north wall, at about 5 m over the road. In
the south wall, a similar entrance is covered by a steel cliffcontainment wire-net. This entrance is choked by dust after
2 meters.
Some 230 meters south, within the Park, an 18 m-long
passage leads to an underground vaulted room lined with
opus reticulatum masonry, 7 m-wide, 4 m-long and 3 mhigh. In the middle of the room, a section of the aqueduct
runs. It is completely enclosed in masonry; just a small door
allows access to the specus. As usual, the aqueduct is partly
filled with dust and rubble. We succeeded to explore about
25 m south and 5 m north. The hydraulic plaster is only 0.5
m-high. Careful digging is needed.
2.8. Fondi di Baia
Fondi di Baia are two small twin craters (diameter 500 m).
Vineyards grow on the inner slopes. A cave entrance is
visible at about 30 m a.s.l. of elevation in a small artificial
cliff in the north crater (north-western side). In 2010 we
performed a rope descent to reach the entrance (Fig. 7). We
were able to explore just 16 m of cave, which opens in a
whitish coarse volcanic deposit. The cave is a straight
passage 1 m-wide and 1.3 m-high with rough walls and
roof, and no plaster. The cave turns left and ends abruptly
on a small masonry wall built with tuff stones. The cave
shows no trace of an aqueduct, but both location and
elevation are coherent with the expected position of the
Augustean Aqueduct.

Figure 7. Fondi di Baia: rope descent to reach the entrance.

4. Conclusions
Few hundred meters of aqueduct have been explored so far,
out of an expected development of more than 22 km in the
Phlegraean Fields. Interesting data have been collected, but
more researches are needed. Some other potential entrances
are known from literature and research on the field could
bring some new exploration. However, long and demanding
digging operations in narrow places are required to proceed.
A general idea of the whole aqueduct course is already
defined. Present data show that the underground structures
resisted eruptions and earthquakes;only human abuses
succeeded in destroying sections of the aqueduct. A strong
concerted action is needed in order to explore the yet
unknown sections, preserve them and exploit their cultural
heritage value.

More than 2 km of unknown aqueduct separate this site
from the renowned Piscina Mirabilis, a large water tank
designed to provide fresh water from the Augustean
Aqueduct to the Roman Navy at anchor in the Miseno
harbour. It could store 12,700 cubic meters of water (De
Feo et al. 2009). The water intake is still visible 10 meters
high in the monument wall.

3. Discussion
The little information gained so far shows good uniformity.
The general cross-section is rectangular with vaulted roof,
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NERO’S OVEN: TEN SURVEYS ARE NOT ENOUGH
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Nero’s Oven is an artificial cave placed in the Municipality of Bacoli (Naples, Southern Italy). A small network of passages
leads to an underground pool of hot water. The passages were dug in Roman times as a sweater: hot steam was used to
cure several ailments. The place was highly renowned also in medieval to modern times; wealthy foreigners in the “Grand
Tour” to Rome and Naples were shown the passages and the hot water. The first printed survey of a cave (1546) is a rough
plan sketch of Nero’s Oven passages. Subsequently, several researchers tried to cope with the internal temperature and
steam to produce a graphic representation of the cave. The paper reports about the ten known surveys produced between
1546 and 2000 and the information they provide to modern speleological and archaeological research. Some information
about the present state of the cave are presented. A modern cave survey has not been produced yet, since the outer rooms
are used as a private dwelling.
The actual place name is Tritoli, maybe a corruption of
cryptulae (Latin term for “small caves”). Nero’s Oven is
called also Tritoli Sweater, as opposed to Tritoli Bath, an
underground bathing room placed on the beach at the roots
of Punta Epitaffio. Tritoli Sweater opens on the cliff; in
medieval times it was reached from the sea, through 43
steps. Therapeutic use of the place continued after Roman
times. In the XV century Tritoli was the hottest
establishment in an area where more than 40 baths were
reported. The site was shown to foreign visitors. A local
peasant stripped, entered the hot passages and brought back
a buckle of nearly boiling water. Some eggs were dropped
in it and they were quickly cooked. Some visitors tried to
enter the hot passages following the guide. Usually they had
to retreat; few succeeded in reaching the hot pool with great
effort, due to the air temperature which reached 50 to 60 °C.
In the XIX century water temperature was frequently
measured at more than 80 °C; in 1975 it reached 92 °C, just
after a period of increased volcanic activity in the
Phlegraean Fields. On May, 8th, 2010 we measured
temperature at 65 °C. Presently the cave is composed of
three parts: the so-called Grotta di Baia, the outer rooms
and the inner passages. The Grotta di Baia is a 70 m long
tunnel, parallel to the cliff, with several windows and six
underground rooms aligned along the tunnel internal side.
It was opened by order of viceroy Pedro Antonio de Aragón
(1666–1671) to allow road communication through Punta
Epitaffio cliffs. The rooms were used as resting places for
patients after exposition to the Sweater steam. The outer
rooms are five vaulted caves aligned along the cliff, just out

Author rerum naturae curiosus indagator montem intrat
(Theodoricus aus Nieheim, 1532).

1. Introduction
Nero’s Oven is a 400 m long maze of small tunnels. It opens
in the Phlegraean Fields, 16 km west of the center of
Naples, Italy, in the Municipality of Bacoli (Fig. 1).
The Phlegraean Fields are an active volcanic area.
Catastrophic eruptions occurred 39/35 ky b.p. and 15 ky
b.p., while several minor volcanoes erupted in pre-historical
times and again in 1538 (Rosi and Sbrana 1987). Presently,
the volcanic activity is limited to fumaroles and thermal
springs as the one which is present within Nero’s Oven. The
area is affected by the characteristic bradiseismic effect: a
long-period raising and lowering of the land, related to
variations in the underlying magmatic chamber. In Roman
times the land was at higher elevation than today, so many
coastal structures, villas, palaces and harbour plants are
presently underwater.
The mild climate, the fertile land and the safe harbours
raised attention by Greeks and Romans. Furthermore, the
area was blessed by several thermal springs. In the
Augustean period (end of the 1st century b. C.) the area was
fully exploited with leisure establishments, fisheries,
storehouses and harbour plants. Many caves were opened
in Roman times, as tunnels, aqueducts, water tanks, hot
water catchments, steam tubes to warm thermal
establishments. Among ancient writers, Cassius Dio,
Celsus, Martialis, Plinius the Elder and Vitruvius report
about sweating places at Baia, employing natural steam
sources from underground.

2. The cave
Nero’s Oven is the most important establishment in the area.
It bores through Punta Epitaffio, a small tuff headland over
the sea. Ancient ruins are still visible on the top and the
cliffs; a medieval tradition reportedly attributes them to a
luxurious villa which belonged to emperor Nero. He
attempted his mother murder in the nearby sea waters.

Figure 1. The Phlegraean Fields.
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the northern entrance of Grotta di Baia. They too were
resting places, but their origin is obscure. Theodoricus aus
Nieheim, a German historian, visited the place in 1404 and
reported (1532) about large rooms dug in the rock. The inner
passages are a set of small horizontal tunnels, with a
rectangular section about 0,8 m wide and 1,7 m high. The
rightmost passage slopes down as a stairway to a pool of hot
water covered with salt crystals. The air temperature reaches
40 °C. The outer rooms are inhabited by the descendants of
a family which found shelter from World War II bombing
on Pozzuoli. We had the chance to enter the inner passages
but once, so we were unable to produce a modern survey.
Figure 2. Nero's Oven survey n. 1 in the italian version
(Agricola 1550).

3. The surveys

development was reported as a largely overestimated three
miles length. Information was accompanied by a plan
sketch woodcut of the cave (Agricola 1546, p. 146) with
several captions. The cave is represented as a single
entrance passage which splits in three. The rightmost one
leads to a boiling spring. The woodcut was reprinted in
several subsequent editions, also in an Italian translation
(1550, Fig. 2). The survey and its captions are described by
Cigna and Middleton (2005).

The caving historian Trevor Shaw (1992, p. 13) states that
the earliest printed cave survey belongs to the Tritoli
Sweater. The exceptional interest of the place raised
attention by several scholars, antiquarians and researchers,
and up to ten different surveys were produced in the past.
3.1. 1546
In 1538 a new volcano erupted in the area, less than 1,5 km
distant from the Tritoli Sweater. The accident prompted
attention by European scholars. Georg Fabricius
(1516–1571), a German historian and archaeologist, visited
the area in 1543. In his travel report (Fabricius, 1547) he
composed a poetical description of the Sweater. In 1546
Georg Agricola, also author of the renowned De Re
Metallica, published a collation of booklets in latin about
subterranean matters. Information about the Sweater was
provided by an unnamed inhabitant of Pozzuoli to Georg
Fabricius who transmitted it to Agricola. The cave

3.2. 1558
The 1546 plan sketch was evidently a low quality one. A
reprint of Agricola work contains a wonderful woodcut
(Agricola 1558, p. 142, Fig. 3) which represents a pictorial
view of Punta Epitaffio with a ship arriving at the foot of
the 43 steps stairway and a cut-away view of the Sweater,
called Sudatorium Magnum (most important sweater). This
woodcut too was published in Cigna and Middleton (2005).

Figure 3. Nero's Oven survey n. 2 (Agricola 1558).
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Figure 4. Nero's Oven survey n. 3 (Sarnelli 1691).

The total development is estimated at slightly more than
half a mile. No scale is shown, but partial lengths of several
passages are reported, expressed in paces. Bulifon reports
also that one of his employees recovered from blindness
thanks to the Sweater hot steam.

3.3. 1687
Antonio Bulifon was a French learned publisher, with plants
in Naples and Pozzuoli. He realized that the Agricola plan
was incorrect, so he decided to produce a more accurate one
together with a detailed description. On June, 24th, 1687 he
entered the Sweater with a local guide. A copper engraving
was first published in the 1688 edition of a Pozzuoli
guidebook by Pompeo Sarnelli (pl. 7) and in a reprint in
1691 (Fig. 4).

This survey was reprinted several times; Cigna and
Middleton (2005) report a 1818 reprint by Panvini.
3.4. 1697

The survey is a plan representing some of the outer rooms
as separate resting places for women, men and priests. At
the time, the cave was actively employed for therapeutic
use by a hospital in Naples. The inner passages are
represented as two main branches connected by a gated
passage. The right branch splits in two and contains the hot
spring. The left branch splits in five and contains a shaft.

Bulifon produced a slightly different and more accurate
version of the survey to be published in a detailed Sweater
description (Bulifon 1697). The same copper engraving
appeared in further editions of Sarnelli guidebooks (1697,
Fig. 5; 1702; 1709). Perhaps the original copper was worn
out, so a new one was needed. Both the outer rooms and the

Figure 5. Nero's Oven survey n. 4 (Sarnelli 1697).
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inner passages layout are more realistic; all passages are
provided with length in paces. It seems that Bulifon decided
to re-entered the Sweater in order to improve the first
version of his plan.
3.5. 1753
Jerome Charles Bellicard, a French architect, published a
research about Herculaneum and other antiquities in the
neighbourhood of Naples. The book was produced in
English and appeared in 1753. Further editions were
published in French or in English in 1754, 1755, 1757 and
they bear also the name of the designer Cochin. Only the
plan of the Sweater entrance room is represented, together
with the very beginning of the hot inner passages. However,
beside the entrance room, an undescribed spiral staircase is
represented (Bellicard 1753, pl. 37). No scale is shown. It
is worth noting that in the 1757 (Fig. 6) edition the plate is
flipped in the vertical sense, producing a more realistic
representation on the place.
3.6. 1830
In 1817, canon Andrea De Jorio, a renowned Neapolitan
archaeologist, published a tourist handbook on antiquities
in Pozzuoli and its neighbourhood. The first edition, as well
as a second (1822), mention Nero’s Ovens but no graphical
representation is enclosed. In the third edition (1830) a
separate atlas of plates was printed. It contains a survey of
Tritoli Sweater (Fig. 7) with a plan of the outer rooms and
the inner passages. A longitudinal section of the rooms and
the main passage to the hot spring is enclosed. It is the only
section ever published of the Sweater. The survey was
produced by Friedrich Heller, a German archaeologist, and
the scale is in French toises, which corresponded exactly to
2 meters at that time, due to a Napoleonic measurement
units reform.

Figure 6. Nero's Oven survey n. 5 (Cochin and Bellicard 1757).

The plan is inaccurate: passages are tree-like and not
straight as in reality. The connection between the two main
branches is missing and a three-lobed passage termination
is in the wrong place. However, both the plan and the
section show a round room at the end of the main passage.

Figure 7. Nero's Oven survey n. 6 (De Jorio 1830).
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Figure 8. Nero's Oven survey n. 7 (Jervis 1876).

places and sampled water, in which a thermophilic
bacterium was found. Water temperature was 92 °C, while
the maximum air temperature was 58 °C. A survey was
produced, limited to the main passages, as far as the hot
pool; the plan only was published, but the picture reports
also the clinometer data (Abbruzzese Saccardi 1976). The
scale is in meters.

In 1843, Constantin James, a French physician, reported the
hot pool as divided in three basins, with an estimated depth
of about 0.5 m (James 1844). Presently, the land is lower,
so the hot water pool raised up the stairway. This means that
a real room could be present at the end of the passage. On
the other hand, we should note that James observations
were performed amidst hot vapours, with an air temperature
of 50 °C and with heart pulse higher than 150.

3.10. 1999
3.7. 1869

Finally, Greg Middleton, an Australian caver, visited the
place in 1999. He was aware that the cave owned the oldest
printed survey and he aimed at producing a modern one.
Unfortunately, he was forbidden to enter the hot passages;
he was just able to produce a few photos and a grade 1 plan
sketch of the visited parts (Middleton 2000).

William Jervis compiled a multi-volume guide to Italian
mineral waters. In the southern Italy volume, he added a
chapter on natural sweaters. Nero’s Oven was described and
surveyed (Jervis 1876, pp. 180–182). The water temperature
was 86 °C. A plate reports the survey; it is a very accurate
plan, with the outer rooms, the Baia Tunnel, the main
passages and the side passages (Fig. 8). The scale is in
meters.

A further library research induced Cigna and Middleton
(2005) to produce a paper in which four of the above
mentioned survey (n. 1, 2, 3 in the Panvini 1818 version, 9)
are discussed. The present paper is a natural follow-up of
their work.

3.8. 1957
The geologist Renato Sinno performed a geologic and
petrologic research on Punta Epitaffio area. He entered the
site and sampled the salt deposits. A plan survey was
published, limited to the main passages, as far as the hot
pool (Sinno 1957). No scale is provided.

4. Discussion
The ten produced surveys had very different objectives, so
results are quite divergent. Oddly enough, no. 1 and no. 10
are both grade 1 sketches, conditioned by the little
information available. No. 5 is simply an architectonic
documentation of the initial room. Its value relies on the
elusive spiral staircase. No. 8 and no. 9 were oriented to
specific studies on the hot pool branch. This means we have
no recent information on the other branches.

3.9. 1975
Cavers from the Naples Alpine Club explored the cave.
They measured air temperature and moisture at several
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No. 2 derives directly from no. 1. Its value is in the
pionieristic pseudo-3D view of Punta Epitaffio, with the
cave cross-cut.
Nos. 3, 4, 6 and 7 are the most complete and detailed
surveys. Their comparison shows the following
information:
• errors and imprecisions are clearly related to the very
demanding survey conditions. Honor should be paid to
these surveyors of the past.
• The general situation of the inner passages shows very
little changes in the last four centuries.
• Survey no. 6 seems to show that in the first half of the XIX
century a terminal room was reachable. The point deserves
further investigation, but this means some sort of hot
underwater exploration, possibly with a video probe or a
temperature-resistant ROV in the hot spring (Fig. 9).

Figure 9. The hot spring (photo by G. Ferrari). Libri III. Petreius,
Norimbergae.
Agricola G, 1546. De ortu & causis subterraneorum Lib. V. De
natura eorum quae effluunt ex terra Lib. IIII. De natura
fossilium Lib. X. De veteribus & novis metallis Lib. II.
Bermannus, sive De re metallica Dialogus. Interpretatio
Germanica vocum rei metallicae, addito Indice foecundissimo.
Froben, Basel.

Another interesting point to note is the wide international
research interest in Nero’s Oven: in the past five centuries,
scores of scholars and researchers from France, Germany,
Great Britain, Italy and even Australia converged to perform
researches on the place.

Bellicard, JC, 1753. Observations upon the antiquities of the town
of Herculaneum, discovered at the foot of Mount Vesuvius:
with some reflections on the painting and sculpture of the
ancients: and a short description of the antiquities in the
neighbourhood of Naples. Wilson & Durham, London.

5. Conclusions
Nero’s Oven is evidently a very special place. It shows
several scientific and cultural fields of relevance:
archaeological, historical, geologic, geochemical,
volcanologic, petrologic, hydrologic, biologic. Speleology
aims at gathering past information and providing reliable,
complete and detailed information about the place, to be
employed by researchers in sectorial studies.

Bulifon A, 1697. Descrizione e piante de’ Sudatorj di Tritoli in
Pozzuoli. In: Bulifon A, Lettere memorabili, istoriche, politiche
ed erudite. Raccolta seconda. Pozzuoli, 125–130.
Cigna A, Middleton GJ, 2005. The Stufe di Nerone (Nero’s Oven):
an ancient artificial cave near Naples (Italy). Proceedings of
the XIV International Congress of Speleology, Athens, 21–28
August 2005, 459–461.

Nero’s Oven deserves a multi-disciplinary research project;
the first step should be the production of a modern,
complete and reliable survey, within the limits imposed by
local environmental conditions. Luckily, present time low
volcanic activity produces a less demanding environment
with respect to the near past.

Cochin CN, Bellicard JC, 1757. Observations sur les antiquités
d’Herculanum; avec quelques réflexions sur la peinture & la
sculpture des anciens; & une courte description de plusieurs
antiquités des environs de Naples. Jombert, Paris.
De Jorio A, 1830. Guida di Pozzuoli e contorni. Stamperia
francese, Napoli. 3rd ed., pp. 128 + 9 plates.
Fabricius G, 1547. Georgii Fabricii Chemnicensis itinerum Liber
unus… Oporinum, Basileae.
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RESEARCH PROSPECTS OF OLD MINE WORKINGS IN THE URAL
MOUNTAINS
Alexey Gunko
Russian geographic society, Naberezhnye Chelny, Russia, gunko.a@mail.ru
Mine development in the Ural Mountains (Russia) started 4–3 thousand years B.C. In the XVII–XVIIIth centuries
commercial mining began. A lot of mines and adits have been retained till now. These mining old relics are of great interest
not only for speleologist, but also for historians, biologists and geologists. On the Western and Eastern slopes of the Urals
– copper, iron, gold, asbest, sulphur pyrite, alabaster, coal were extracted. The depth of some excavations reached 300 m
and the area of some mine fields – reached 500 km². The total number of developed underground mines of the Urals at the
beginning of the XIXth century exceeded 15–20 thousand. Speleologists are only at the very beginning of investigation of
this rich region in artificial caves.

1. Introduction

The XVIII–XIXth centuries were marked by a rapid
development of ore deposits that were explored thoroughly,
and tens of foundries were erected across all Urals. Besides
production of metals, an important share in mining was
represented by non metallic ore deposits. By the end of the
XIXth century the Ural mountain enterprises mined copper,
iron, gold, asbest, sulphur pyrite, alabaster, coal and so forth
(Fig. 1).

The Urals are a mountain range that reaches a height of
1,895 m asl, located in Russia 1,100 km east of Moscow.
The Ural Mountains stretch from the north to the south for
2,000 km, forming the boundary between Europe and Asia.
Mining crafts of the Ural Mountains find their origin a long
time ago. According to A.A. Shtukenberg copper
sandstones of the Pre Ural area and the Western slopes of
the Urals already were a source of raw materials for the
local population since 4–3 thousand years B.C.
(Shtukenberg 1901). Intense activity of the first miners in
prospection and mine-working already caused the discovery
of practically all the most significant deposits of copper of
the Ural by the beginning of the industrial revolution. Such
ancient mine-workings received the collective name of
“chudsky mines” by the Russian population. Chudy refers
to the name of the tribes that occupied the Urals in earlier
times.

Mineral resources of the Urals attracted public and private
investments. The mining industries inherited many
European traditions and, although with a certain delay,
started to use advanced technologies. Innovations allowed
extracting minerals in complex hydrogeological conditions
and underground production was pushed deeper and deeper.
In the early XXth century many deposits were exhausted or
found unprofitable, and most mines were slowly forgotten.

2. Geography of mines

From the beginning of the XVII century a new age in the
development of the Ural mineral deposits started.
Expeditions financed by Moscow actively investigated the
western slopes of Northern and Central Ural Mountains. In
1628 iron ore was found near the river Nitsa, and in 1635
the Kunzhursky field of iron ores near the river Yayva and
the Grigoryevsky field of copper ores near Solikamsk were
discovered. In 1631 the so-called Nitsinsky plant started its
work becoming the first Russian iron industry. By 1633 at
the Grigoryevsky mountain the first copper enterprise of
Ural was founded, and in 1640 the Russia’s first Pyskorsky
state copper-melting plant was erected near the river
Kamgorka, attached to the Pyskorosky monastery.
th

The total number of underground mines of the Urals
developed in the beginning of XIXth century exceeds 15–20
thousand. Details of the exact location, size and
morphology of most of them is poor or irretrievably lost.
Archival and published sources, as well as current research
in general, can provide an enormous amount of
documentation on mine works in the Urals – thousands of
miles of underground spaces.
In the XXth century a rediscovery of the mines was
attempted. Coverage of objects was quite small. Often only
facilities near settlements and highways were inspected.
Basically the entrances of the mines and tunnels, and dams
and ditches were described. Thus most of the workings and
their real dimension and morphology remain unexplored.

Quite often ancient works were an indication of the
presence of ores, and their discovery often lead to the
development of detailed researches. For example, in 1702
the Ural settlers led by Sergey Babin found “chudsky
mines” near the river Polevaya and opened the well-known
Gumeshevsky copper field. Later, during excavations in the
Gumeshevsky mine, ancient mines over 20 m in depth, the
remains of timbering, and also numerous labor tools such
as mining picks, copper hammers, leather bags for ore
transport, were discovered. A wooden shovel was found in
Sergiyevsky mine at a depth of 32 m.

2.1. Cisurals
Cisurals is the marginal part of the East European Plain,
adjacent to the western slope of the Ural Mountains, within
the river basin of the Kama and Pechora. The main minerals
derived here up to the XIXth century were copper ores. They
are confined to sandstones of Permian age. Thousands of
copper mines spread from the city of Orenburg in the south
to the northern borders of Perm region.
213

Speleological Research and Activities in Artificial Underground – oral

2013 ICS Proceedings

Figure 1. Map of location of mine workings (XVI–XIX cent.) in the Ural Mountains.

of Orenburg cover an area of approximately 500 km ². This
is one of the world’s oldest mining complexes, consisting
of hundreds of large mines and tunnels, developed in the
IVth century B.C., and active until the end of the XIXth
century. In Tatarstan, the study revealed dumps and large
and complex workings connecting the two river valleys
located at a distance of about 5 km. Here, several galleries

A strip of copper sandstones passes through Kirov region
and the Republics of Tatarstan, Udmurtia and Bashkortostan.
Mining works have a depth of 5–70 m. Their size and shape
are quite diverse from a few meters straight exploration
adits and shafts, up to hundreds and thousands of meters of
multi-level systems. Minings near the village Kargaly north
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throughout the whole easten slope of the Urals. The
preserved copper mines in the northern part of Sverdlovsk
region are of great interest. In 2007 north of Severouralsk a
group of researchers led by M.V. Tsyganko found and
opened the entrance to the mine Voskresensky (XVIII–
XIXth centuries). Several mine galleries are well preserved
here (Fig. 2), still containing several miner tools: mining
picks, fragments of drag harrows, sump pans and lamps
were assembled. There are great prospects for further
exploration of the mine.
Thousands of mines surround the towns of Severouralsk,
Krasnoturinsk (Fig. 3), Nizhny Tagil and Yekaterinburg.
These are mine workings of copper, iron, chromium, silver,
etc. The deepest mine goes down to 300 meters below
surface. The famous Rudyansky Copper mine on the river
Rudyanka near Nizhny Tagil had 10 mines with a depth of
300 m spread over an area of about 520 × 670 m. The
famous Turinskie mines reaches depths in Frolovskiy 230 m,
Rashetovsky 210 m, and Vasilevsky 160 m. Increasing
urbanization has englobed these mine adits in the suburbs,
and the mines are now located in the cities.

Figure 2. Inclined workings of Voskresensky mine.

and a chain of more than 40 mines stretch between the
rivers Arbashi and Ucha. The largest of the copper mines
hosted in sandstones is Sarmanovskiy, located 220 km
south-east of the city of Kazan. We studied this mine in
1998 for a length of 2.1 km (Gunko 2008). It has several
layers of well-preserved sections of the arched galleries.
According to some literature sources, captured Swedes
participated in its development at the beginning of the
XVIIIth century (Rychkov 1770)

Large excavations of copper and iron are located near the
towns of Zlatoust, Miass, and Magnitogorsk (Chelyabinsk
region).

In the east of Kirov region in the upper reaches of the rivers
Vyatka and Kama, and in the south of the area on the left
bank of the Vyatka was being developed iron ore. Mining
works were produced by small mines and sloping tunnels.
There are numerous gaps and wells, the study of which is
complicated by the remoteness of the villages.

3. Conclusions
Since the end of the XXth and the beginning of the XXIst
century with the development of scientific disciplines such
as spelestology and industrial archaeology, underground
mine workings are seen as unique objects – monuments and
mining technologies that have survived to the present day.

2.2. The western slopes of the Urals
This territory includes the eastern part of the Perm Territory,
the Republic of Bashkortostan and a part of Orenburg
region. Iron mines are widespread in this region. They were
developed in Perm region, in the upper reaches of the river
Vishera, and in the middle parts of the rivers Vijay and Koiva
(river basin Chusovaya). The deepest mines in this area are
Isakovsky (-70 m), Koyvinsky (-90 m), and Kurtymsky
(-128 m). Active mining of iron ore was carried out in the
basin of the rivers Belaya and Inzer in Bashkortostan.
Partially developed underground chromite ore was exploited
near the village Sarayu on the river Vijay in Perm region. At
the end of the XIXth century this area was the world’s largest
supplier of chromite. There are numerous mine workings,
the entrances to which are located in the walls of the pits and
valleys.
Since 1796 coal was mined underground in Perm region. In
the river basins Usva, Kosva and Yaiva are located numerous
workings. In 1892 there were 22 mines and tunnels here. In
the XXth century many mines have continued to work at
great depths. Older mine works are present on the mountain
Krestovay near the town of Gubaha.
2.3. Central and eastern slopes of the Urals
This territory includes Sverdlovsk and Chelyabinsk regions,
the eastern part of the Republic of Bashkortostan and
Orenburg region. Exploitation of copper was carried out

Figure 3. Mining shaft of chrome ore to the east of the town
Krasnoturyinsk.
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Artifacts representative of past mining periods are often
preserved inside ancient mine workings: tools, personal
items of miners, elements of mine ventilation, lighting, and
many others. Collapse, flooding, secondary mineralization,
settling of living organisms: all this leads to the formation
of a special underground landscape, the fragility of which
is similar to that of the natural karst landscapes.
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However, some of the old mine workings are a problem for
the development of cities in the Urals. A number of large
Ural settlements were built close to or around the XVIII–
XIXth century ore deposit exploitations. Later, population
growth has led to urban development in the mining areas.
Public safety issues related to, first of all, the construction
in such territories, began to emerge as early as the 1960s.
As in Perm entire districts of the city are in danger. In the
town of Berezovsky, the lack of historical data and the
haphazard urbanization over old mine workings led to
subsidence and deformation phenonema of the built
structures. The town Krasnoturinsk central residential area
was built right on the mine field. Several houses were
located right on the mouth of the mine. A possible solution
of a number of geo-ecological problems associated with
mining, is based on prevention. It should be based on the
collection and analysis of historical information, as well as
targeted research and speleological and geophysical
methods.

Rychkov NP, 1770 The Captain Rychkov’s Register of his
travellings about Russia in 1769–1770 years. St. Petersburg,
Russia, 53–55 (in Russian).

Speleologists are only at the very beginning of investigation
of this region rich in the artificial caves. It is a well
established location and to date only 10 % of the old mines
of the Ural Mountains have been investigated.
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KUNGSTRÄDGÅRDEN, A GRANITIC SUBWAY STATION
IN STOCKHOLM: ITS ECOSYSTEM AND SPELEOTHEMS
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At a depth of 30 m, Kungsträdgårdens subway station is the deepest station in Stockholm. It is also one of the few with
easily accessible walls that are not covered in concrete, but where the Stockholm granite is exposed. On the granite wall
a simple but complete and unique ecosystem has developed since the station was constructed in the mid-1970’s. The
constant artificial light is a unique energy source in this subsurface environment and enables the occurrence of microbial
communities dependent on photosynthesis with the primary producers being cyanobacteria, several species of diatoms as
well as the bryophyte Eucladium verticillatum, not known from other locations in Stockholm. Top predator is the spider
Lessertia dentichelis, with its only known population in Sweden. Closely associated with the ecosystem are secondary
mineral precipitations forming flowstone, coralloids and small stalactites. The most common mineral is calcium carbonate,
but there are also sodium sulfate depositions. A significant proportion of the mineralisations has been mediated by the
present microorganisms, especially fungi. Characteristic for the microbial communities on the granite wall is that they
appear to give rise to local geochemical conditions that influence microbial diversity, mineral precipitation and mineral
dissolution, such as diatom ooze with calcium carbonates or a fungal – cyanobacterial community that might be responsible
for speleothem formation.

1. Introduction
In most environments, lampenflora is considered as
detrimental. This is not the case in the Kungsträdgården
subway station in Stockholm, Sweden (Figure 1). As in most
of the subway stations in town, Kungsträdgården subway
station has an artistic decoration. At Kungsträdgården, the
artist Ulrik Samuelson wanted to infer a sense of a
(romantic) “granite cave”, leaving most of the bedrock in
the station exposed and decorating with mascarons from the
17-century palace Makalös (De la Gardie’s Palace) that was
situated close to the place where the subway station is today,
until it was destroyed by fire in 1825. The artist also
introduced some plants associated with a romantic view of
caves, in particular ivy (Hedera helix) that is planted near
the entrance to the platform. The station was finished in 1977
as the end station of the newest subway line in the
Stockholm Metro system (the “Blue Line”), and was opened
for use on October 30th the same year. The platform is one
of the deepest in Stockholm, located approximately 34 m
underground and 29 m under sea level. The station is entirely
constructed in about 1.8 Ga old granite (Ivarsson and
Johansson 1995) (thus the artist’s “granite cave”). As in
caves, there are rich secondary mineralizations
(“speleothems”), forming various flowstones and coralloids
(but only a few very small stalactites).

Figure 1. Kungsträdgårdens subway station, located more than
30 m below the surface in central Stockholm, Sweden. A large part
of the wall is covered with the moss Eucladium verticillatum.
There are also several distinct biofilms and speleothems.

(Linyphiidae) was discovered in the station (Kronstedt
1992). It is obvious that the ecosystem to a large extent is
driven by the energy from the lights on the platform. This
prompted our recently commenced research in this artificial
“cave”, this time with focus on the speleothems, but using
a systems approach, trying to survey the station from
minerals to top-predator.

Earlier studies on granite speleothems (Vidal Romaní et al.
2010) have revealed a diversity in speleothem forming
minerals (in particular opal-A and pigotite, but not calcite)
and a close association with various microorganisms. In the
station there is also a small ecosystem first noticed in the
early 1980’s when the first and so far only population in
Sweden of the small spider Lessertia dentichelis

2. Material and Methods
We sampled the speleothems in several places along the
platform, making sure not to handle the specimens with
ungloved hands. The specimens were transferred to freezer
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fungal communities. Results from DNA analyses of both
fungi and cyanobacteria are pending.

(-20 °C) within two hours from the sampling, and stored at
the Swedish Museum of Natural History, Stockholm, until
later investigation. It was noted that the flowstones were
exclusively formed where water was seeping out of the
granite. In these places there was also a higher biological
diversity, and we collected specimens of animals, moss and
biofilms (brown “algae” mats and “calcareous slam”). The
animals were stored in alcohol (70 % Et-OH), while the
moss was dried, and the biofilm samples transferred to
freezer. In some places we observed a slightly discolored
(yellowish) salt precipitation. This, too, was sampled for
later analysis.

The EDS analysis of the salt showed that it is composed
mainly of Na, S and O, thus tentatively determined as a
sodium sulfate salt.

4. Discussion
The ecosystem at Kungsträdgården subway station seems
to be more or less self-sufficient, driven by the energy from
the fluorescent lamps used for lightening the station, and
water from the bedrock. The autotrophs in this system have
been identified as cyanobacteria (in close association with
heterotrophic fungi), diatoms, and the moss Eucladium
verticillatum. This moss is a common component of
lampenflora in many caves (Mulec 2012). In these the
presence of the moss is unwanted, but the population in
Kungsträdgården subway station is the only known from
the Stockholm area and an important component in the
ecosystem. The moss is tufa-forming, and normally grows
on limestone; the presence here on a granite wall was thus
not expected. However, at a closer examination, it was clear
that all individuals were growing on speleothems and not
directly on the wall. E. verticillatum is commonly
associated with tufa deposits (e.g., Pentacost 1987), but it
is not known if the moss contributes in any way to the
formation of the speleothem.

The animals and the moss were determined by experts at
the Swedish Museum of Natural History, where voucher
specimens are stored. Speleothems and the salt were
analysed using Environmental Scanning Electron
Microscopy (ESEM) coupled with Energy Dispersive
Spectometry (EDS).
Diatoms were sampled from the walls of the station, using
a common spoon and spatula. Samples were cleaned in
30 % H2O2 and 10 % HCl and then mounted using
Naphrax™ for light microscopy analyses (using a Leitz
orthoplan light microscope at 1,000× and oil immersion),
and dried directly onto the stub for Scanning Electron
Microscopy (SEM) analyses. The samples were analyzed
with the aim of identifying everything to species level by
one of us (LNI). Additionally, 400 valves were counted in
each sample to estimate the relative abundance of species.

The diatom flora of Kungsträdgården subway station
(Figure 2) is dominated by aerophilous taxa. Diadesmis
perpusilla (Grunow) Mann and Diadesmis contenta
(Grunow) Mann are species often found in caves and they
are both characteristic of environments with low light
availability. Other species found were e.g., Pinnularia
appendiculata (Agardh) Cleve, Diploneis ovalis (Hilse)
Cleve, Amphora normannii Rabenhorst, Cymbella laevis
Naegeli, Nitzschia sinuata (Smith) Grunow, Nitzschia
amphibia Grunow and Caloneis cf. aerophila Bock.
Caloneis aerophila is a rare species, to our knowledge not
previously reported from Sweden. In addition, a small
Caloneis species was found, which might represent a yet
undescribed species. All diatom species found were pennate
diatoms with at least one raphe. This indicates the
importance of being able to move around on the substrate.
The results show a clear biogeography in the metro station.
The species composition of the calcareous slam was not the
same as of the brown “algae” mat. It is likely that the
diatoms found in the calcareous slam in some way
contribute to the making of this specialized habitat.

3. Results
Even if our investigation of the subway station has only
recently started, we have some noteworthy results. We
observed several individuals of the spider Lessertia
dentichelis (Simon), including egg sacks. Crane flies
(Diptera: Tipuloidea) collected were determined to Tipula
lateralis Meigen (Tipulidae), and the moss to Eucladium
verticillatum (Brid.) Bruch and Schimp. The crane fly
larvae collected could not be identified to species
(Figure 2), but it is likely that they are T. lateralis. Of
diatoms, 12 species have so far been identified. For an
overview of the biodiversity in the station, as known today
(including previous reports), see Table 1.
The speleothems consist mainly or entirely of calcite.
Characteristic for the speleothems are the close associations
with biology including cyanobacteria, fungal mycelia and
diatoms. Especially fungi appear to play an important role
in the formation of speleothems. It is possible to follow a
gradual increase of calcite precipitation from nonmineralized fungal mycelia to well-defined speleothems
with less presence of active fungal colonies (Figure 3). In
between these opposites are various stages of calcite
precipitation with direct precipitation on the fungal hyphae
as a first stage, successively forming more and more
elaborate calcite precipitates in between the hyphae until
large parts of the mycelia is completely mineralized.
Whether fungi precipitate calcite directly as a result of their
metabolism or if calcite is precipitated indirectly as a
response to favorable geochemical conditions in the vicinity
of fungi is not yet concluded. Furthermore, cyanobacteria
have been observed to live in close association with the

The top-predator in Kungsträdgården subway station has
been identified as the small spider Lessertia dentichelis
(Kronstedt 1992). It seems to have a viable and stable
population on the walls of the platform, mostly found in
close association with the moss where the nets and egg sacs
can easily be spotted. Due to the small size, it is more
difficult to observe the adults. The population at the subway
station is the only known in Sweden (Kronstedt 1992), but
it is possible that it has been overlooked. Kronstedt (1992)
reported a microfauna living among the moss, consisting of
nematods, annelids, harpacticids, and collembols (Table 1).
It is likely that the spider feeds on the collembols and the
harpacticids, and that they in turn lives on the diatoms, fungi
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Table 1. Organisms identified from Kungsträdgården subway station, Stockholm, Sweden.
Taxon

Reference

Remark

Mammalia: Hominidae
Homo sapiens Linnaeus

This Investigation (TI)

temporarily in high density, not
stationary; adults and juvenils

Kronstedt 1992, TI

several individuals, including egg sacs

TI

several adults, numerous larvae

Arachnidae: Linyphiidae
Lessertia dentichelis (Simon)
Insecta: Diptera: Tipulidae
Tipula lateralis Meigen
Collembola: Hypogastruridae
Hypogastrura purpurescens (Lubbock)
Collembola: Isotomidae
Proisotoma minuta (Tullberg)
Crustacea: Copepoda
Harpacticidae
Nematoda
Annelida
Plantae: Bryophyta: Pottiaceae
Eucladium verticillatum (Brid.) Bruch &
Schimp
Heterokontophyta: Bacillariophyceae
Amphora normannii Rabenhorst
Caloneis cf. aerophila Bock
Caloneis cf. bacillum (Grunow) Cleve
Caloneis sp.
Cymbella laevis Naegeli
Diadesmis contenta (Grunow) Mann
Diadesmis perpusilla (Grunow) Mann
Diploneis ovalis (Hilse) Cleve
Navicula sp.
Nitzschia amphibia Grunow
Nitzshia sinuata (Smith) Grunow
Pinnularia appendiculata (Agardh) Cleve
Fungi
Cyanobacteria

Kronstedt 1992
Kronstedt 1992
Kronstedt 1992
Kronstedt 1992
Kronstedt 1992, TI
TI
locally abundant on sinter
TI
TI
TI
TI
TI
TI
TI
TI
TI
TI
TI
TI
TI
TI

first record for Sweden?
new species?
low light environments
low light environments
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In the background, but as an integral part in the local
environment, are the speleothems (Figure 3). We expected
the usual granite speleothem forming minerals (Vidal
Romaní et al. 2010); instead we could only identify calcite
from the samples. The source of the calcium is not yet
identified. The bedrock is granite, but the ceiling is covered
in concrete and would be the obvious source. However,
most of the speleothems form only some distance below the
ceiling, without visible contact with the concrete, and the
impression is that the seeping water is the source of the
calcium. Granites contain only a fraction of Ca compared
to mafic rocks and the groundwater in the Stockholm
usually contains small amounts of Ca: 4–6°dH (grad
deutscher Härte) where 1°dH correspond to 10 mg CaO/1
litre of water. This can vary locally, especially in the nearby
Stockholm archipelago with measured values of 7–13°dH.
In such areas Ca precipitations in washing machines,
saucepans and pipes can be a problem. Perhaps the degree
of CaO is high enough to precipitate speleothems on the
granitic walls of the subway station Kungsträdgården, at
least with support of microorganisms.
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Figure 2. Some of the species from the diatom flora of Kungsträdgården subway station, Stockholm, Sweden. A: Diadesmis contenta
(Grunow) Mann. B: Diadesmis perpusilla (Grunow) Mann. C: Caloneis sp. D: Amphora normannii Rabenhorst. E: Caloneis cf. aerophila
Bock. F: Nitzschia sinuata (Smith) Grunow.

Figure 3. Microphotographs and ESEM images showing gradual increase (from left to right) of calcite precipitation on fungal hyphae
with the final result of speleothem formation.
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To enable better supply of the front line during the First World War, the military command started to build a standardgauge railway line from the main line at Logatec. The project began in April 1917 but in October the front line was pushed
far to the west. The railway was no longer needed, so all work stopped and most structures remained unfinished. After the
war, the new border between Italy and Yugoslavia passed close to the unfinished tunnel. Part of the tunnel was transformed
into a bunker, one of many within the system of fortifications known as the Alpine Wall. After the Second World War the
border moved away and both tunnel and bunker were forgotten and overgrown by forest. Apart from its unusual history,
the structure is notable because work on it was halted in mid-construction, with the result that all stages of construction of
the tunnel are well preserved.

1. Introduction

After the Second World War the border moved west and
both the tunnel and bunker were forgotten and overgrown
by forest. Apart from its unusual history, the structure is
notable because work on it was halted mid-construction,
with the result that all stages of construction of the tunnel
are well preserved.

During the First World War, following the Italian attack on
Austria-Hungary, the Isonzo front line formed in the
western part of what is now Slovenia. To enable better
supply of the front line, the military command ordered the
special Imperial and Royal Railway Regiment to build a
standard-gauge railway line to Črni Vrh, beginning at the
junction with the main railroad at Logatec. The project
began in April 1917, but after the Battle of Caporetto in
October of that year the front line was pushed west to the
river Piave, with the result that the railway was no longer
needed. All work on the railway was stopped and the line
and most structures remained unfinished and abandoned in
the middle of the forest.

2. The tunnel
The plans, including the longitudinal section and ground
plan, were drawn up in April 1917 by J. Kolmann (Kolmann
1917). Construction work started at about the same time.
The main workforce consisted of prisoners of war, mostly
Russians. Work proceeded simultaneously along the entire
length of the railway, and in the autumn, when work was
abandoned, many sections of the railway were already
finished. Completed structures included a tunnel in Logatec,
which was later filled with waste, and a tunnel close to the
village of Godovič that is today used as road tunnel (Frelih
1999).

Figure 1. Position of the tunnel.

When the war ended in year 1918, the newly established
border between Yugoslavia and Italy cut through the area
and there was no need to continue building the railway.
Among the unfinished structures along the line was a tunnel
near the village of Godovič. Because of its position in Italy
near the new border, part of the tunnel was converted into
a bunker after 1931. It was part of the Alpine Wall, the
system of fortifications created by the Fascist regime to
protect Italy’s borders.
Figure 2. Southern entrance showing the pioneer tunnel (lower
aperture) and crown (upper aperture).
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4’ 48.4” E) lies about 2 km west of the village of Godovič.
The tunnel is constructed through karstified Cretaceous
limestone below a rough, rocky karst surface with
numerous dolines. A number of caves are known in the
vicinity and one natural cavity was encountered by the
tunnel.
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was only completed in the northern part of the tunnel. The
height of the tunnel is 6.5 m and the width is 4.6 m.

According to the building plan, the tunnel was 388 m long.
The north entrance was at 613 m above sea level, and the
southern at 618 m. The incline of the railway was 13‰. The
thickness of the rock above the tunnel ceiling is for the most
part around 15 m, with a maximum thickness of 26 m.
There is also one doline above the tunnel, where the ceiling
is only about 10 m thick.
Digging of the tunnel began from both ends simultaneously,
and at three different heights. At the height of the tunnel
floor, a small pioneer tunnel was dug to transport excavated
rock. It is about 2 m high and 2 m wide. A narrow-gauge
railway track ran through it.

Figure 4. View of the pioneer tunnel and crown section and a
section of nearly finished tunnel.

The tunnel was built in well-karstified limestone. This has
resulted in drip points at several places in the tunnel and
drainage of the water into the karst through the tunnel floor
(Lajovic and Mihevc 2010). The tunnel also cuts through
several natural caverns, one of which is still preserved for
a length of 10 m and is entered in the Cave Register of
Slovenia.
Figure 3. The unfinished crown of the tunnel. The section in the
background has already been lined with concrete.

Because the work stopped before the tunnel was finished,
nearly all phases of excavation and construction have been
preserved. More work was completed at the north end of
the tunnel: about half of this section was fully or partly
concreted and, according to locals, the tunnel portal was
also finished. The southern end remained at the earlier
stages (digging of two tunnels, excavation of the crown,
erection of scaffolding for the purposes of cementing).

Above it, the tunnel crown was excavated. The crown
section is connected to the pioneer tunnel by several vertical
shafts through which the excavated rock was poured into
the small wagons below for removal. Timber supports and
wooden loading structures were placed at intervals. Once
the crown was excavated, scaffolding was erected and the
crown was lined with concrete. When this was done, the

Figure 5. Shematic cross section through the tunnel. All building phases and the bunker are preserved.

After the war, when the Treaty of Rapallo fixed the new
borders, the tunnel found itself about 3 km inside Italian
territory. After 1931 the Italian army started to build a

tunnel builders dug down and began to shape the main
tunnel, all the time using the pioneer tunnel. The scaffolding
and cementing of the walls was done in sections. The invert
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3. Conclusion

bunker in the northern part of the tunnel. The bunker is a
concrete cube, with a staircase and a shaft leading to a
surface outpost covered by a steel cupola. Access to the
bunker is through the tunnel from the south or via the
staircase from the surface. There are toilets in the bunker
and a sewage pipeline that drains it. To hide the bunker, the
northern tunnel portal was filled with rubble and
camouflaged.

The tunnel and the bunker are witnesses to the turbulent
times of the first half of the 20th century, including wars and
border changes. The unfinished tunnel also reveals
interesting phases of tunnel building and helps illustrate the
knowledge and techniques that were developed and used in
the 19th century.

Figure 7. Steel cupola on top of the bunker. Below it, the northern
portal of the tunnel is filled with rubble and hidden.
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Figure 6. Bunker in the finished part of the tunnel.

It seems that the bunker was not completely finished when
Italy attacked Yugoslavia in 1941 and the Second World
War started in the area. It was not used during the war. After
the war, the national border moved to the west and both the
bunker and the tunnel were abandoned and forgotten in the
forest. The tunnel was looted by the inhabitants of the area,
who carried off all usable items and mined the concrete in
order to extract the steel for building purposes.
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Instability features may be observed in underground settings, including both natural and artificial caves. Recognition,
mapping and documentation of such elements is of crucial importance to understand the likely evolution of the caves in
terms of instability, and to evaluate the possibility of a direct involvement of the built-up areas above. Many towns and
important communication routes are located in Italy above caves, which makes knowledge of the instability conditions an
absolute priority for civil protection issues and land management. The role of cavers in the identification of instability
features has been rarely taken into account, and always considered as a minor, often unnecessary, element in the stability
assessment. Nevertheless, cavers are the only “eyes” underground, and have the opportunity to document what is really
occurring. The present article aims at pointing out this crucial role of cavers, and illustrates some of the most common
instability features in underground settings, both related to already occurred failures and to incipient signs of deformations.
The issue is dealt with focusing on artificial caves, since these have been in the last decades at the origin of several problems
in many towns and rural areas of southern Italy.

1. Introduction

might be useful, together with the necessary geotechnical
data about the involved materials, to determine the most
suitable geological model for instability evolution at the
specific site. It is our firm opinion that such documentation
is crucial for understanding the instability problems, but, at
the same time, cannot be considered the only scientific
material on which to base a practical mitigating action.

Cavers carry out an activity that is often lowly considered,
or thought of in negative terms because of the breaking
news reporting accidents involving difficult and high-cost
rescue operations. Nevertheless, caving has a very
important value: cavers are the only people having the
possibility, due to their technical skills and ability to move
in a subterranean environment, to explore and document the
underground world in safety. Documentation, in particular,
is extremely important, since it provides all those people
that are in charge of decisions (local authorities, land use
planners, etc.) but never will directly enter a cave, the
necessary material (maps, photographs, videos) to make
their own choices.
Even more than for natural caves, the matter becomes of
extreme importance for artificial cavities, since these are
more frequently located below or in the proximities of
inhabited areas or infrastructures. As a consequence, any
problem occurring within the underground setting may have
direct, sometimes catastrophic, consequences, on the builtup areas above (Waltham and Swift 2004; Parise and Gunn
2007; De Waele et al. 2011; Parise 2012).

Figure 1. Massive fall from the vault in a calcarenite quarry.

Starting from these considerations, the present article
intends to point out the importance of cave surveying,
mapping and documentation, with particular regard to all
those elements related to instability processes that can be
observed in natural and artificial caves (Andrejchuk and
Klimchouk 2002; Palmer 2007). Being well aware that
instability phenomena are rarely sudden, but in most of the
cases they are preceded by deformations, it comes out that
having the possibility to collect direct observations about
the precursory signs of failures may result in the possibility
to understand what is going on underground, predict the
likely evolution toward the ground surface, and plan
interventions to reduce the hazard, or at least to mitigate the
risk to people and society.

2. Natural vs. artificial caves
The issue of instability is of interest for both natural and
artificial caves, and as such a number of studies have been
published over the years in the speleological scientific
literature in the attempt to describe and model the process
(Davies 1951; White and White 1969; Palmer 1991; White
2005). However, the direct link existing between many
artificial cavities and the environment at present used by
man for his activities make artificial cavities of particular
interest, since these are generally the type of underground
voids creating problems, and causing economic losses and
damage, to the society. The recent cases of a sequence of
collapse sinkholes at Guatemala City in 2006 and 2010 is
straightforward at this regard (Hermosilla 2012).

The present article will illustrate both features related to
already occurred instability, and incipient signs of
deformations. The combined analysis of these elements

With this, it is not our intention at all to diminish the
relevance of instability observations carried out in natural
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that may induce a progressive increase in the height of the
cave up to eventually reaching a critical configuration
which later on can develop towards the complete collapse.
The failures or instability mechanisms observed in many
caves of southern Italy may be described by grouping them
into two main categories (Diederichs and Kaiser 1999a,
1999b; Hatzor et al. 2002; Ghabezloo and Pouya 2006):
failures within continuous media (intact rock mass or highly
jointed rock mass), and failures within discontinuous media
(anisotropic rock mass with specific joint sets). Whilst the
first category characterizes soft rock masses such as
calcarenites, chalk, and evaporites, the second one relates
to stratified and fissured limestone rock masses affected by
karst.

caves. Some of the most common processes of cave
evolution, for instance, derive from progressive failures in
the rock mass constituting the roof of the cave, until
reaching the ground surface, and thus originating collapse
sinkholes (Tharp 1995; Klimchouk and Andrejchuk 2002;
Delle Rose et al. 2004; Canakci 2007; Waltham and Lu
2007; Parise 2008). Observing and documenting features
related to such processes is of crucial importance, for both
the understanding of the cave evolution, and the likely
consequences this may have in terms of risk as well. But
the focus will be in this article essentially on artificial caves,
since these are those that have produced the greatest alarm
and worrying in many regions of southern Italy during the
last 15–20 years, due to a number of sinkholes that had to
be recorded in Apulia, Campania and Sicily (Parise and
Fiore 2011).

3. Mapping instability features
Due to the geological and morphological setting, many
regions of southern Italy presented features such as to allow
man since historical times to excavate and use several types
of the local rocks for building purposes, and to create
underground voids for different uses (Del Prete and Parise
2013). As a consequence, wide areas are characterized by
the presence of a huge number of man-made cavities, that
have to be added to the natural caves, present in the same
regions because of karst processes. As concerns Apulia, the
most extensive systems, and the most dangerous in terms
of instability, are represented by underground quarries,
located at variable depths in a high number of towns, even
below urban areas (Parise 2010). The working activity
stopped in most of these quarries few decades ago, and
since that time many sinkholes have been recorded, due to
upward propagation of failures occurring within the
underground sites (Parise 2012).

Figure 2. Examples of detachments from the vault of natural caves.

In the following we describe the main mechanisms of
failure that can be observed in caves:
Falls from the vault, developing the formation of a single
or double arch. This type of failure can be generated by a
reduction of the rock strength in the cave roof due to wetting
or additional loading. The strength of the rock forming the
roof reduced down to the maximum stresses existing in the
area, leading to the development of the first fractures. These
new joints may propagate through the roof, leading to a
complete or local failure mechanism (Fig. 1). This process
has also been observed in natural caves, where is
characterized by the failure of the central part of the roof
and the consequent collapse of blocks from the same area
which is followed by failure of the remaining ledges along
the sidewalls (Lollino et al. 2004; Lollino and Parise 2005;
Parise and Trisciuzzi 2007). The resulting shape in the roof
is generally circular, but it may have one or more rectilinear
sides, due to control exerted by tectonic discontinuities.
Further evolution may lead to upward stoping, with size of
the failure decreasing toward the ground surface (Fig. 2).

Evolution of instability processes in underground caves is
generally dependent upon internal factors, such as the low
mechanical strength of soft rocks (Andriani and Walsh
2006), or external natural and/or anthropogenic factors that
can modify the boundary conditions, the loading, or the
physical and mechanical properties of involved materials.
Changes in loading can be, for instance, represented by
construction of buildings or infrastructures above the
ground surface, that can modify the stress state around the
cave, the destruction of pillars within underground rooms
with consequent increase in the cave span, as well as
seismic loading conditions or man-made vibrations due to
traffic, construction works, etc. Changes in the boundary
conditions may be represented by the variation of the
wetting conditions within the cave due to large incomes of
water inside the cave, to condensation processes, and to
water percolation from the ground surface. These processes
generally promote weathering processes of the rock mass
and of the joints leading to a gradual reduction of the
corresponding mechanical strength, as also observed in
many cases of slope instabilities worldwide (Fookes and
Hawkins 1998; Zupan Hajna 2003; see also Calcaterra and
Parise 2010, and references therein).

Falls from the vault, due to lack of support from
previously existing pillars. This type of fall is actually an
induced failure, since it occurs with the same mechanism
as above, but generated by failure of one or more pillars, so
that the roof span becomes too long to be sustained by the
rock strength (Hutchinson et al. 2002; Fraldi and
Guarracino 2009; Ferrero et al. 2010).
Failures from the pillar corners. This type of failure is
generated by local accumulation of compressive stress too
high with respect to the rock strength (Fig. 3).

Underground caves can be involved in instability processes
affecting the whole overburden, or simply by local failures
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processes active in deforming the rock mass can be
generally observed before major displacement occurs (Liu
et al. 2000). This has also been documented for slope
failures (D’Elia et al. 1998; Senfaute et al. 2003), and is at
the origin of the design and implementation of alert system
for landslides. As concerns underground caves, the main
problem lies in the possibility to observe and recognize such
phenomena. Further, it has to be noted that scarce attention
has been given in the scientific literature to the issue of
precursory signs, as pointed out by Szwedzicki (2000).
Many studies have documented that the structural damage
in the rock mass, eventually leading to collapse, requires a
long time, and generally occurs through gradual progression
in time, intensity, and appearance of recorded precursors.
These latter, in the early stages of deformation, may consist
of surface cracking, crack opening, shear movement along
planes of weakness or vertical and horizontal displacement
(Kowalski 1991; Parise and Lollino 2011). Further
evolution of the process may lead to ground surface
subsidence and the occurrence of localized signs of stress
within the underground caves, in the form of floor heaving
and roof lowering. In some cases, the last hours before the
final collapse have been accompanied by rock noises and
falls in the ground.
In the following we describe the main evidence of
deformations that can be observed in caves:
Cave walls. Localized swelling can be observed along the
walls as a result of pressure by the rock mass close to the
cave boundaries (Fig. 5). It may be noticed as aligned
bulging and slight deformation, which as a whole bound the
sector prone to failure. Locally, the increasing deformation
results in outward protrusion of wedges, or, eventually, in a
continuous fracture bounding the mass detached or prone

Figure 3. Failure at the upper corner of the pillar.

Lateral failures along sliding surfaces parallel to the
walls. This mechanism is generated by the low confinement
of the rock mass along the vertical boundaries of the cave,
which leads to the development of fractures parallel to the
direction of the maximum compressional stress (Fig. 4).
This process generally is not directly at the origin of a
sinkhole, but may work in producing the progressive
enlargement of the cave until it reaches a critical
configuration which then leads to general failure.

4. Upcoming instabilities: the incipient signs of
deformations
Failures in underground caves do not occur without
warning, and measures of the effects produced by the

Figure 4. Lateral failures from the wall in a calcarenite quarry.
Note the development of linear sliding surfaces.

Figure 5. Incipient signs of instability: localized swellings (above,
and lower left), and wedges protruding from walls (lower right).
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to be detached. All of this generally precedes occurrence of
local failures in the wall, with sliding surfaces parallel to
the wall itself.
Pillar corners. Regardless of the size of pillars, different
stages of deformation may be observed at the corners of
pillars: the first are en echelon cracks (Fig. 6), from
incipient to a few mm in aperture, similar to those observed
at the flanks of active landslides as precursory sign of the
exposure of the sliding surface at the ground (Fleming and
Johnson 1989; Parise 2003). Progression in the deformation
brings to developing a well-defined fracture, thus preparing
the upcoming detachment, which may occur at the base or
at the top of the pillar, or along its entire height. When the
vertical stress becomes unsustainable for a pillar, open
cracks may develop, even along pre-existing
discontinuities, and a network of crossed fractures may be
formed (Fig. 7).

Figure 8. Fall from the vault, occurred at the intersection between
two discontinuities.
Figure 6. Examples of cracks developing at the pillar corners.

Figure 7. Cracks crossing a pillar, along primary (clinostratification, dipping to the right in the picture) and secondary
(open cracks) discontinuities.

Vault. Precursory evidence of failure appear in the vault as
long and continuous cracks, locally opened a few mm, and
often ending in an already occurred fall (mostly located at
the crossing between two discontinuity systems; Fig. 8).
Massive falls from the vaults may determine the formation
of a single arch covering the whole span of the cave, or of
a doube arch in the case a more resistant spur in the rock
mass subdivides the detached area (Fig. 9). On the basis of
the data so far collected, no clear relationship has been
ascertained between shape and size of the passage and the
development of a single or double arch.

Figure 9. Double (above) and single (below) arches produced by
failures at the vault.

227

Speleological Research and Activities in Artificial Underground – oral

5. Conclusions

2013 ICS Proceedings

Diederichs MS, Kaiser PK, 1999a. Stability of large excavations
in laminated hard rock masses: the voussoir analogue revisited.
Int. J. Rock Mech. Min. Sci., 36, 97–117.

There are of course several topics that have not been dealt
with in the present article. First of all, the type of failures
depends also upon type and characteristics of rocks. In this
sense, there are great differences among hard rocks as
limestones, and soft rocks as calcarenite, and in turn
between carbonates and evaporites, which respond to
stresses with more plastic behavior (Iovine et al. 2010;
Fig. 10). All these should be properly taken into account for
evaluating the stability conditions of underground voids,
and the likely evolution to sinkhole occurrence.

Diederichs MS, Kaiser PK, 1999b. Tensile strength and abutment
relaxation as failure control mechanisms in underground
excavations. Int. J. Rock Mech. Min. Sci., 36, 69–96.
Ferrero AM, Segalini A, Giani GP, 2010. Stability analysis of
historic underground quarries. Comput. Geotech., 37, 476–486.
Fookes PG, Hawkins AB, 1988. Limestone weathering: its
engineering significance and a proposed classification scheme.
Quart. J. Eng. Geol., 21, 7–31.

Nevertheless, aimed at an audience of cavers, the focus was
here dedicated to direct observations in caves, that are
considered a precious, and very difficult to obtain, element
in the evaluation of the hazard related to failures occurring
in underground settings.

Fleming RW, Johnson AM, 1989. Structures associated with
strike-slip faults that bound landslide elements. Eng. Geol., 27,
39–114.
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The article representes a contribution by the Commission on Artificial Cavities of the Union Internationale de Speleologie
(UIS) aimed at defining a general classification of artificial cavities. The amount and variety of cavities realized
underground by man is extremely high, and cover with variable peculiarities many areas of the world. Nevertheless, it is
important to perform an attempt in classifying such great variety, through a classification comprising at least the main
categories of observed situations. Starting from the work carried out in past years by the Italian Speleological Society, it
is here presented a classification of artificial cavities based upon time and modality of realization, and organized through
a typological tree where seven main categories are defined, each one of them in turn subdivided into sub-types. We hope
that, referring in the next future to this classification, it will be possible to better organize and describe the works and
researches on artificial cavities, and compare the situations present in different areas of the world.
the activity of the new UIS Commission on Artificial
Cavities, the issue of producing a general classification of
artificial cavities became again matter of discussion. At this
aim, a specific workshop was organized in May 2011, and
held in Turin (Italy), with the outcomes presented in a
special issue of the journal Opera Ipogea, published by SSI
(Parise 2013). On that occasion, starting from the Italian
classification, some adjustments were produced, both in the
organization of the structure, and as linguistic
improvements; further, inclusion of new typologies was
also considered, which brought to the present classification,
that will be described in detail in the following sections, and
is illustrated in the flow chart of Figure 1.

1. Introduction
In several occasions, attempts have been made to develop
a classification of artificial cavities, as a common base to
describe the underground cavities produced by man’s
activities over time, and to share the related knowledge and
great amount of researches done, that embrace many
different fields of science (from geology and
geomorphology, to archaeology, anthropology, history, and
so on). In the past, more than one classification has been
proposed. In most of the cases, the main drawback of these
attempts relied in their strong dependence on the country
of provenance of the authors (with, in turn, a stronger
attention paid upon the most typical cavities of that
country).

2. Definition of artificial cave

In very few occasions the proposed classifications derived
from the work of an international group where different
countries were effectively represented. Nevertheless, some
attempts have been done to put together international teams,
with outcomes such as the lexicon of terms dealing with
underground works presented at the International
Symposium on Underground Quarries in Naples (Capuano
et al. 1991).

Artificial cavities are defined as underground works of
historical and anthropological interest, realized by man or
positively readjusted for his needs. Thus, artificial cavities
include both man-made works (excavated, built
underground or turned into underground structures by
stratigraphic overlap) and natural caves, when these latter
are readjusted to human needs in significant parts. To
provide some examples to this regard, the natural caves
used as shelters in the Alps during the First World War, and
the hermitages in natural shelters can be mentioned.

In Italy, a strong effort was produced during the last decades
to put together the cavers and researchers interested in the
topic of artificial cavities, by creating a dedicated
Commission within the framework of the Italian
Speleological Society (SSI). The Commission started its
works in 1981, focusing on the issues of producing a
preliminary classification of artificial cavities and, at the
same time, preparing a form to be filled for inclusion of
each artificial cave in the Italian register, managed by the
SSI Commission itself (for further details, see
www.ssi.speleo.it). In the years, many meetings and
discussions were the object of the matter, until in the late
1990s a preliminary classification was proposed.

Size, development and frequency of artificial cavities at a
given place are directly dependent upon the hardness of the
rock, and, as a consequence, easiness of excavation. The
characteristics of the cavities present in a given urban area
are also closely related to the peculiarities of the site itself,
and to its evolution and transformation as well. In many
cases artificial cavities go back to a historical period of
which there is no longer evidence at the surface. Therefore,
cavities are often the only evidence left of pre-existing
territorial organisations and of a lifestyle wiped out by the
present urban development, owing to new and different
needs developed in the course of time.

Following the last International Congress of Speleology,
held in Kerrville (Texas, USA) in 2009, and the re-start of
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The main reasons at the origin of the realization of artificial
cavities in different epochs were the need to:
• obtain water and/or minerals;
• exploit the natural thermal properties of underground sites
to survive in adverse weather conditions (Givoni and Katz
1985);
• overcome the shortage of timber for building and/or
heating;
• bury the dead;
• find conditions of ascetic isolation;
• defend against raids, persecution, war;
• hide from justice;
• exploit the economy and/or ease of excavation of some
types of rock compared to other construction techniques;
• take advantage of the shape of some rocky hills;
• obtain free areas for productive activities.
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a variety of works, that include but are not limited to:
subways, car parks, road tunnels, shopping centres,
scientific laboratories, military works, mines, etc.
To provide an indication about age, following the standards
in use in Italy the underground facilities can be
distinguished as follows (lettering is the reference used in
the Italian Register of Artificial Cavities):
a = prehistoric
b = protohistoric
c = pre-Roman
d = Roman kingdom / Republican
e = Roman Imperial
f = Late Antiquity (Sunset of the Roman Empire)
g = high-Medieval (until about 1000)
h = middle-late Middle Ages
i = Renaissance (approximately, 1400–1600)
l = Modern Ages (until the French Revolution)
m = XIX century
n = XX century and later

2. Classification of artificial cavities
The main criteria at the origin of the present classification
of artificial cavities have to be found in the need to
characterize each man-made cave in terms of age of
realization, technique of construction, and use of the cavity
itself.

Apart from age, other elements have to be identified. These
include:
• the technique of construction;
• the function (or purpose);
• the shape and development of the underground structure;
• the spatial correlation with the surrounding environment;
• the temporal correlation with the general historical events
on a general, regional and local scale.

As concerns the first issue above (that is, age of realization),
it has to be noted that artificial cavities have been
constructed for over thousands of years without
interruptions since the remote past to the present days. Even
our modern civilisation is still “colonising” the subsoil with

Figure 1. Typological tree for the classification of artificial cavities.
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A.3 – Underground water ducts: aqueducts
Galleries and tunnels to carry water from the stream
interceptions or other body of water to the users (Ashby
1935; Hodge 1992; Bodon et al. 1994; Parise et al. 2009).
Deviations into galleries of water courses can allow the
construction of bridges: the so-called Ponti Terra or Ponti
Sodi (Etruscan technique).

Taking into consideration the construction technique,
several situations can be considered:
• cavities dug in the subsoil;
• cavities constructed in the subsoil;
• cavities obtained by re-covering;
• anomalous artificial cavities;
• mixed artificial cavities;
• natural caves modified by men.

A.4 – Cisterns, water reservoirs
Underground spaces to store water, usually completed with
waterproofing of the walls (Fig. 2).

Cavities dug in the subsoil. These are underground
structures in the strict sense: rooms obtained by removing
stone materials (rocks) under the surface level, or inside
rocky hills, or carved close to the surface of the cliff faces,
canyons, ravines (for example, troglodytic structures).
Cavities constructed in the subsoil. Excavation in trenches
is realised with an open air excavation, followed by coating
of the walls and construction of the vault. Excavation in
gallery is realised by removing the rock entirely
underground. The walls are then coated with different
masonry techniques.
Re-covered cavities. Human activity in urban areas often
produces the covering, natural or artificial, of structures
originally located on the surface.
Anomalous artificial cavities. These structures are built on
the surface, but with characteristics similar to those
underground (for example, some military bunkers).

Figure 2. Cistern at Albano (Italy). Photo: G. Marchesi.

A.5 – Wells
Vertical shaft to reach the water table and carry water to the
surface. Those located within other underground structures
are considered an integral part thereof.

Mixed artificial cavities. They are the result of the digging
to reach, extend or alter natural caves.
Caves with anthropogenic interventions. Natural caves that
have undergone limited human interventions. They represent
the boundary between the natural caves and those of artificial
origin (anthropogenic). In general, they are of limited extent.

A.6 – Hydraulic distribution works
Tanks or other underground rooms in which one or more
ducts converge and from which other ducts go out to
distribute water to the users (castellum aquae).
A.7 – Sewer
Tunnels or galleries for the discharge of grey or black
waters produced by human settlements and industrial
facilities.

4. Types
According to the function for which an artificial cavity was,
or is still, used, it can be classified in a specific type.
The variety of underground artificial structures is very large.
Consequently, the classification is organised like a tree, based
on seven main types, in turn divided into sub-types (Fig. 1).
The use is made easy by alphanumeric codes. Often different
uses overlap in time; thus, a single site may have multiple
classifications representing different periods in its life.

A.8 – Ship, boat canals
Canals built for passage of ships or boats (Fig. 3). They are
found mainly in central Europe and the United Kingdom.

4.1. Type A – Hydraulic underground works

A.10 – Tunnels or ducts with unknown function
This sub-type include those traces of ducts that are
identified as water works, but which specific function is not
known with certainty.

A.9 –Ice wells, snow-houses
Deposits and/or manufacture of ice in the subsoil. Both
natural cavities and artificial cavities were used for ice
conservation, and use during the dry seasons.

A.1 – Water level control, drainage-ways
Tunnels dug for the reclamation of marshlands and to
stabilise the level of lakes (emissaries) and reservoirs
(Judson and Kahani 1963; Castellani and Dragoni 1991,
1997; Caloi and Castellani 1991; Galeazzi et al. 2012).

4.2. Type B – Hypogean civilian dwellings

A.2 – Underground stream interception structures
Tunnels and galleries designed to capture underground
water veins or dripping waters (Sadaf Yazdi and Labbaf
Khaneiki 2010). The work of interception can consist either
of a simple duct cut into the rock, or of a complex system
integrated with building works.

B.1 – Permanent dwellings
The sub-type comprises long term settlements, cave
dwellings, and underground houses (i.e. Bixio 2012). Most
cavities of this type have nowadays been abandoned.
However, the historic Sassi of Matera (Southern Italy) are
recovering thanks to recent, extensive renovation works. In
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4.3. Type C – Religioust structures, veneration works
C.1 Nymphaeum, Mithraea, temples, sacred wells, shrines,
monasteries, churches and chapels, etc.
This category includes the main structures built for religious
purposes (Rodley 2010; Fig. 6). In case they contain many
burials, they are also classified in C.2. Conversely, if in a
catacomb there are clear traces of the altar the site is also
classified as type C.1.

Figure 3. Canal at Cotswold (England). Photo: J. Orbons.

China public buildings and private houses are still being
digged into the rocks, and are inhabited by about thirty
million people. In antiquity some sites have achieved the
size and organisation of real urban hypogean areas, often
complemented by brickworks (Golany 1988).
Figure 4. Oil mill factory at Zelve (Turkey). Photo: R. Bixio.

B.2 – Temporary shelters
Seasonal settlements, shelters for shepherds during the
transhumance, hiding-places of bandits, places of temporary
detention.
B.3 – Underground plants, factories
Rope-makers caves, oil mills, factories, working places no
longer in use (Fig. 4). Military factories are classified D.1.
B.4 – Warehouses, stores, cellars
Storage for farming equipment, wine cellars, storage for
fruits and vegetables. If military, they are classified in D.5.
B.5 – Underground silos
Cavities general accessed from above, carved into the rock
and carefully closed by a stone to guarantee the preservation
of food from animals or humidity. Sometimes they are bellshaped.
B.6 – Stables for any kind of animals
Shelters for animals of any size: horses, chickens, other
birds (except pigeons, see B7, and bees, see B8).
B.7 – Pigeon-houses
Dovecote or pigeon-house are synonyms to indicate rocky
structure used for the housing of pigeons, doves or similar
birds (Fig. 5).
B.8 – Apiaries
This sub-type has been recently included, following the
proposal by Bixio and De Pascale (2013). Rock apiaries are
widespread in many countries of the Mediterranean Basin.
B.8 – Any other kind of civilian settlements
It is difficult to establish a complete list of all the types of
settlements. Unusual or not understood works can be
included here.

Figure 5. Pigeon-house at Anì (Turkey). Photo: R. Bixio.
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C.2 – Burial Places
Crypts, chamber tombs, complex systems such as funerary
columbaria, catacombs, and necropolis.

Figure 6. Church at Kizil Cukur (Turkey). Photo: M. Traverso.
Figure 7. Bastione Verde tunnel at Torino (Italy). Photo: F. Milla.

4.4. Type D – Military and war works
4.5. Type E – Mining works

D.1 – Defensive works
Underground fortifications and linked works.

These structures can reach huge depths and development
(Craddock 1980).

D.2 – Galleries and connecting passages
Military structures for the transit of soldiers and arms;
tunnels with military purposes, dating back to a number of
different age and in many countries worldwide (Triolet and
Triolet 2011).

E.1 – Aggregate quarries
Quarries of sandstone, pozzolana, limestone blocks,
building stone or ornamental. The structures of this type
which are no longer active, frequently have been or are still
employed for other uses: cultivation, refugee, sport,
tourism, scientific purposes, etc.

D.3 – Mine and countermine tunnels
Military tunnels and trenches with a specific role.

E.2 – Metal mines
Mines of copper, iron, tin, lead, gold, etc.

Mine galleries: tunnels dug by the attackers to reach and
undermine the foundations of the walls or defences of the
defenders, or dug by the defenders to reach and undermine
the artillery of the enemy (Fig. 7).

E.3 – Mines and quarries of other materials (non-metallic)
Underground quarries of flint, alum, sulphur, coal, sand for
glass, ochre, salt, etc.

Countermine galleries: tunnels dug by the defenders to
intercept the mined tunnels and prevent the attack.

E.4 – Non-specific mining surveys
Traces of excavation activities aimed at the identification
of mineral deposits. They are typically exploratory tunnels
of limited size.

D.4 – Firing stations
Rifles, machine guns, cannons and weapons of earlier
periods, such as crossbows. In the First and Second World
Wars many defensive structures were built underground:
some of them were very large (like the Maginot Line, the
Siegfried, the Metaxas etc.), whilst many others were
isolated sites where the guns and other weapons were
located.

E.5 – Underground spaces to grow vegetables
In these spaces plant products are grown, typically
mushrooms and vegetables.

D.5 – Deposits
Underground military stores of ammunition, food or other
commodities. It is not always easy to determine the intended
use of some of these facilities.

4.6. Type F – Transit underground works

D.6 – Sheltered accommodation for soldiers
Shelters from the bombing, dormitories, military command
posts.

F.2 – Transit works, not military
The function is the same as F.1, but the dimensions are such
as to not allow the transit of wagons and large animals. Only
for pedestrian use: tunnels related to villas, castles,
monasteries, tunnels to escape, and so on. They certainly
do not include military works.

F.1 – Tunnels for vehicles, pedestrian or horses
Galleries at least a couple of metres wide, used in the past
for the transit of carriages, wagons, horses.

D.7 – War shelters for civilians
Underground places where the civilian population sought
refuge during raids, invasion, shelling, and (particularly) air
bombing. They can consist of a single room or develop for
many hundred metres.

F.3 – Railway tunnels, tramways or funicular (out of use)
Although fairly recent, many are already out of use. They
include mine tunnels intended solely for haulage purposes
and not for mining.
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The habit of man to excavate artificial cavities began a very long time ago. Man’s efforts were initially moved by the need
to have a safe place to live, to control the surrounding territory, to collect and transport water, to exploit the natural
resources. For all these purposes, he had to face a number of geological and morphological constraints that, depending on
site characteristics, guided, favored or complicated the excavation. Therefore, all the phases in the “life” of an artificial
cavity, from the original idea, to planning and realization, up to its later evolution and possible conservation, depend in
some ways on geology and morphology. Lithology of hosting rock is the first aspect to consider: the rock mass must allow
hand excavation but, at the same time, it should present physical-mechanical characteristics such to support the newlyformed cavity. The geological and structural setting, including the main faults and the discontinuity systems in the rock
mass, have to be particularly taken into account. Choice of the site where to locate an artificial cavity is also dictated by
morphology, the morphological factors being, in turn, strictly related to land management and control. When safety reasons
were considered to be the main priority, for instance, those sites that apparently were extremely difficult to excavate and
to settle in were chosen. Morphology is also strictly related to slope instability. Several rock settlements situated at the
borders of deep valleys and ravines are directly involved in mass movements, due to natural evolution of the slopes and
to open cracks produced by the tensional release in the unsupported rock mass. Inside the artificial cavities, in turn,
problems of instability may be observed. Locally, these may become so significant to compromise the overall stability of
the structure. Slope instability processes deserve a greater attention from cavers and scientists, since their effects might be
extremely dangerous for people visiting and working in artificial cavities, and for the cultural heritage therein contained
as well. Availability of water resources is a further factor that controlled during historical times the choice of sites for
settlements and towns. As a consequence, the hydrogeology plays a crucial role for artificial cavities, and particularly for
those works intended to collect and transport water to settlers and inhabitants. Aqueducts, tunnels, fountains are, for the
reasons above, very important to study in the context of the geological and hydrogeological setting, considering at the
same time the social and historical aspects of the community that designed and realized them. The present contribution is
an attempt in categorizing the aforementioned factors that play a role in the realization of artificial cavities. The topic is
very wide, covering several interrelated disciplines and field of research, and should deserve to be treated with much
greater detail and thoroughness. Our goal is therefore to stimulate with this article cavers and interested scientists in
carrying out studies about the crucial role that geology and morphology have in the development of artificial cavities
(with both the goals of offense and defense), religion,
economical and social reasons. In any case, the
development of real underground cities was strongly
influenced by geographical, climate and geological aspects.

1. Introduction
Artificial cavities have been realized in many different parts
of the world, in different epochs and for a variety of
purposes. Whatever the sites, and the purpose of the
excavation, man had to face a number of natural constraints
in order to properly realize the cavity, and to assure its
stability for a given time. The local landforms, as well as
the processes active in changing it, had to be well known,
in order to avoid dangerous situations, eventually resulting
in partial or total destruction of the cavity, or in catastrophic
failures during its excavation. In turn, the morphological
features are related to geology at the site (Fig. 1), and to the
hydrologic regime. All of these elements played a very
important role in the choice of the sites where to dig the
cave, and had to be considered in combination with other
factors such as the strategic location and the control of the
surrounding territory.

As concerns the geological setting, many factors have to be
taken into account in the realization of artificial caves and
underground settlements. Their importance may vary as a

Over time, a great variety of people and culture had
developed remarkable capabilities to adapt to even extreme
environments, and to subtract rocks from the original
landscape in order to create a place to be used as shelter,
house, storage site, etc. There are in fact many reasons that
brought different cultures to develop subtractive techniques
and technologies: among the main ones, we recall here war

Figure 1. The flank of one of the many gravine-type valleys at
Ginosa di Puglia, showing a number of artificial cavities located
following the several flat surfaces degrading toward the valley
thalweg.
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function of the use of the artificial cave and the intended
benefits. Generally, the presence of the so-called “weak
rocks” (that is, materials easy to excavate, but at the same
time with technical properties such to use them for
construction) granted for underground quarries, from where
building stones were extracted for troglodyte and religious
settlements. Location and development of mines for the
extraction of metal bearing rocks was, on the other hand,
conditioned by the deposit and the strength of the mineral
vein (Fig. 2), as well as by the industrial technologies
available at the time of the mine activity.
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was the first step to fulfill in order to have the possibility to
realize a long-lasting cavity. Volcanic rocks present
generally good mechanical properties, and have often been
used in antiquity as sites for developing human settlements.
The variety of volcanic rocks, in turn, showing quite
different strength and physical properties, was another
important factor that made possible, in a limited territory,
to look for rocks to be used in different situations and for
different purposes. For instance, volcanic rocks are
associated to the Quaternary volcanic activity along the
Tyrrhenian coastlines of central-southern Italy in Tuscany,
Latium, and Campania. These territories had volcanic
deposits consisting of a limited lava layer, with extended
tephra (the so-called pozzolana) and pyroclastic rocks (tuffs
of different varieties, such as piperno in the Campanian
area). Those are classified as weak rocks, but they are
suitable building materials with good physical and
mechanical properties, easily workable and acting as good
heat insulators (AAVV 1967). Further, the great amount of
available material made them the most common building
and ornamental materials in the Greek and Roman periods
(Zevi 1994; Piciocchi and Piciocchi 2005), as many
monuments still testify.

Moving to other typologies of artificial cavities, such as
hydraulic and military works, it has to be noted that during
the realization of aqueducts (Ashby 1935; Bodon et al.
1994) or military corridors (Gherlizza and Radacich 2005),
the difficulties of excavating more resistant rocks (for
instance, hard carbonate rocks as limestones) were less
important than the goal (that is, to bring water to a civil or
military settlement). In these cases, the morphological
factors greatly affected the choice of the path, and the
development of the work as well. The greater difficulties
encountered during the excavation because of the lithologic
characteristics were generally balanced out by the
realization of cavities with a reduced section, though with
an important spatial development.
In the case of communication routes and roads, the need to
overcome morphological obstacles led to the realization of
tunnels. Ancient Etruscan and Romans were masters in
building narrow tunnels, where a single file of wagons and
horses could pass (see Vitruvio, De Architectura). Big
underground cavities, on the other hand, and in particular
cisterns and quarries, changed frequently destination,
turning into manufactories, bomb shelters, underground
deposits, cemeteries, etc.

Figure 3. Artificial cavities in a coastal area of southern Italy:
note that all the caves open at the same level, characterized by
easy-to be worked rock, and overlain by a stiffer layer, that
constitutes the roof of the cave.

Another type of rocks that used to be excavated is
represented by sedimentary rocks, in particular the
variously cemented and porous calcarenites of Pliocene –
Pleistocene age (Fig. 4); in many cases, these rocks are of
biogenic origin, showing many fragments of Bryozoans,
Echinids, Crustacea and Mollusks. Calcarenite rocks also
played a primary role in the subtractive architecture,
representing the main available material in those regions of
Italy without presence of volcanic rocks (Apulia, and
sectors of Basilicata and Sicily). These rocks are improperly
known as calcareous tuffs, due to similarities in fabric and
appearance with volcanic tuffs; with these latter, they also
share the characteristic of having suitable physical and
mechanical properties, are easy to be excavated and
sufficiently porous (Andriani and Walsh 2002, 2003).

Figure 2. The bauxite level interbedded in the Mesozoic limestone
sequence controls location and development of mines.

2. Lithology and technical properties
The use of an underground cavity in time is strongly
affected by the mechanic characteristics of the rock mass,
which in turn controls the more proper excavation section.
The latter has to play a primary role for self-bearing vaults,
thus allowing the safe use of the cavity.

Other lithotypes are easy to be excavated, and can selfsustain vaults. Thus, the presence of volcanic tuffs,
sandstones and calcarenites, when combined with
availability of water and the proper morphological setting,
possibly with sub-vertical walls granting good strategic

Searching the rocks with the best characteristics (Fig. 3)
237

Speleological Research and Activities in Artificial Underground – oral

2013 ICS Proceedings

defense, represented the first element for the choice of the
sites where to locate a settlement.
When considering other types of artificial cavity, however,
the things are quite different. As concerns mines, for
instance, the fundamental geological element required to be
known is the stratigraphic and structural setting, that
determines the presence of a mineral vein along a particular

Figure 5. Lithotypes with different technical properties can
influence the stability, size and morphology of the cavity.

between the source and the final destination (Castellani
1999). This granted the right water load for public and
private fountains. An interesting example can be drawn
from the town of Naples, when during the Spanish vice –
Realm, at the end of the 17th century, human settlements in
the hilly quarters had to withdraw waters from wells,
because ancient aqueducts had not the necessary water
loads (Fiengo 1990).

Figure 4. An artificial cavity in calcarenite rock, strongly
controlled by a tectonic disconituity.

direction. Underground mines had to definitely follow this
strike, once determined. This is evident especially in
prehistoric caves, where technological limits brought to
narrow galleries in compact rocks. The flint mines of
Defensola (5500–2500 B.C.) in Gargano (Galiberti 2005;
Tarantini 2007) are characterized by sub-horizontal
excavations of a few calcareous layers in passages 60 cmhigh, quite low but sufficient to extract flint stones. The
copper mine in Monte Loreto (3500–3100 B.C.) has a
copper vein in a fracture wide from 0.4 to 1 m (Bixio et al.
1999).

The subterranean hydrogeological circulation plays a
primary role for the realization, the stability and the
preservation of an underground work (Delle Rose et al.
2006). The groundwater circulation is an important
conditioning aspect during the realization and the fruition
of the work. It is a function of primary and secondary
permeability of each rock formation. In case of lithoid
rocks, the presence of draining or plugging fractures can
create serious risks of flooding and make impossible the
actual fruition of the cave.

In underground mines, stability problems may arise when
a passage develops through different materials (Fig. 5) with
very different mechanical characteristic (Bieniawski 1979).
At the contact between the different rocks it may be
necessary to cover and/or sustain the walls and vaults, or to
reduce the section of the gallery (Del Prete and Di
Crescenzo 2008). In some cases, this may also happen in
the same lithology, due to the presence of water veins,
draining fractures, or frequent discontinuities which cause
a high degree of fracturing in the rock mass.

In other situations (i.e. mines), deepening the excavation
may result in intercepting the water table (Fig. 6), with the
evident necessity of lowering it by pumping out waters; if
this solution is not economically convenient, works will be
abandoned. If, on the other hand, the richness or interest of
the deposit brings to lower the piezometric surface, once
the extraction activity ends the underground works will be
totally submerged (as at the Naica caves, in Mexico; Lang
1995).
In addition to aqueducts, that have always been considered
as one of the most typical engineering works characterizing
past civilizations, control of the lake levels and reclaiming of
marsh lands are other important hydraulic works. The
possibility of restoring unhealthy, marsh lands has always
been a determining aspect for the realization of drainage
tunnels, as at the Lakes of Nemi (Castellani et al. 2003),
Albano (Castellani and Dragoni 1991, 1997; Caloi et al.
2012), and Fucino (Burri 1987; 2005). There are many
geological and structural factors that affect the distribution
of springs and their discharge, depending on the subterranean
groundwater catchment. Their quality is important for
capturing and transporting waters through aqueducts. If walls
and the bottom of these works are not covered, after years of
abandonment they can be remodeled by water erosion. Thus,
very particular speleogenetic features can be observed, where
the formation of a natural cavity in rocks is due to mechanical

3. Water: its availability, hydrology and
hydrogeology
Water availability is a crucial factor for establishing any
human settlement, as it granted solutions for drinking and
sanitary needs. It was therefore necessary to have a good
knowledge of the basic hydrological features of a given
territory to decide where to settle and how to manage the
water collection, transport and storage (Parise et al. 2009;
Parise 2011). For this reason, very long channels were
generally realized by carving the rocks, which branched in
underground tunnels and cisterns as they reached the
settlement. Ancient aqueducts were exclusively open air;
the choice of the springs to tap, and the path of the aqueduct
as well, were conditioned by the difference in elevation
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Figure 7. Rock failures in a gravina at Massafra (Apulia),
threatening several artificial cavities.

Figure 6. A passage flooded by water in a lignite mine.

erosion, which is induced by the pre-existence of an
abandoned artificial cavity.

5. From beneath the Earth: the endogenous
factors
Volcanic eruptions deposit tuff and pyroclastic material: this
is one of the main influences of endogenous strengths, as it
is the generating event of one of the most suitable rock layer
of hypogeal works.

4. Morphology: the need to integrate the
natural landscape
The erosion and degradation processes that model the
landscape have a primary role in the definition of rupestrian
structures and subterranean works and in their preservation
in time. Earth pyramids, butte, mesa, plateau are
morphologies produced by the action of weathering
(physical disintegration and chemical alteration), of gravity
(landslides) and of water erosion; for this same reasons, they
are destined to decay. The same process that generated
particularly suitable morphologies can destroy the rupestrian
settlements, sometimes very quickly, as in the case of
landslides (Fig. 7). They may also generate accumulations
that are more suitable than the original morphology to the
development of rupestrian architecture. A tuff cliff can
collapse, and this bring in turn to underground rooms to open
air, but a further evolution of the process may lead to a total
loss of the hypogeal heritage. Some collapses due to
landslides produce big tuff blocks (thousands of cubic
metres) that can produce the realization of another particular
rupestrian settlement. To provide an example, green tuff
blocks in the island of Ischia island detached from the tuff
ridge of Mount Epomeo: they were excavated to realize
different rupestrian structures, including multi-stories
habitations (D’Arbitrio and Ziviello 1991; Mele and Del
Prete 1998). The stone blocks were used in their original
morphology without plaster, leaving the rude tuff surface
covered with lichens and altered by the erosion of rain and
wind. This helped the adaptation of the structures to the
environment in search of a defensive mimesis.

Another interesting and risky endogenous aspect, which is
associated to mines and especially to carbon mines, is the
presence of gas (also known as grisou), which is difficult
to localize and has caused so many deaths in different times.
Similar problems can rise during the excavation of tunnels
in clay formations, if they are rich of organic substances.
Locally, hypogea in volcanic areas can intercept the
uprising of endogenous gas: a very famous example is the
Cave of the Dog in Agnano (Baldi 2001).
As concerns endogenous factors, there is also the influence
of fossil fumaroles (degassing pipes) on the lithotechnique
characteristics of tuff formations, since degassing can occur
when the pyroclastic falls cool down. This may bring to
removal of the fine matrix, leaving rough incoherent
elements. These fumaroles are sub-vertical and irregularly
shaped. Their grain size is similar to melted gravel deposits,
which has very different load characteristics from the tuff
layers. Bradyseism is also associated to internal dynamics
of the Earth, and it may affect the use of an artificial
hypogeum in time. The artificial cavities on the coasts of a
volcanic area may be under sea level because of negative
movements of the Earth’s crust. Thus, they may be confused
with natural cavities, which were generated by the sea
erosion. In the Phlegraean Fields of Campania, many
ancient Greek and Roman villages are now under the sea
level. The same happened to some tunnels from the Greek
era near Castel dell’Ovo in Naples (Cilek et al. 1992), to
the cave called Spuntatore or Varule, in the island of Ischia
(Buchner 1943), and to many others cavities (Simeone et
al. 2008; Ferrari and Lamagna 2011) which in 2000 years
has sunk some meters under the sea level.

Some areas are characterized by frequent thermal variations
of freeze/thaw cycles: in these areas physical disintegration
due to constant heating and freezing occur, whose effects
are gradually evident in time. The level of porosity and the
kind of fissuring characterize the attitude of rocks to suffer
these processes, leading to the crumbling of the rock in
small blocks or flakes (exfoliation). The effect of exfoliation
in the Valley of Meskendir (Cappadocia, Turkey) on the
walls of draining tunnels contributed to remodeling the
original sections during thousands of years (Bertucci et al.
1995).

6. How long will the cavity last? The stability
of subterranean works
Artificial cavities are often abandoned, but the necessary
precautions about their preservation are rarely taken. For
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this reason many cavities suffer of instability problems, also
creating a risk for the above territory. The closure of the
original entrances may aggravate the situation, as well as
the loss of memory and information about the spatial
distributions of the hypogea is at the origin of an increase
in the related risk.
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of Naples and the surrounding plain (AAVV 1967;
Evangelista 1991; Evangelista et al. 1980).
The discontinuities within a hypogeum can be of different
nature: they can be pre-existing and strictly connected to
the genesis of the rock formation (such as syngenetic
fractures in a tuff formation, which can be caused by rapid
cooling of melted deposits); others can be successive, due
to the tensional redistribution after the excavation, to
tectonic vicissitude that involved the formation and to
tensional releases in correspondence of sub-vertical cliffs.
The discontinuities in a rock mass work as sites of stress
concentration and activate a progressive long-term
reduction of the material resistance. Knowledge of the
effective stability conditions of a cavity (for instance, the
study of the fissured vaults) and of the possible causes of
collapse is necessary for a correct evaluation of the risks in
subterranean failures. The study on stability conditions is
indispensable to set the priorities to plan consolidating
works, while the analysis of the possible causes of collapse
help to choose the most suitable techniques for the
monitoring of the failures.

The more frequent failures in cavities are detachments of
blocks or slabs (up to dozens square meters) from the vaults
(Fig. 8) and/or from the pillars (Parise 2013). These partial
collapses are frequently sudden and without premonition,
and may occur even hundreds of years after the excavation.
The instability of slopes where cavities are present, due to
the thinning of pillars is particularly risky when they
endanger archaeological sites, as in many gravine-type
valleys in Apulia and Basilicata. In many cases, the external
walls of cavities partially collapsed (Bertucci et al. 1995;
Bixio et al. 2002; Pecorella et al. 2004; Parise 2007, 2012),
and the stability of many cavities is seriously compromised
by open cracks in pillars and vaults.
With the exception of the above mentioned situations, the
general effect of collapses is localized to the underground
cavity and its nearby areas, with moderate damage to people
and things; even so, the alteration of the static conditions
can be extremely dangerous and originate a general
collapse, with severe consequences on the structures at the
ground surface. These situations occur in areas where the
intense subterranean excavation has caused slow subsidence
or sinkholes (anthropogenic sinkhole). Such a phenomenon
has been observed in several quarrying areas of Apulia
(Bruno and Cherubini 2005; Parise and Lollino 2011; Parise
2012), where the intensive extraction of local calcarenite
and of overhanging clay has caused serious instability in
the last decades. Similar situations occur in the urban area

7. Conclusions
Influence of geological and geomorphological features on
the realization of subterranean works is a complex and wide
topic. Generally, the roles of the various factors can be
examined singularly, but they overlap and act together in
combinations that depend also on environmental factors
(geography and climate) and on time. For instance,
mechanical erosion of running waters and thermal fractures
contribute to the remodeling of the section in a draining
gallery. Techniques of subterranean excavation are
conditioned by geomechanical and/or hydrogeological
aspects, which affect times and future usability of the
works. Underground water influences the realization and
the use of a subterranean structure. A settlement or a
warehouse can be used only if they were realized in well
draining rocks, which granted for suitable humidity levels.
An economical interest can suggest the drainage of a great
quantity of water in mine works or in the construction of an
important road. The overlapping endogenous (resurfacing
of fluids at high temperatures) and structural (such as
draining or filled tectonic structures) factors can complicate
the realization of underground works, with repercussions
on times of realization and costs. It is generally evident that
the study of geological aspects supplies for important
indications about the socio-economic aspects that brought
populations and cultures to realize and use subterranean
structures.
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THE ANCIENT MINES OF USSEGLIO (TORINO, ITALY)
MULTI-YEAR PROGRAMME OF RECORDING, STUDY, PRESERVATION
AND CULTURAL DEVELOPMENT OF THE ARCHAEOLOGICAL MINING
HERITAGE IN AN ALPINE VALLEY
Maurizio Rossi1, Anna Gattiglia1, Daniele Castelli2, Claudia Chiappino3, Renato Nisbet4,
Luca Patria5, Franca Porticelli6, Giacomo Re Fiorentin7, Piergiorgio Rossetti2
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The programme started in 2001 and developed a large set of operations in order to create a geo-topographic and historicalenvironmental database, to rebuild the chronology (relative and absolute) of mining works in the Punta Corna complex
(high Arnàs and Servìn valleys) and the extractive activities’ effects on the Usseglio economy and more broadly on Lanzo
Valleys economy.
The main part of the operations has been conducted directly by the Civic Alpine Museum staff, but in some aspects (such
as deciphering medieval documents, mineralogy, petrography, GNSS surveys, aerial photography, restoration of the steel
archaeo-mining finds, and so on), a strict co-operation with university teachers and other specialists or qualified technical
figures was requested and realized.
This open and multi-disciplinary approach will guarantee, also into the future, the best exploration and knowledge of this
enormous heritage.
According to the experience of the senior archaeologists (responsible to the Civic Alpine Museum), a group of underground
experts – mining engineers and speleologists specialized in artificial cavities – will carry out explorations and surveys, to
collect precious information connected to the external records.

1. Topography and Geology

order of magnitude is equal to today’s industrial plants, like
roads, hydroelectric power plants or dams.

The Punta Corna mountain mining complex is located on the
left side of the Arnàs stream valley (western Po basin),
spreading from 2,250 to 2,900 m a.s.l. (main peaks attain
2,930 up to 3,108 m a.s.l.), between Rossa Lake
(hydroelectric storage near French border, 2,718 m a.s.l.)
westwards and Torre d’Ovarda mountain group (3,075 m
a.s.l.) eastwards.

These trenches are associated with pits, ditches, descending
galleries (often intentionally back-filled after the end of the
exploitation), sinkholes, undermined boulders, spoil banks,
remnants of little rough-stone half-buried buildings and also
walls, used for terracing, ore crushing and picking,
sheltering gallery entrances and closing natural rockshelters.

The siderite and Co-Fe-Ni arsenides mineralisations belong
to a trending system of post-metamorphic hydrothermal
veins, mainly within the metabasites of the Piemonte Zone.
These veins formed because of the circulation of
hydrothermal fluids along extensional structures linked to
brittle deformation events which affected the rocks at the
end of the Alpine orogenesis.

3. Technical features of archaic exploitation
The exploitation was focused on iron hydroxides (limonite,
goethite), resulting from siderite decay. The fragmentation
was strictly limited to mineralised veins, particularly in
upper and softer levels; it halted when reaching inner and
harder levels of massive, un-weathered iron carbonates
(siderite). No drill holes and only rare tool marks are visible
on the trench sidewalls. Miners used steel hand tools,
occasionally found near the trenches during field survey.

The mining complex is protected by the institution of a 10
km² area, wherein the mineral collection and the removal
of man-made objects are totally forbidden.

2. Aerial reconnaissance and field survey of
archaic mines

4. Present look of trenches

Aerial reconnaissance and field survey point out a strip of
some kilometres long, up to 10 m wide and 12 m deep, open
air trenches, issued from archaic iron ores mining; their

Today, iron ores are seldom visible in the open air, because
they have been nearly completely removed by the
exploiters. Trenches are partly occupied by unremoved
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5. Present look of pits, ditches and sink-holes

boulders and panels of the embedding rock, so their bottom
is presently unattainable; nevertheless, they seem
sometimes to be connected to descending gallery entrances
in lower levels. Sidewalls are generally stable; widespread
spoil banks run along the ditches.

All these features are excavated under main boulders, which
shelter the access to veins; they are circular, oval or funnelshaped, placed above buried veins, flanked by little, moundshaped spoil banks, obstructed by post-functional collapses

Figure 1. Trenches R1-201 and R1-202 (left); iron hydroxides and embedding rock panels in trench T1-202 (right).

Figure 2. Vertical section and photographic view of a typical archaic plant.
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“Casere”, much larger than medieval ones, was built at an
altitude of 2,625 m a.s.l. near Veil Lake to house the workers.

In general, the structures are well preserved in comparison
with their working time, because of scarce post-functional
colluvium.

9. A proto-industrial perspective

6. Pre-blasting mining

The exploitation is no longer opencast mining, but moves
mainly underground, with several multi-level grids,
sometimes intercepting former works, in an incoming
proto-industrial perspective.

Gunpowder use in mining activities begins in the 17th
century: the first statements in the Duchy of Savoy date
from 1671, in the Duchy of Milan from 1665.

Two new buildings are constructed before 1815, at 2,374
and 2,439 m a.s.l. respectively. Both are recorded in a mine
section dating to 1823, near the entrance of crosscuts.

The organization of a pre-blasting mining exploitation,
possibly similar to the Usseglio examples, can be observed
in the polyptych by Hans Hesse (1522) for the altar of mine
workers in the Church of St. Anne at Annaberg-Buchholz
(Herzgebirge, Sachsen, Germany).

10. Paper maps and material reality
Even today, veins, galleries, spoil banks and buildings
reported by mine sections and maps can be identified in the
field. However, galleries and stopes are mostly inaccessible,
because of landslides, or dangerous, because of the collapse
of timbering.

7. Chronology

Documents reveal to us that sometimes miners lived in very
hard conditions: the “Dwelling of Workers” (“Abitatione de
Lauoranti”), recorded by a map, in 1758–1772, at the foot
of “St. Mary Mine” (“Caua di S. Maria”), was a walled
prehistory-like rock-shelter, still used occasionally in the
1920s by the last prospectors.

The dating of archaic exploitation to the middle ages is
based on archaeological finds, particularly steel tools (12th–
14th century) and pottery (11th–13th century), and on
historical documents, referring to mining activity, cast iron,
steel and silver production, and ore thefts, in the years 1264
(already carrying on previous contracts), 1316, 1318, 1333,
1335, 1402, 1438, and 1515.

11. Protecting the entrances

8. The age of cobalt

To reach the deposit bed, that was hidden by a thick layer
of debris, miners built some long galleries into such
sediments, protected by side walls and roofed by roughstone slabs. One of the most impressive linked a dwelling
to the real lower entrance of a mine, that was cut in hard
rock: in that way, miners avoided blockages of the entrance
by landslides or by avalanches and avoided long removal
works in spring, when restarting the exploitation after the

Since 1753, after a long period of scarce production, a new
chapter begins, because of the discovery of cobalt ores,
exploited by Counts Rebuffo di Traves alongside copper and
silver (cobalt-iron-nickel arsenides with tetrahedrites).
Two maps, dating to 1758–1772, mark the exact positions
and directions of several veins. In 1758, a building named

Figure 3. Ruins of a modern dwelling, linked to an underground grid by a gallery, built into the debris (left); an example of a subterranean
vein (right).
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Figure 4. Not just a local market: international routes from Usseglio to European destinations.

winter inactivity (documents inform us that the season
lasted no more than four to six months).

15. Working plan 2013
Following the Museum programmes, in order to increase
and to develop our knowledge of the territory, in summer
2013 a lot of new studies are going to start:

12. Observing the veins

• recording and topography of archaic mines located in the
area, in safe conditions;
• underground survey of mining, according to speleological/
archaeological standards;
• multidisciplinary study of cavities and associated evidence
(mineralogical, mining, wildlife, archaeobotanic, etc.).

Veins can be observed underground, where the exploitation
stopped: they show a series of parallel, almost vertical
bands, with a lot of gangue.

13. The “cobalt factory”
The Usseglio built-up area still hosts the “Cobalt Factory”,
at 1,290 m a.s.l. in Crot hamlet, built in 1755–1757 according
to a plant model imported from Saxony and Bohemia by S.B.
Nicolis di Robilant (1724–1801), general inspector of the
mines of the Kingdom of Sardinia (1752–1773).

16. In conclusion
One of the statutory aims of the Civic Alpine Museum of
Usseglio, entirely volunteer-conducted, is the “systematic
recording and cultural development of the historic heritage
of sciences and techniques”. The Museum’s researchers,
with the decisive aid of several colleagues of other
institutions, are carrying out a full survey of archaeological
mining structures in relationship to geological,
technological, historical and iconographic data.

The dressed ore that was produced by this plant was
exported to Württemberg (55 tons up to 1756). The original
look of the building is recorded by maps and drawings
dating to the period 1823–1854.

The state of preservation of this heritage is remarkably
good, as the area is geologically stable, vegetation is almost
absent, mining has been suddenly abandoned and no
subsequent activities but pastoral farming have taken place.

14. From factory to hotel
The factory was then enlarged and modified, in 1896
becoming one of the earlier hotels devoted to the rising
mountain tourism, with the evocative appellation “Albergo
Miniere” (“Mines Hotel”). Today it is a stop on the external
itinerary of the Civic Alpine Museum.

Several sites are accessible to the public in summer and at the
beginning of autumn, as the Museum organizes workshops
including guided tours in the Punta Corna protected area.
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SAFE CAVES: THE DISTINCTIVE FEATURES OF HIDEOUT COMPLEXES
IN THE GALILEE IN THE EARLY ROMAN PERIOD AND PARALLELS IN
THE JUDEAN LOWLANDS (SHEPHELAH)
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Two types of subterranean chambers found in the Galilee – natural caves at the tops of cliffs (“cliffside shelters”) and
rock-cut “hideout complexes” – shed light on Jewish defense methods there in the Hellenistic and Early Roman periods.
The plans of 65 caves that may have served as hideout complexes are sketched, presented, and compared with hideout
complexes in Judea. The subterranean complexes are divided into six categories:
1. Simple hideout complexes – crudely hewn, with dark, narrow passages.
2. Elaborate hideout complexes, hewn with great care and attractively finished and smoothed.
3. Hideout complexes hewn out of rock-cut subterranean chambers that had been used as storage facilities for
agricultural products, cisterns, olive presses, or ritual baths.
4. Hideout complexes hewn out of burial caves.
5. Escape crawlways. These are rare, but Josephus describes one used during the siege of Jotapata during the Great
Revolt to bring in goods and news.
6. Subterranean cavities that should not be identified as hideout complexes. This category includes cavities that some
scholars have thought were hideouts but in my opinion are not because they lack the features of hideouts.

1. Introduction

complexes based on well-defined criteria, and I will
consider whether they are comparable with those in the
Judean lowlands and Judean Hills.

From the standpoint of archaeological and historical
research, the caves in the Galilee (northern Israel) are less
well known than those in the Judean Desert in central Israel
and in the rest of Judea (Weiss 2007). Studies and surveys
have been conducted in the Judean Desert ever since the
discovery of the first Dead Sea Scrolls in 1947. The caves
there have been surveyed systematically, and the finds shed
light on many details about the late Second Temple period
and Great Revolt (2nd c. BCE–1st c. CE) and the Bar Kokhba
Revolt (2nd c. CE) (Yadin 1957/58, 1963, 1971; Bar-Adon
1980; Eshel and Amit 1998; Eshel and Zissu 2001; Porat et
al. 2003/04, 2005/06; Eshel et al. 2005/06; Eshel and Porat
2009). Gradually, a particular pattern of natural karst caves
containing networks of crawlways and chambers was
discerned in the Judean Desert; because Jews fled to them
especially in the Early Roman period (63 BCE–136 CE),
they were termed “refuge caves.” These caves are located
in the steep cliffs of large riverbeds that descend from the
Judean Desert toward the fault scarp near the Dead Sea
(Eshel and Amit 1998).1 Another type of cave used as a
hideout, known as a “hideout complex,” is also found in
Judea. These complexes were hewn out of the ground
adjacent to towns and homes. Hideout complexes in Judea
were first defined by David Alon in 1978 (Kloner 1984),
and have since been studied extensively (Kloner et al. 1982;
Kloner and Tepper 1987; Zissu 2001; Kloner and Zissu
2005).

Hideout complexes in the Galilee were discovered back in
the 1960s, but at that time no historical importance was
attributed to them. To the best of our knowledge, Antiquities
Department inspector Netanel Tefilinsky was the first to
report the existence of subterranean crawlways (Aviam
1983; Tefilinsky 1983). In 1974, Dan Bahat excavated a
hideout complex at Horbat Hazon. Although at first he
thought it was an aqueduct, in 1983 he published the pit and
tunnel that he had excavated as a hideout (Bahat 1974,
1983). In the 1980s Michael Even-Esh, who had surveyed
hideout complexes in the Hebron Hills, conducted a survey
of hideout complexes at Khirbet Ruma and Beit Netofa in
the Galilee. The elaborate hideout at Khirbet Ruma was first
studied and mapped by a team from the Hebrew University,
and a salvage excavation was carried out there, headed by
Arieh Rochman. At the same time, Tepper and Shahar
surveyed and mapped it as part of a preliminary survey of
Galilean hideout complexes (Cohen 1983; Rochman
1985/86; Tepper and Shahar 1987d). The Beit Netofa
hideout was mapped by Amos Frumkin (Eshel 1983). In
1983 Aviam published an article about the five Galilean
hideout complexes known at the time, discussing their
dating and the connection between these caves and the
revolts against Rome (Aviam 1983). In the 1980s and
1990s, workers from the Israel Antiquities Authority (IAA)
reported the discovery of hideout complexes throughout the
Galilee,2 four of which – at Ibillin, Migdal Ha’emeq,
Khirbet Ruma, and el-Khirbe – have since been excavated
(Rochman 1985/86; Shalem 1995; Muqari 1998/99;
Alexandre 2003). Recently, salvage excavations at Kafr

In this paper I discuss hideout complexes in northern Israel
because a great deal of information has accumulated on the
subject since the studies of Aviam (1983), Tepper and
Shahar (1987), and Shahar (2003). In addition, I will
propose a categorization and characterization of the hideout
247

Speleological Research and Activities in Artificial Underground – oral

2013 ICS Proceedings

These small hideouts resemble the Judean ones discovered
by Kloner at an unnamed site and by Zissu at Horbat Ethri,
as well as the one beneath the synagogue at Susya
(Chamber 8); all of these complexes are from the Second
Temple period (Kloner 1987b; Zissu 2001; Kloner and
Zissu 2005). The openings and crawlways were smoothed
hastily, and effort was clearly put into making it as hard as
possible for uninvited guests to get in. Turns are not
necessarily at right angles, and there is nothing systematic
about the way the different levels of the caves were hewn.
In these dark, narrow complexes, one has to crawl to get
anywhere. Twenty-one such complexes were hewn in

Kanna uncovered a hideout complex beneath the ruins of a
structure from the Early Roman period (Alexandre 2008).
In a paper published in 2003, Shahar listed approximately
20 hideout complexes in the Galilee and argued that they
should be dated to the time of the Bar Kokhba Revolt
(Shahar 2003). In 2008, Kloner, Zissu, and Shahar stated
that 27 hideout complexes had been found in the Galilee.
Based on the finds at Jotapata (Yodfat) and Kafr Kanna,
they asserted that hideout complexes were first hewn in the
Galilee even before the Great Revolt and were probably
used in various periods (Kloner et al. 2008).

2. Recent Research on Hideout Complexes
In the present paper, I report on 35 sites in the Galilee at
which 65 hideout complexes have been found (Fig. 1). The
presentation of the new data constitutes a significant update
of the scope of the hideout phenomenon in the Galilee. For
the purpose of reexamining the hideouts, the subterranean
chambers were documented according to the rules of
speleology. In this study the hideout complexes previously
discovered in the Galilee have been redocumented and
remapped (since in some cases data were omitted from the
surveys), and new hideout complexes have been
documented and mapped following a careful examination
of their crawlways and chambers. Because the mapping
encoutered technical problems, I do not have complete
plans of all the caves. Nevertheless, I was able to survey the
hideout complexes thoroughly and identify them according
to the categories below.
The following sites and subterranean cavities in the Galilee
have been identified as hideout complexes:3 Gush Halav
(three complexes); Meroth (two complexes); Qiyyuma;
Nabratein (Nevoraya); Iyei Me’arot – Hatzor Hagelilit (ten
complexes); Mt. Hazon; Hukok (two complexes); Mimlah
(two complexes); Ravid; Illabun; Mistah; Jotapata (two
complexes); Ibillin (five complexes); Beit Netofa; Lubiya;
El-Khirbe (two complexes); Ruma; Kafr Kanna (six
complexes); Tur’an (two complexes); Ilaniya; Khirbet
Bessum; Jebel Qat; Shikhin; Sepphoris (two complexes);
Horbat Bina; Horbat Tiria; Nazareth; Horbat Devora
(Khirbet Dabbura) (two complexes); Beit She’arim; Migdal
Ha’emeq; Horbat Riv; Shunem (Sulam); Horbat Bolek
(Buleiq); Horbat Nurit (Nuris); Tel Amal tunnel; Nahal
Amal crawlways.

Figure 1. Map showing location of the sites mentioned in the text.

Galilee villages in anticipation of bad times; the finds
indicate that some of them date from the late Second
Temple period. It seems, then, that these complexes were
created in preparation for the Great Revolt.
2. Elaborate hideout complexes: These complexes, hewn
with great care and attractively finished and smoothed,
resemble hideouts at Horbat Ga’ada, Horbat Beit Loya, and
Rasm er-Rusum in the Judean lowlands (Tepper and Shahar
1987a, 1987b; Kloner and Zoran 1987). The elaborate
hideout complexes investigated in the Judean lowlands have
been dated to the time of the Bar Kokhba Revolt, and the
24 surveyed in the Galilee may also have been hewn in the
second century CE.

Additional sites that have been described as hideout
complexes are located in private areas and are inaccesible.
These are therefore not included on the map of hideout
complexes in the Galilee.4 One exception is Yafa, where
Guérin reported seeing two subterranean hideout complexes
near the Orthodox Mission building in 1870; in them were
three stories of rock-cut rooms entered via round openings.
One of the complexes, he noted, contained a cache of 200
coins of Roman emperors (Guérin 1880). But because the
area is now densely built up, no evidence remains of the
hideouts.

3. Hideout complexes hewn out of rock-cut subterranean
chambers that had been used as storage facilities for
agricultural produce, cisterns, olive presses, or ritual baths:
These chambers were closed, cool, and rainproof, and it was
relatively simple to convert them into hideouts. Similar
hideout complexes have been found in the Judean lowlands
at Ahuzat Hazan and Horbat Shem Tov, among other places
(Avni et al. 1987; Tepper and Shahar 1987c). In the Galilee,
most hideout complexes of this type have been found in
subterranean chambers originally hewn to serve as cisterns

Like the hideout complexes in the Judean lowlands, those
in the Galilee can be divided into six main categories:5
1. Simple hideout complexes: Subterranean chambers hewn
roughly for hiding purposes, without attractive finishing.
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or storage facilities; a minority are in chambers used as
olive presses (e.g., at el-Khirbe and Ilaniya). In 19 of them
I found narrow crawlways, some of them nicely finished
and others simple, leading to additional rock-cut chambers.
Most of these hideout complexes were designed to
incorporate preexisting cisterns or ritual baths, such as at
Meroth and Sepphoris. In some places, certain installations
were rendered unusable when the narrow crawlways were
added. Similar cases are documented in the Judean
lowlands, e.g., at Horbat Loya, Horbat Midras, and Khirbet
el-Aqed (Kloner 1987a, c; Tepper and Shahar 1987a). In a
few cases, such as the complex at Horbat Mistah and one
at Sepphoris, the openings of the crawlways were hewn a
few meters above the floor of a cistern, and water continued
to be stored up to the height of the openings. The fact that
only the water could be seen from above provided
camouflage. This phenomenon is found at Khirbet el-Aqed
in the Judean lowlands, at Horbat Naqiq, and at the Nahal
Yattir site (Gichon 1982; Zissu 2001). Presumably, in a time
of emergency, when the Galileans realized that hideout
complexes could save lives, they decided to do without the
subterranean facilities and hewed crawlways in them.
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Qat complex belongs to the bloc of towns around
Sepphoris, it lacks the central feature of a hideout – a
crawlway, or at least a narrow, relatively inaccessible
passage. It is a rock-cut cistern from whose floor a natural
cave is accessible. The tunnels at Illabun, described by
Tefilinsky, were up to 60 m deep (Tepper and Shahar
1987d), not a depth typical of hideout complexes. The
crawlway entrances that Tepper and Shahar found at Tel
Amal and Nahal Amal are far from the ruins of the ancient
villages, whereas a salient characteristic of hideout
complexes is their location beneath a village. The Tel Amal
tunnel and the Nahal Amal crawlways were evidently used
for transporting water and may have been also used as
escape crawlways. In any case, we have no basis for dating
them to the Early Roman period, and they were not located
within Jewish localities.

3. Discussion
Given the similarities between the hideout complexes in the
Galilee and those in the Judean lowlands, some scholars
have dated the Galilean ones to the Bar Kokhba Revolt
(Gichon 1982; Tepper and Shahar 1987d; Shahar 2003). It
is very hard to date the complexes since they incorporate
chambers that antedate the crawlways and contain signs of
later activity. Moreover, ceramic objects and other items got
into most of the complexes in various periods and
antiquities thieves broke in before the complexes were
studied scientifically. In this study ceramic finds are not
used to date the hideout complexes on the assumption that
they originate in later disturbances.

4. Hideout complexes hewn out of burial caves: Such
complexes are extremely rare in Judea as well; they are
found there only at Horbat Burgin (Khirbet Umm Burj) and
Horbat Benaya (Kloner and Zissu 2005). Three of the six
burial caves turned into hideouts in the Galilee were located
within the village of Iyei Me’arot. The other three were
outside or on the outskirts of villages.
5. Escape crawlways: This type of subterranean cavity is
rare in both Judea and the Galilee; consequently, it is hard
to know how and to what extent they were used. The only
written document in our possession that may describe the
use of an escape crawlway in the Second Temple period is
by Josephus, who recounts how the besieged people of
Jotapata in the Great Revolt used a narrow, hidden crevice
as a crawlway for transporting commodities and bringing
news (Josephus 1956). The escape crawlway at Gush Halav
had a specific purpose: to serve as a hidden route to a spring
and a hidden exit from the village. In contrast, Gichon
(1982) has suggested, based on Cassius Dio’s description
of the Bar Kokhba Revolt, that the rebels during that war
used the hideout complexes and escape crawlways in two
stages and for two different purposes: at first the hideout
complexes served as bases for surprise attacks and
ambushes, whereas later the rebels used the crawlways to
escape from walled towns. As an example of such dual-use
complexes, Gichon points to Khirbet el-Aqed, which was
surrounded by a wall. Gush Halav was also walled, and dual
use may have been made of the escape crawlway there as
well (Gichon 1982). Another escape system is found at the
Nahal Yattir site, where two crawlways were hewn: one
leading to a cistern so that water could be drawn secretly,
and the other leading out of town, to the slope of Nahal
Yattir (Zissu 2001).

Recently it became clear that some of the small, simple
hideouts in the Judean lowlands were hewn before the Great
Revolt. Therefore, some of the hideouts in the Galilee may
also have been hewn before or during the Great Revolt.6
About a third of the hideout complexes in the Galilee, 21
in all, are of the simple type. The finds in the hideout on the
lower slope of Jotapata and in the hideout in Area W at Kafr
Kanna attest clearly that these complexes were hewn during
the Great Revolt (Alexandre 2008). Additional
unsophisticated hideout complexes in the Galilee, such as
those at Meroth, Gush Halav, Tur’an, Horbat Nurit, and
Horbat Devora, may have been hewn in the late Second
Temple period; the nature of these complexes may reinforce
the suggestion that they were hewn in a hurry during the
Great Revolt.
On the other hand, some of the Galilean hideout complexes
may have been hewn in preparation for the Bar Kokhba
Revolt. Because most of the hideouts in the Judean
lowlands were used by the Jews during the Bar Kokhba
Revolt, we cannot rule out the possibility that some Jews in
the Galilee prepared for the revolt in the same way (Shahar
2001). Presumably, some of the Jews who had been in
hideouts in the Judean lowlands at the end of the Bar
Kokhba Revolt survived and fled to the Galilee (see Samet
1985/86). Historical sources indicate that some of the
Judean population moved to the Galilee following the Bar
Kokhba Revolt; this is apparently reflected in a list of the
24 priestly shifts (Safrai 1980/81).7 Indeed, an inscription
discovered in Tiberias refers to a Jewish family from
Horsha in southern Judea who moved to the Galilee

6. Subterranean cavities that should not be identified as
hideout complexes: This category includes subterranean
cavities that Tepper and Shahar believe were hideouts, but
in my opinion were not. Those at Jebel Qat, at Illabun, in
the Nahal Amal crawlways, and in the Tel Amal tunnel do
not have features of hideout complexes. Although the Jebel
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(Stepansky 1999). This migration may also explain the
hewing of hideout complexes in the Galilee: refugees from
Judea brought with them knowledge that had helped them
survive in Judea, so in the Galilee, too, they turned storage
cellars and burial caves into hideout complexes. The large
concentration of caves in Iyei Me’arot that were used for
various purposes may be indicative of this. The scholars
who hypothesized that the Galilean hideout complexes were
hewn during the Bar Kokhba Revolt saw them as
preparations for the revolt, even if the Galilee did not
ultimately take part in the fighting. This hypothesis was
based on similarity in plans and hewing methods to the
complexes discovered in the Judean lowlands, even though
no finds have come to light that support this dating (Kloner
1987d; Tepper and Shahar 1987d; Shahar 2003). Mor
rejects this hypothesis, claiming that if the Galileans had
been preparing for the revolt, they would presumably have
taken part in it (Mor 1991). Dickstein notes that the hideout
complexes are not unique to the Bar Kokhba Revolt in
terms of either place or time, and they should not be viewed
as an element of Bar Kokhba’s tactical conception
(Dickstein 1995/96).
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finishing. (3) The crawlways in the Galilean hideouts are
neither winding nor particularly long and do not have sharp
angles.
The two types of hiding places found in both Judea and the
Galilee – refuge caves/cliffside shelters (Eshel and Amit
1998; Shivtiel 2008) and hideout complexes – are indicative
of a highly motivated Jewish population with impressive
organizational ability. In some cases we can compare the
preparation of the hideout complexes in the Galilee to
activity in Judea between the two revolts: subterranean
complexes were hewn and hiding places were prepared,
sometimes eliminating important subterranean facilities
such as cisterns, storehouses, and even tombs. These
activities were motivated by increased concern for personal
safety and attest to the distress of the Jews of the Galilee.
We cannot date the hewing of the Galilean hideout
complexes with precision. Presumably, some date from as
early as the Second Temple period (with the hewing activity
intensifying during the Great Revolt); others were hewn
before the Bar Kokhba Revolt, and still others afterwards.
It is incorrect to date all the hideout complexes discovered
in Judea to the time of the Bar Kokhba Revolt; the number
of Judean hideout complexes shown to have been hewn in
the late Second Temple period, on the eve of the Great
Revolt, is growing. It seems that the Jews of the Galilee
prepared subterranean chambers for refuge and hiding at
times when they sensed a real physical threat to their lives
from the Roman authorities, and this occurred frequently
during the Early Roman period in Palestine.

Interesting evidence about hideout complexes is presented
by Josephus (1956), who uses two different terms for rockcut chambers: He refers to the people of Jotapata seeking
refuge in “subterranean vaults and caverns”. In this phrase
Josephus draws a distinction between ύπоνόμοιs
(subterranean vaults) and σπηλαίοιs (natural caverns).8
Thus, there were both hideout complexes and natural caves
in Jotapata.
Based on the new information presented in this paper on
the Galilean hideout complexes and their distribution, we
see that the subject is worth discussing, and that the
hideouts are evidence of fear of the Roman government at
various times, not only of preparations for the Bar Kokhba
Revolt. Hence, presumably, the simple hideout complexes
were hewn during the Great Revolt, whereas the smoother,
elaborate ones, such as those at Ibillin, Khirbet Ruma, and
Khirbet Khueha (Kafr Kanna), are from the second century
CE – although we do not know yet whether they were
created in preparation for the Bar Kokhba Revolt or hewn
by Judean refugees who knew they could save lives. The
relatively large number of hideout complexes hewn out of
cisterns – which rendered them unusable as cisterns – seems
to indicate that the Galilean Jews were in such distress in
the Early Roman period that they valued places to hide over
water sources.
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On refuge caves in the Galilee (known as “cliffside shelters”),
see Shivtiel 2009, 2011.

2

For a summary of the data, see Aviam 2004.

3

Some of the sites on this list lack certain characteristics of
hideouts; below I explain why I am not convinced that they are
hideouts.

4

Since this article was written, more hideouts have been
discovered at Ayelet Hashahar, Hukok, Sepphoris, Yafa, Kabul,
Illabun, Lubiya (Golani Junction), and Horbat Bata (Karmiel),
but these have not been documented or published.

252

5

On the similar categories and other ways of categorizing the
hideout complexes, see Tepper 1987; Zissu 2001.

6

On simple hideouts from the early first century CE, see Zissu
and Ganor 2001/02; Kloner and Zissu 2005. Yadin,
Oppenheimer, Foerster, and Aviam noted that the Galilean
hideouts may have been created in preparation for the Great
Revolt; see Aviam 1983; Oppenheimer 1982; Yadin 1982.

7

On the ties between Judea and the Galilee, see also Urbach 2002.

8

He is consistent in this terminology elsewhere as well. See, e.g.,
Josephus 1956, I: 304, 307, 310–311; II: 573; III: 336; Josephus
1957, XIV: 415–417, 420–430; Josephus 1926, 188; I am grateful
to Prof. Bezalel Bar-Kochva for making me aware of this.
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ARTIFICIAL CAVITIES OF GAZIANTEP (SOUTHEASTERN TURKEY)
Ali Yamaç, Murat Eğrikavuk
OBRUK Cave Research Group; Acikhava Apt. 16/7, Nisantasi, Istanbul, Turkey, info@obruk.org
After the Hagia Sophia and Topkapi Palace of Istanbul (Turkey) underground structures project that we carried out in
2008–2009 as OBRUK Cave Research Group, we began to prepare “Gaziantep Underground Structures Inventory” offered
us by Gaziantep Municipality and CEKUL Foundation in November 2011.
The aim of this project was to research, document, survey and making an inventory of the entire underground structure
heritage which is within the borders of Gaziantep city and disappearing day by day because of the new constructions. It
has been long known that Gaziantep, possessing a continuous inhabitancy since 3000 BC, has hundreds of underground
structures which were carved in sandy limestone. Some of those underground structures were used as storage facilities or
cisterns, while some others are as yarn ateliers today. Furthermore, despite forming a huge and complex system,
underground water structures whose small part can be researched due to destructions are another important phase of that
project. This study will provide an assessment of the underground structures, aimed at protecting this cultural heritage.
Additionally, it is known that some of the caves dug mostly in soft limestone may collapse. This inventory study will be
a reference for the future for preventing such potential hazards. The abovementioned project is basically aimed at detecting,
measuring, mapping and studying all underground structures in the old settlement area of Gaziantep, with an Autocad
program. Thereby, the relation between all the underground and aboveground structures would not be lost. As a result of
the studies carried up to date, 48 artificial caves and water structures have been explored and mapped. The project is
planned to be completed by the end of 2013.
surface related points as reference.

1. Introduction
As OBRUK Cave Research Group, we have carried out
surveying and mapping of Hagia Sophia and Topkapı
Palace underground galleries and chambers at Istanbul
during the years 2008–2009, headed by Dr. Çigdem Aygun.
It can be accepted as a milestone that those structures,
having great historical importance and heritage, have been
researched by expert cavers without producing any harm
through using “Single Rope Techniques”. Within the scope
of this project, 32 underground cisterns have been measured
and mapped in the Historical Peninsula of Istanbul, and a
total length of 2,000 m of tunnels has been explored and
measured.

• The local people were constantly communicated and all
notifications were taken into consideration. As a result of
the whole information, the first detected fields were
crossed and various studies in different regions were
carried out.

After this project and another study carried out in
Hasankeyf’s underground structures in March 2010, a
project was offered to our group for the exploration of
underground structures at Gaziantep (Fig. 1). The basics of
the project and how to apply it were planned during the
following meetings. After signing the protocol between
Gaziantep Municipality and CEKUL Foundation, the
studies were launched in the city.

3. Geology of Gaziantep

• During the study, plans, features and photographs of each
underground structure were recorded as the separate tags.
Structures and tunnels were processed into the map.
• The project is coordinated by OBRUK Cave Research
Group’s architect-cavers.

The geological units near and around Gaziantep can be
classified in three groups:
3.1. Gaziantep Formation
This unit comprises limestone and chalk. The places where
the most typical outcrops are seen are Gaziantep and its
surrounding area. It is mixed with Fırat Formation in the
region. Although it is mostly consisting of soft rocks as
argillaceous limestone and chalk limestone, thicker layered
massive limestones can also be found. Argillaceous
limestones comprise whitish, grey and yellow, loose and
thin-middle layered and chalky levels. The unit is dated as
Upper Eocene–Middle Eocene (MTA 1997).

2. Execution of the Project
• At the beginning of the study, a main zone was selected
in the city. This study zone was indicated by Gaziantep
Municipality and CEKUL Foundation together.
• In the first stage; all underground structures in the main
zone, which had been already known, were detected and
underground studies started.

3.2. Fırat Formation

• In the second stage, all detected underground structures
were measured and processed into the main city plan.
Water structures, on the other hand, were searched for
level and directions besides architectural measurements
are processed into a surface map accordingly, by taking

This formation crops out in discordance with Gaziantep
Formation. The formation starts with a thick layered
limestone with cream, white and yellow in the lower part
253

Speleological Research and Activities in Artificial Underground – oral

2013 ICS Proceedings

There are numerous shafts (or wells) opened from the
surface to these tunnels. Unfortunately, the modern
settlements in Gaziantep seem to have destroyed most of
these shafts and wells.
Apart from these shafts; other underground structures
peculiar to Gaziantep are represented by washing pools
which are connected to the surface with stairs, and by public
places with small baths and lavatories. These public water
areas, locally called “kastel”, were mostly built near the
mosques. Although there were at least 15 “kastels” until 50
years ago, only 5 examples remain today (Çam 1982).
Nevertheless, the remaining structures give an idea about
the impressive architecture of these interesting underground
features. Among these structures, Pisirici (Fig. 3) is one of
the oldest, together with an underground mosque built in
1283. The “livas” bringing water to this structure cannot be
precisely followed due to subsidence in the area. Among
the other “kastel”s, only Ahmet Celebi Kastel, with a slight
change, fits for purpose.

Figure 1. Project area.

and goes on with more fossiliferous limestone above. In the
upper formation, it comprises thick layered limestone.
Limestones are generally fractured, and the fractures are
filled by calcite. Fırat Formation is of Miocene age.

The remaining 3 kastels; İhsan Bey, Kozluca and Nadir Bey,
are unprotected and have been the victims of wrong
modifications.

3.3. Yavuzeli Basalt
This Middle-Upper Miocene formation can be found in the
south of Gaziantep. It generally comprises lava flow, which
is dark brown to dark gray and blackish. Despite its large
outcrop area, it presents thickness ranging between 10 m
and 50 m.

4. Tectonics
The East Anatolian Fault, one of the most important faults
in Turkey, extending from 50 km north of Gaziantep to the
west, and the Dead Sea Rift, which is below this fault from
the south to the north, still resume their activities in Turkey.
These main faults and all the minor faults between them are
active. It is known that, as a consequence of the strong
earthquakes in 1526, 1760 and 1822, most of the buildings
in Gaziantep were destroyed (Ambraseys and Finkel 1995).

5. Artificial Underground Structures of
Gaziantep
48 artificial cavities which were detected in Gaziantep up
to now can be classified into 2 groups.
The first group is the underground water structures which
were widely used in the past. There are numerous water
resources around the plateau where Gaziantep is located.
Despite all these resources, there is no water table under the
city. Therefore, long tunnels were dug a long time ago in
order to bring water to Gaziantep.
Figure 2. A typical “livas” under Gaziantep (photo: AE Keskin).

To date, some 700 m of the total tunnel length have been
explored and several shafts have been investigated. These
tunnels, which are for miles and called “livas” locally
(Fig. 2), are very similar to the ancient “qanat” or “karez”
which were initially realized 2000–3000 years ago in Iran
and can today be seen in many countries like Morocco,
Algeria, Egypt and China (Wessels 2000; Castellani 2001).
The tunnels of Gaziantep some of which are longer than 7
kilometres carried the water from the springs to the town.

Various water tunnels (livas) likewise the ones in Gaziantep
War Museum Cave, Tütün Han Cave, Fethullah Mosque
Kastel and Ömer Ersoy Culture Centre are all connected to
the same underground water system. On the other hand, it
was also found that many shafts searched during the project
are also connected to those water tunnels. For example,
there are two different tunnel connections in the depths of
a 44 m deep well of the American Hospital.
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as a yarn manufacture and barn previously. It can be
considered as the largest known artificial cavity of Turkey.

Additionally, the soft limestones of Gaziantep are particularly
suitable for digging tunnels and other underground structures.
Nearly all of the old houses have an underlying cave used as
storage (Çanakçı and Güllü 2004). The stones coming out as
a result of the excavation were used in the construction of the
upper structure. Though most of the caves explored and
mapped up to now belong to this group, there are some
extraordinarily large structures which were excavated as
quarries and then used as yarn or ceramic factories. For

The unique example different from the two groups of
underground structures mentioned above, is represented by
the tunnels located under the Castle of Gaziantep. These
tunnels, with a total lenght of 280 m, reach the cisterns at
the bottom. Age of the tunnels is unknown, but
archaeological researches are continuing at the castle.

Figure 5. Plan of Cemetery Caves of Gaziantep.

6. Future of Artificial Cavities in Gaziantep
Gaziantep is probably the richest region in terms of
historical underground structures of Turkey after
Cappadocia. Most of the structures that we surveyed during
this project either continue to be used for their original
purpose or have a new function as a cafe or restaurant. Yeni
Han and Tutun Han caves are beautiful examples of those
underground structures which are used as cafes today.

Figure 3. Pisirici Kastel (photo AE Keskin).

Traditional yarn manufacturers still continue to work in
some caves. It will be a preferable application that this
branch of business, having an ancient tradition, would
maintain its activities in the same places after the restoration
of their caves.

example; Akbulut Cave, used as an underground ceramic
factory for a long time, covers a total area of 9,500 m2 and is
one of the largest artificial cavities of Turkey. On the other
hand, Uzumcu, Iplikci and Sulu caves are still being used as
yarn ateliers.
As to mention Cemetery Caves (Figs. 5 and 6), it is a gigantic
system located under the modern cemetery of Gaziantep, a
total area of more than 60,000 m2, with 14 entries and used

Furthermore, Gaziantep Municipality is looking forward at
the end of this project, to have useful information about the
future usage of the empty Akbulut Cave, Copper Market
Cave or Cemetery Caves.

Figure 4. Plan of Copper Market Cave.

Figure 6. Cemetery Cave A5 Main Gallery (photo AE Keskin).
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water systems, namely “livas” and “kastel” will be restored
and open to public.
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Çam N, 2006. Türk Kültür Varlıkları Envanteri: Gaziantep (The
Inventory of Turkish Cultural Proporties: Gaziantep), Ankara.
Çanakçı H, 2007. Collapse of Caves at Shallow Depth in
Gaziantep City Center, Turkey: A Case Study, Environmental
Geology, Volume 53 (4), 915–922, Heidelberg.

Our main purpose is to protect the available underground
structures of Gaziantep and transfer them to the next
generations.

Çanakçı H, Güllü H, 2004. Gaziantep İl Merkezindeki
Mağaraların Geoteknik Açıdan Bir Ön Değerlendirmesi, Zemin
Mekaniği ve Temel Mühendisliği 10. UlusalKongresi (PreEvaluation of Caves in Gaziantep Geotechnically,The 10th
National Congress for the Soil Mechanics and Basic
Engineering), İstanbul, 232–237.
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SUBTERRANEAN “BELL-SHAPED” QUARRIES IN THE JUDEAN
FOOTHILLS, ISRAEL
Boaz Zissu
Department of Land of Israel and Archaeology, Bar-Ilan University, Ramat Gan, Israel, bzissu@gmail.com
The paper focuses on bell-shaped underground quarries, which were rock-cut in the soft limestone of the Judean Foothills
during the Late Roman, Byzantine and especially the Early Islamic periods. These large and imposing artificial caves,
typical to this region, located south-west of Jerusalem, were first described by scholars and explorers who visited the area
in the 19th century. They were extremely impressed by the caves and suggested various theories regarding their function:
cistern, granaries, dwellings, stables and underground churches. The phenomenon was discussed in a pioneering study,
undertaken more than fifty years ago by Y. Ben-Arieh (1962) who explained the function of the subterranean caves as
quarries, used for the extraction of the local chalky limestone. In the largest cave-clusters, around Beth Govrin, where the
region’s biggest quarries operated, scholars estimate that their total number is over 800. Others estimate their total number
in the region as being about 3,000.
The aim of this paper is to present and describe the phenomenon according to new archaeological and speleological
surveys. The current study focuses, among other issues, on the method of quarrying and on a re-examination of the
chronology of the phenomenon, the carving methods, and the use and reuse of the caves.

1. Introduction

2. The Geology of the Judean Foothills

Throughout ancient Israel, and especially in the Judean
Foothills subterranean chambers were cut in the bedrock as
part of the economic and physical infrastructure of towns
and villages. The hewing technique was refined in the
Hellenistic, Roman, Byzantine and Early Islamic periods.

The Judean Foothills are characterized by layers of soft
limestone and chalky rocks from the Senonian, Paleocene
and Eocene periods. The prevailing bedrock is the soft,
chalky limestone of the Maresha detail of the Tzor’a
Formation, dating to the Eocene, of a 30–100 m thickness.
This white, relatively soft and homogenous rock (locally
known as “kirton”) is protected from erosion by a crust of
harder limestone, of up to 3 m thickness (“nari”). This
fissured layer is harder, non-homogeneous, and has a
tendency to collapse relatively easy (Kloner 2003).

This paper focuses on the phenomenon of bell-shaped
underground quarries, which were rock-cut in the soft
limestone of the Judean Foothills from the Late Roman to
the Byzantine and especially the Early Islamic period.
These large and imposing artificial caves, typical to this
region, located south-west of Jerusalem, were first
described by scholars and explorers who visited the area in
the 19th century. The visitors were extremely impressed by
the caves and suggested various theories regarding their
function: cistern, granaries, dwellings, stables and
underground churches (Robinson 1841: 352–355; 395–396;
Guérin 1868: 104–106; Conder and Kitchener 1883: 264–
293; Smith 1900: 239–244; Bliss and Macalister 1902:
188–270). The phenomenon was discussed in a pioneering
study, undertaken more than fifty years ago by Ben-Arieh
(1962) who explained the function of the subterranean
caves as quarries, for the extraction of the local chalky
limestone. In the largest cave-clusters, around Beth Govrin,
where the region’s biggest quarries operated, we estimate
that their total number is over 800 (Kloner 1996: 50–53).
Y. Dagan estimated their total number in the region as being
about 3000 (Dagan 1982: 35) but this number probably
includes other types of caves as well.

Throughout the region thousands of underground chambers
were cut during various periods. Throughout the relatively
easy process of cutting the chalky limestone, a large variety
of artificial subterranean chambers was created. In addition,
through the quarrying process, good quality blocks of
building material were produced (Oren 1965; Kloner and
Zissu 2009).
The caves typical to this region served as quarries, silos,
water cisterns, columbaria, oil presses, stables, cult rooms,
hiding systems and burial caves (Bliss and Macalister 1902;
Dagan 1982). The bell-shaped caves are just one of these
types of underground chambers.
When the stone-cutters planned to create an extensive
quarrying site, they avoided damage to already existing sites
and caves. Locations where underground quarrying had not
yet taken place were preferred. The location of bell-shaped
caves was chosen by carvers who knew how to identify
geologically the chalky limestone deposits suitable for
quarrying good quality material. Most of the bell-shaped
caves were quarried in high-quality Maresha detail kirton
and only a few of them were cut in lower quality kirton, like
Adollam and Beth Govrin. It is also apparent that the
carvers chose the appropriate topography for quarrying a
cave: slope or spurs were typically preferred.

The aim of this paper is to present and describe the
phenomenon according to new archaeological and
speleological surveys. The current study focuses, among
other issues, on the method of quarrying and on a reexamination of the chronology of the phenomenon, the
carving methods, the use and reuse of the caves.

At most bell-shaped caves sites, the method of quarrying
was rather similar and there are common defining outlines
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to the whole phenomenon. The geological characteristics of
the region, which combined an upper harder crust and a
deeper soft but compact chalk was well known to the
stonecutters in antiquity. The first stage of creating a bellshaped cave was to cut a rounded opening in the upper
limestone crust. From the opening a vertical shaft led
through the hard limestone layer to the soft chalk below.
The shafts were similar in size and their purpose was the
penetration of the relatively hard nari crust. The average
diameter of the top opening is between 0.8–1.2 m. The
depth of the vertical shaft varies from two to four meters,
according to the width of the crust. In some caves the round
shape of the top opening was not kept, for a number of
reasons, as quarrying into an already existing, earlier
artificial cavity (e.g., at Kh. el-Ein: Zissu 2005) or the
quality and specific features of local bedrock. A reason for
the “cylindrical” shape of the shaft not being kept in certain
cases, may derive from difficulties experienced by the
stone-cutters trying to penetrate into the nari.
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found in Judea from the Iron Age, (e.g., the “winery” at
Giveon: Pritchard 1964) throughout the Hellenistic and
Early Roman periods (certain installations at Horvat
Burgin: Zissu and Ganor 2008; and at Horvat Ethri: Zissu
and Ganor 2009).

Upon reaching the soft limestone layer, the carvers started
widening out the cave downwards and laterally in a circular
shape. That method of quarrying gave the caves their typical
bell-like shape, which created a large but relatively stable
underground cavity.

Figure 2. Typical cluster of large bell-shaped caves at Luzit (Deir
Dubban); (B. Zissu).

In some cases, the typical bell-shape was lost. Changes in
the angle of quarrying were made by the stone-cutters due
to the appearance of cracks and fear of collapsing.
Sometimes, a side opening would have been created
because of natural collapse or artificial quarrying that
allowed additional entry.

3. The Quarrying Method
The underground quarrying was carried out using carving
tools, as pick-axes, hammers, chisels and crowbars, under
natural lighting entering the cavity from the upper shaft, and
enhanced, when needed, by oil-lamps. The quarrying
operation has left well-marked traces, which appear as
parallel rows of oblique chisel marks on the walls. The

The dimension of caves that functioned as a single quarry
is smaller than of those which are part of a cluster of bellshaped caves. The average depth of a cave is about 5–7 m.
and the diameter of its bottom is about 4–5 m. The reason
for the smaller size caves appears to be the limited ability
to extract the quarried material from the caves and the
mobility of the cutters.

Figure 1. Bell-shaped cave at Horvat Burgin. Note the chiselmarks and the negatives of blocks extracted (B. Zissu).

limestone was extracted as blocks detached from the walls
of the cave by narrow and deep channels (Fig. 1).
The 30–40 cm-high blocks of kirton were transported and
used as building material elsewhere. When these blocks are
used for external walls they require a thick coating of plaster
as protection from the elements. The straightening and
“finishing” of the cave walls was done by removing
limestone chips, apparently burned in kilns and used as a
raw material in the manufacture of lime and cement.

Figure 3. Smaller sized bell-shaped cave at Horvat Sgafim (B.
Zissu).

Certain clusters of bell-shaped caves, especially in the area
of Bet Guvrin and Deir Duban – Luzit, exceed these
dimensions. The caves in such groups are characteristically
larger in size (Figs. 2, 4 and 5). Their average depth ranges
from 10–15 meters and the diameter of their bottom ranges
from 6 to 12 m. Few caves are much deeper – up to 20
meters (Kloner 1996). Usually the caves in these clusters
were quarried adjacently and were joined to one another in

This characteristic bell-shaped plan was in our opinion a
development and enlargement of an earlier, smaller form of
subterranean installation – the typical bottle-shaped silo
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Figure 4. Plan of cluster of large sized bell-shaped caves at Bet Govrin (after Kloner 1989/90: 66).

Figure 5. Section of cluster of large sized bell-shaped caves at Bet Govrin (after Kloner 1996: 53).

Quarried into the bottom part of the wall in some of the
caves are various niches, hooks for hanging sacks, and
devices for holding animals. These features were made
when bell-shaped cave quarrying was at its peak, or
alternatively when the caves were connected to one another.
Some of the installations were probably added after the
main quarrying activity.

the course of carving. This was as a result of the cave walls
collapsing naturally, an act initiated by the stone-cutters or
a combination of both (Figs. 4 and 5).
The caves were connected by a variety of horizontal or
oblique tunnels, aimed to allow easy passage of workers,
blocks and other carved material and perhaps even pack
mules between the cavities to the surface level (Fig. 6).

Quarrying the bell-shaped caves created large underground
spaces. A substantial number of the caves were later
converted for a variety of uses. After the quarrying was
completed, the underground quarries were transformed into
animal pens, columbaria installations – some of them of a
large scale (Fig. 7). In few caves, agricultural installations
such as oil presses were installed. A very small part of the
caves were converted into water cisterns. Other caves were
used by squatters for residence.

Staircases were cut into the depth of the wall in some caves.
This particular type of staircase is entirely different from
the staircases installed in the Hellenistic period “Maresha
type” cisterns and quarries, found in the same region. The
“Maresha type” bell-shaped caves have typical steps with
parapets, spiralling along their inner walls (Kloner 2005).
The staircases have no common characteristics and they
were created during the digging of the bell, out of mobility
considerations.
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In other cases the crosses, carved or incised on the upper
part of the cave walls, are accompanied by Arab (Kufic) and
Greek graffiti and inscriptions (as in Fig. 10), which support
the dating of the bell-shaped caves to the Late Byzantine/
Early Islamic period (7th to 11th c. CE; Dagan 1982:
38–39). Some oil-lamps and pottery vessels found in situ
in caves east of Beth Govrin belong to the initial cutting
activity and point to a similar Late-Byzantine – Early
Islamic dating (Frumkin and Kloner 1989; Kloner and
Frumkin 1989).

Figure 6. Bell-shaped cave at Horvat Burgin. Nos. 1, 2 mark
tunnels, cut in the walls in order to extract the quarried material
horizontally (B. Zissu).

4. Chronology of bell-shaped caves
Dating the quarrying operations is somewhat difficult due
to very few mentions in the written sources and few findings
relating to the period the caves were used. A re-evaluation
of the bell-shaped caves chronology is desirable by using
various features such as crosses, inscriptions and incisions
left on the cave walls and the relative stratigraphy of bell
shaped caves and adjacent rock-cut caves and installations.

Figure 8. Cross incised on wall of Bell-shaped cave at Luzit-Deir
Dubban – note the greek letters IC/XC/A/W which stand for the
christian formula: Iesous Christ, Alpha Omega, (Jesus Christ,
beginning and end; photo A. Graicer).

Figure 7. Bell-shaped cave at Luzit-Deir Dubban – converted into
columbarium installation (B. Zissu).

Excluding the “Maresha-type” caves, which belong to the
Hellenistic period, the findings show that the bell shaped
caves phenomenon post-dates the Second Jewish Revolt
against the Romans (The Bar Kokhba Revolt – 132–136
CE). The stratigraphic relation of the bell-shaped caves to
adjacent caves shows that the caves cut into and damaged
earlier underground facilities, which were probably cut and
used by the local population, living in the area prior to the
Bar Kokhba revolt, e.g., hiding systems, burial caves (from
the Hellenistic, Early Roman and Byzantine periods near
Bet Govrin and at Horvat Segafim (Kloner 1989/90),
agricultural facilities etc. (Kloner and Zissu 2009; Zissu and
Ganor 2008). In certain cases, inscriptions and crosses cut
or painted on the upper, now inaccessible part of caves’
walls point to a clear Byzantine date (4th to 7th c. CE; e.g.,
at Tel Lavnin: Zissu 1999’ at Luzit-see Figs. 8 and 9). These
crosses and Greek inscriptions were incised by the cutters
when the cave was still in a shallow phase (Dagan 1982).
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Figure 9. Greek inscription, incised on upper part of bell-shaped
cave at Luzit-Deir Dubban – the inscription reads: Holy Isidore,
help Stephanos. We assume Isidore was a local saint (B. Zissu).

The Muslim geographer Al-Muqaddasi mentioned in his
book (from 985 CE), the “marble quarries” of the Bayt
Jibrin district – referring most probably to the bell-shaped
caves discussed here. The traveller Nassiri Khosrau visited
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the region in the year 1035 and referred to the same
phenomenon (Dagan 1982: 38–39 and references therein).

Kloner 1993: 200–201). This examination is beyond the
scope of the present paper.

Few graffiti were made by hermits, squatters or visitors
during or after the Early Islamic period (e.g., at Horvat
Burgin: Tchekhanovets 2010).

The outstanding phenomenon of the bell-shaped quarries
awaits further study.

Acknowledgments
We are grateful to Yair Zoran, Alon Klein, Elinor Rahel
Hajaj, Abraham and Nili Graicer, for their assistance in the
field. The article was prepared with the support of the
Krauthammer and Moskovitz Cathedra at Bar Ilan
University.

References
Ben-Arieh Y, 1962. Caves and Ruins in the Beth Govrin Area, IEJ
12, 47–61.
Bliss FJ, Macalister RAS, 1902. Excavations in Palestine 1898–
1900. Palestine Exploration Fund, London.
Conder CR, Kitchener HH, 1883. The Survey of Western
Palestine: Memoirs of the Topography, Orography,
Hydrography and Archaeology, Vol. III, Palestine Exploration
Fund, London.

Figure 10. Kufic inscription, incised on wall of bell-shaped cave
at Luzit-Deir Dubban – the inscription reads: “O Allah, forgive
Habib’s sin” (photo by A. Graicer; Sharon 1997: 365; no. 7).

Dagan Y, 1982. The Judean Shephelah – A Collection of Essays.
The Kibbutz Movement-Tel Aviv (in Hebrew).
Dagan Y, 2006. Map of Amazya (109). Israel Antiquities
Authority, Jerusalem.

5. Summary

Frumkin A, Kloner A, 1989. A Survey of Bell Caves at Beit
Govrin, Niqrot Zurim, 15, 146–149 (in Hebrew).

From the above mentioned data it is apparent that there are
clear typological characteristics of the bell-shaped quarries
phenomenon. The scattered caves resemble in their
characteristics the impressive cluster of over 800 caves,
situated near Beth Govrin, where the areas’ biggest quarries
operated (Kloner 1996; 1993).

Guérin V, 1868. Description Géographique, Historique et
Archéologique de la Palestine, Première Partie, Judée: Tome
Troisième. Oriental Press – Paris and Amsterdam.
Kloner A, 1993. Beth Guvrin. in: E Stern (Ed.). NEAEHL I. IES
and Carta, Jerusalem, 195–201.

In our opinion, the main purpose of the subterraneous
quarries was the extraction of blocks of stone. The lime was
apparently only a by-product of this industry. The “rock
scars” and “block remains” apparent on the walls and on
the floor of many caves testify to this purpose.

Kloner A, 1996. Maresha. Israel Antiquities Authority, Jerusalem.
Kloner A, 2003. Introduction. In: A Kloner, Maresha Excavations
Final Report I: Subterranean Complexes 21, 44, 70 [Israel
Antiquities Authority Reports 17], Israel Antiquities Authority,
Jerusalem, 1–8.

The mixed Greek and Arab (Kufic) inscriptions, found on
the upper part of the walls of some caves testify to the
cultural process of the assimilation of the Arabic culture.
Following the Arab conquest of the country in 634–640 CE,
during the 7th to 10th centuries, the Arabic language
gradually became the language of Christians, Jews and
Samaritans.

Kloner A, 2005. Water Cisterns in Idumaea, Judaea and Nabatea
in the Hellenistic and Early Roman Periods, in: I Riera (Ed.).
Binos Actus Lumina II. Sarzana. 129–148.
Kloner A, Frumkin A, 1989. The Water Tunnels Cave System at
Beit Govrin, Niqrot Zurim 15, 119–145 (in Hebrew).
Kloner A, Zissu B, 2003.’Hiding Complexes in Judaea: An
Archaeological and Geographical Update on the Area of the
Bar Kokhba Revolt. In: P Schäfer (Ed.). The Bar Kokhba War
Reconsidered: New Perspectives on the Second Jewish Revolt
Against Rome, Texts and Studies in Ancient Judaism 100,
Mohr Siebeck, Tübingen. 181–216.

In summary, the re-examination of the findings enable us to
suggest the start of the large-scale underground bell-shaped
quarries phenomenon to the Late Roman – Byzantine period
(4th–5th centuries CE). It appears that the peak of this process
occurred during the late Byzantine and Early-Islamic
periods, during the 7th to 10th centuries CE.

Kloner A, Zissu B, 2009. Underground Hiding Complexes in
Israel and the Bar Kokhba Revolt. Opera Ipogea 1/2009, 9–28.

In order to fully understan additional aspects of the
phenomenon, one needs to examine other components of
the landscape of the Judean Foothills and their link to the
geographical distribution of bell-shaped caves, as
settlements, road network and limestone kilns (Ben-Arieh
1962: 58–61; Dagan 1982: 35–39; Dagan 2006: 16*–27*;

Oren E, 1965. The Caves of the Palestinian Shephelah,
Archaeology 1965, 218–224.
Pritchard JB, 1964. Winery, Defenses, and Soundings at Gibeon.
University Museum, Philadelphia.
Robinson E, 1841. Biblical Researches in Palestine and in the
Adjacent Regions, II. Murray, London.
261

Speleological Research and Activities in Artificial Underground – oral

2013 ICS Proceedings

Sharon M, 1997. The Arabic Inscriptions of Dayr Dubban. Journal
of the Royal Asiatic Society 7 (3), 355–372.

Zissu B, 2005. A Burial Cave with a Greek Inscription and Graffiti
at Khirbat el-‘Ein, Judean Shephelah. ‘Atiqot, 50, 27–36.

Smith GA, 1900. The Historical Geography of the Holy Land.
Hodder and Stoughton, London.

Zissu B, Ganor A, 2008. Survey and Excavations at Horbat Burgin
in the Judean Shephela: Burial Caves, Hiding Complexes and
Installations of the Second Temple and Byzantine Periods.
‘Atiqot, 58, 15–48 (in Hebrew).

Tchekhanovets Y, 2010. De Profundis – Georgian Anchorites in
Horvat Burgin. In: D Amit, O Peleg-Barkat and GD Stiebel
(Eds.). New Studies in the Archaeology of Jerusalem and its
Region 4, Israel Antiquities Authority and Hebrew University
of Jerusalem, Jerusalem, 186–193 (in Hebrew)

Zissu B, Ganor A, 2009. Horvat ‘Ethri – A Jewish Village from
the Second Temple Period and the Bar Kokhba Revolt in the
Judean Foothills. Journal of Jewish Studies, LX, 90–136.

Zissu B, 1999. Daniel in the Lion’s Den (?) at Tel Lavnin, Judaean
Shephelah. Revue Biblique, 106, 563–573.

262

Speleological Research and Activities in Artificial Underground – poster

2013 ICS Proceedings

THE ETHNO-CULTURAL FEATURES OF MAN-MADE CAVES CARVED IN
THE NEOGENE PYROCLASTIC FORMATION WITHIN THE ARMENIAN
HIGHLAND AND NEIGHBORING AREAS
Smbat Davtyan
Armenian Speleological Centre, srdavtyan@mail.ru

Pyroclastic rocks of the Neogene Period with numerous dugout cave dwellings are widely spread in the Armenian Highland,
Iranian and Anatolian plateaus. There are different types of structures in the cave dwellings (rooms for living, churches,
monasteries, tombs, household and auxiliary structures, underground paths), which have been created in the Middle Ages
by Armenians, Georgians, Byzantines. The same type of rock-cave culture had been developed in the same geological
unit by different ethnic formations located hundreds of kilometers far from each other.

1. Introduction

than 40 cave towns are known, with as much as about 2000
underground structures of various types recorded just in one
of them, in Derinkuyu.

Pyroclastic rocks of the Neogene age are commonly spread
over the Armenian Highland and neighboring areas (the
Iranian and Anatolian plateaus): in literature they are
referred to as the Goderdz-Voghjaberd volcanogenicsedimentary suite. By its stratigraphy and lithology, it has
analogies in Cappadocia, Ani, Goris, and in the
northwestern. Generally, the thickness of this rock suite is
about a few hundreds of meters, and includes individual
strata of ignimbrite tuffs, tuff breccias, tuff conglomerates
and other units related to volcanic activity (Balyan 1969).
Underground cavities within the mentioned tuff and
pyroclastic rocks have diverse origin. Some of them were
formed by suffusion processes, which cause dissolution in
the subterranean water of the substances cementing the
pyroclastic deposits and subsequent reduction of the rock
strength. The rocks became easy to disintegrate and by the
effects of water and gravity they were removed, causing
formation of voids– cavities and caves of variable sizes.
Many of these were enlarged by humans and the created
cavities served different purposes. The rest of the caves
were created by human activity: humans excavated the rock
intentionally, to create underground structures of varying
size and form, which would meet their specific needs
(housing, cult-related, food storing and other). Creation of
such structures in tuffs could be explained by the following
considerations:

All cave settlements are arranged in tiers, the number of
which is sometimes up to 20. Despite the fact that many of
these settlements were founded as far back as before the
common era, the greater part of the caves were built in the
Middle Ages and were related to spreading of the Christian
culture. The caves carved in rock had been used both by the
monks, and by secular population. The rock-carved
structures in Cappadocia are related with the Byzantine
culture, in Vardzia they are associated with the Georgian
culture, while in Ani, Ghehardadzor, Voghjaberd, Goris, and
Kh’n’dzoresk with the Armenian culture.

3. Underground structures
Experts identify the following types of underground
structures (Gaprindashvili 1960; Tokarsky 1966; Erdem and
Erdem 2005):
• rooms for living (residential);
• churches;
• monasteries;
• tombs;
• household and auxiliary structures; and
• underground paths.
Rooms for living have simple design with rectangular
layout, but rooms of oval-shaped or irregular layouts are
also encountered sometimes. Their areas are commonly in
the range from a few square meters up to a few tens of
square meters. Residential rooms had very simple furniture:
a few cavities of different size were carved on the walls and
served for household purposes (storage of tableware or
placing a light source). Decoration elements are lacking.
Prayer rooms are a different type of residential rooms.

Tuffs are easy to process and this rock becomes harder upon
contact with air;
In structures carved in tuffs, microclimate is stable
throughout the year.

2. Cave settlements
The caves are located on the slopes of tableland plateaus of
Cappadocia and Ani (Turkey), Vardzia (Georgia),
Ghehardadzor, Voghjaberd, Goris and Kh’n’dzoresk
(Armenia), and and Maragha (Iran). In the listed areas, the
caves are represented by carved-in-rock structures of
varying sizes, forming entire cave settlements. In some of
these settlements, the number of structures carved in rock
is more than several hundreds. For instance, in the period
of its flourishing, Ani had about one thousands of rockcarved structures. The richest is the area of, where more

Churches are represented by a kind of rock-carved
structures of varying layout, and different spatial and
structural design. Most common are the single-nave
churches that have a hall and an apse. Double-nave and
three-nave basilica churches are relatively less common.
Their halls are partitioned into two or three naves by means
of rows of pillars. Church design of more complex layout
and spatial and structural concept (cross-shaped, cross263
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Similar underground structures all have the same layout and
spatial design concepts, albeit with certain differences
determined by the historical, cultural and religious features.
Armenian, Georgian and Byzantine rock-cave structures
display common architectural features, attesting that they
all have the same origin stemming from close interactions
between Christianity and the culture.

shaped rectangular, domed) are known by a few examples.
There are also churches of irregular design, whose spatial
concept is determined by the character of the rocks.
Monasteries include not only church buildings, but also
other different structures such as gavit (narthex), dining
rooms, cells and household structures. Their existence bears
evidence of an organized monastery life.
Tombs are represented by several types. They are either like
open halls, or corridors, or like gavits, where burials were
made in the cavities located on the floor or on the walls.
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Underground paths linked different parts of underground
settlements thus playing the role of streets. They were
horizontal or inclined. Horizontal paths linked structures
located at the same level (storey), while the inclined ones
were stepped and linked different tiers of the settlement.
They were often as much as a few hundred meters long.
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4. Conclusions
The volcanogenic-sedimentary suite (especially tuffs) of the
Neogene age is of high speleological importance for the
Armenian Highland and the neighboring countries. Tuffs
often had specific “attractiveness” and “appeal”, offering
the best environment for construction of rock-carved
structures. The same type of rock-cave culture had been
developed in the same geological unit by different ethnic
formations located hundreds of kilometers one far from
another.
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UNDERGROUND MINES IN MOSCOW CITY
Yuri Dolotov
Russian Geographical Society, Pobedy 2a-70, 142280, Protvino Moscow Region, Russia, dolotov@yandex.ru
Within the modern administrative boundaries of Moscow, there is a significant quantity of abandoned underground mines
which were the source of a relatively wide complex of natural resources: mainly limestones and subordinately sandstones,
clays, and phosphorites. For that territory, the summary of the underground mines is provided, in accordance with the
zoning scheme of speleology in artificial cavities (spelestology).

1. Introduction

led to semi-filled tunnels with round vaults, and semi-buried
crawlways underneath the slope.

The article provides an overview of the underground mine
workings (UM) known in the modern administrative
boundaries of Moscow that were expanded significantly in
2012.We define mine workings as the cavities excavated
during extraction of mineral resources.

All the cavities were situated in argillaceous formations.
2.2. Overview of Dorogomilovo SpS
The quarries in Dorogomilovo are known by historical
documents at least from the 17th century (Danshin 1947) and
according to some information from the 14th century when
the rubble from there was used for the foundations of
Moscow Kremlin buildings. (Viktorov and Zvyagintsev
1989).

The major mineral resource widely excavated in this
territory is the Carboniferous limestone also known as
“Moscow white stone”. Its underground mining in Moscow
neighborhood had been carried out at least from 12th century
(Florenskiy 1984) up to the beginning of 20th century, with
a peak in the 19th century. Underground minings of
sandstones, clays, and phosphorites are less common, and
date back mostly to the 19th and 20th centuries.

In the second half of the 19th century the abandoned
underground quarries were locally re-opened. In 1860, a
passage to a complicated system of tunnels deep in stone
was discovered. Semi-flooded labyrinth stretched along the
river alternating with halls with severalstone pillars up to 3
m height and collapses. The quarries in Dorogomilovo were
also re-opened by a collapse in 1889. In 1892 a vast
underground opened near Dorogomilovo cemetery. The
entrances near the cemetery have been existed till the early
20th century (Belousova 1997). It looks like that due to water
level rise of the Moscow river, with its regulation in the 20th
century the Dorogomilovo quarries were totally flooded.

Describing the UM distribution, we use the zoning scheme
of speleology in artificial cavities (defined as spelestology in
the ex-USSR countries) and that has several hierarchy levels
(Dolotov 2010). The description is given in accordance with
Spelestological Sites (SpS) that belong to some
Spelestological Regions (SpR) of such a hierarchy unit as
Moscow Spelestological Division (SpD) of Srednerusskaya
Spelestological Province (SpP).
Unambiguous SpS allocation here is hindered, at first, by a
significant anthropogenic threatment of the urban landscape
and, at second, by poor spelestological examination of most
of Moscow city territory. So the scheme of spelestological
zoning of the area should be considered as a preliminary one.

In 2002 when tunneling the subway near the Kiyevskaya
station, an old flooded adit was revealed in the limestones
(Petrunin 2002).
At the second half of 19th century in Dorogomilovo, there
was a clay excavation at the depth of about 10 meters
(Belousova 1997).

2. Overview of Moscow City SpR
In the territory of Moscow, within the Moscow Circular
Motor Road, there is a significant number of mines that were
used for excavation of relatively wide complex of natural
resources i.e. limestones, sandstones, clays, and
phosphorites, but only a few of these are located
underground. The SpR lays within the confines of Moscow
river valley, the upper boundary should be drawn upstreams
from Tatarovskiye Highlands, the lower should be
downsreams from Kapotnya.

2.3. Overview of Vorobievy Gory SpS
There is no documentary evidence of an existence of
underground UMs at Vorobievy Gory hills but there is a
mention of mining sandstone there (Danshin 1947). First, the
terrain does not allow to excavate at the site any significant
quantity of minerals openly, and, secondly, there are reports
about existence of chinks on the slope resembling semiburied underground entrances. So the probability of the
existence of underground minings there could not be omitted.

2.1. Overview of Fili SpS
It is likely that within the territory of the Fili Park once a
shaft existed that was used for clay mining. Local residents
reported that in the early 1980s, along the shores of the
Moscow river, there were many collapses, some of which

2.4. Overview of Kotly SpS
In the valley of the Kotlovka river there were large
underground quarries representing a complex passage
labyrinth (Bogatyryov 1989). It is known that the entrances
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In the area, local microrelief of ravines and river valleys is
everywhere largely controlled by former minings of Podolsk
and Myachkovo limestone. Quarries are widely represented,
with a number of development trenches (one of the most
important features for locating underground quarries), and
collapse sinks. Within the SpR dozens of underground
quarries are known.

to the quarry were blocked in 19th century to prevent a
dwelling of criminals.
2.5. Overview of Kolomenskoye SpS
In Kolomenskoye in 1922–24, trial adits were started for
phosphorite extraction, that were called Kolomenskiy
district of Tsaritsynskiy mine. The mining stopped due to the
very unfavourable conditions (Konstantinovich 1934a;
Danshin 1947). Most likely, these minings are today
destroyed.

4.1. Overview of Zhukovka SpS
Near Zhukovka village, some development trenches were
observed.

2.6. Overview of Chagino SpS
4.2. Overview of Troitsk SpS

In Kapotnya near the former Chagino village in the 1920s,
there existed three adits of Chagino district of Tsaritsyno
phosphorite mine (Konstantinovich 1934b).

On the right bank of the Desna river downstream the city of
Troitsk, the valley slope is dug by development trenches and
small quarries.
Near the village of Bogorodskoe Bogorodskaya cave
(Vatutinki-2) was found representing a part of a large quarry.
Through low drift you can get to the main part of the cavity,
a large pillared hall, cut with sliding workings. The height
of the vault is up to 2 m. The length of the cave is 365 m.

2.7. Overview of Chertanovo SpS
In Bitsa woodland park, at the valley slope of Chertanovskiy
stream, there is an excavation resembling a quarry. On its
sides, karst sinks with up to 3–3.5 m in diameter are visible.
It is likely that small adits existed there, and most likely
sandstone have been mined there.

Down the river, near Vatutinki village some development
trenches were found.

At the end of 19th century in the area of modern Bitsa park
small stones quarried for paving roads had been quarried
(Azancheyev 1894). The existence of mines in Chertanovo
is likely associated with these works.

4.3. Overview of Desna SpS

A small SpR in the upper Pakhra river, characterized by
limestone mining, is totally unexplored and with unclear
boundaries.

Apparently the underground stone mining was carried out
here already during the 18th century (Zuyev 1787). The
traces of such quarrying are situated alongshore the Desna
river downstream from the Desna village. According to local
residents in 1930s, there were available near-entrance adit
parts of 10–15 m long Nowadays, all the entrances are
nowadays buried.

3.1. Overview of Mikhaylovskoye SpS

4.4. Overview of Laptevo SpS

Near the village of Mikhailovskoye, limestones have been
mined for lime burning (Zavidova 1932a).

Laptevskiye quarries are located at the bank of the Desna
river. According to local old residents, at the village of
Laptevo there was a large underground quarry, with several
small adits. The entrances were buried in the middle of the
20th century during a road construction. In 1989, three of
these small adits were re-opened.

3. Overview of Upper Pakhra SpR

4. Overview of Podolsk SpR
By the late 18th century this area is known as the site of the
oldest white stone underground mining (Zuyev 1787), and
the arms provided to Podolsk city in 1781 beared two picks
in a blue field in a sign that the citizens are enriched in stone
mining (Sokhin 1997). The SpR is situated in the middle part
of the Pakhra river and involves the lower parts of the Desna
and Mocha rivers. The region boundaries are drawn by the
line of the Middle Carbon limestone surface explanation.
The Northern boundary lays at Ryazanovo village by the
Desna river, the Eastern one is layed near Krasnaya Pakhra
settlement by the Pakhra river, the Southern one is near
Klenovo village alongside the Mocha river, and eventually
the Western one is downstream the Pakhra river from
Pleshcheyevo village. The administrative boundaries of
Moscow include only a part of the SpR.

4.5. Overview of Mostovskoye SpS
In the village of Mostovskoye, some traces of UM including
development trenches, apparently of different ages
remained. In the late 19th century lime and rubble stone had
been mined here (Azancheyev 1894).
4.6. Overview of Tarasovo SpS
To the Southeast of Tarasovo village, there are development
and collapse trenches.
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4.7. Overview of Alkhimovo SpS

4.9. Overview of Rybino SpS

Near Alkhimovo village, the bank slope of Desna river is
strongly disturbed by development trenches and collapse
sinks. Some opencast quarries are situated there. At present
there are three caves known, apparently dated by the second
half of the 19th century.

Opposite to Rybino village, all the shore slopes of the Desna
river valley are strongly disturbed by surface mining,
development trenches, and collapse sinks. Underground
limestone mining was carried out in large quantities,
mineworks run deep under the slope. Several underground
quarries are known there.

Alkhimovskaya-3 (Gazprom) is a fragment of a large quarry.
Its entrance was opened by a collapse at the bottom of an
opencast quarry. It differs by its structure from the rest of
SpS caves. The cave consists of two sub-parallel drifts with
walls that are strengthened by rubble. The drifts are
connected by a narrow barely passable crawlway. The cave
length is 115 m (Yanovskaya 2012).

Rybinskaya-1 is the largest quarry of the SpS. Apparently it
was developed in the late 19th century (Azancheyev 1894).
The cavity runs under the slope for more than 400 m and
stenches alongshore Desna river for more than 200 m. It
consists of two branching drift systems developed
independently and joined together by single connection hole.
Drift walls are built of processed stone slabs. The entrance
is located in the smaller system. Two of its drifts run under
a ravine, in one of them a large hole formed filling actively
the cavity with a material that comes from the surface. The
drift that leads to the main system connection hole is blocked
in two places with active sand-clay cones. Main system
drifts are rather high, more than 1.5 m, the height of the faces
is 0.8 m. The minework length is about 2,000 m.

Alhimovskaya-1 (Ledyanaya). The cave is a strongly
collapsed fragment of a large quarry. The cavity represents
a grid of mutually perpendicular passages with relatively
small between-drift pillars. Low and narrow crawlways are
alternated with collapse halls up to 5 m height, small
fragments of preserved drifts have a height of about 1.6 m.
Multiple collapses occupying at least 90 % of the preserved
cavity part are caused apparently by blasting. The length of
the cave is 157 m (Yanovskaya 2012).

Rybinskaya-2 (Lisya). A small adit branching at the entrance
for two well-preserved drifts, with walls that are reinforced
by rubble masonry. The drifts are ending by faces. The mine
is 40 m long.

Alkhimovskaya-2 (Luna-Park). Alhimovskaya-2 cave is a
strongly destroyed fragment of a large quarry that included
Alhimovskaya-1, as well. In accordance with that, the
structures of the two cavities are similar – the quarry at that
site originally was a grid of mutually perpendicular
passages, some less regular than in Alhimovskaya-1. The
cavity is strongly affected by collapses and represents a
system of short drift fragments, often semi-filled by loose
material, alternating with collapse halls and high piles of
stone blocks. The length of the cavity is more than 160 m
(Yanovskaya 2012).

Sobaka-2. The cave entrance is a crawlway within a collapse
deposit. It leads to a tunnel which walls have been
strengthened with rubble. At 30 m from the entrance the
tunnel branches, the left drift leads to a collapse under a
ravine. Collapses in the cavity are developed rather
extensively. Cavity length is 80 m.
Sobaka-1. The quarry is a highly littered and crushed tunnel,
that brings in 15 meters to a drift that runs along a face line.
The mine working is 44 m long.

4.8. Overview of Devyatovo SpS
4.10. Overview of Yerino SpS

All the slopes of the Desna river valley near the village of
Devyatovo are broken by opencast minings, development
trenches, and collapse sinks. The most interesting is
Silikatnaya-1 (Devyatovskaya), one of the largest man-made
caves in the Moscow area that was developed till the early
20th century. The entrance is located in an old opencast
quarry near Devyatovo village. In 2000s, the quarry was
earthed up, but the access to the underground quarry has
been preserved thanks to reinforced concrete well, erected
over the entrance. The quarry deepens under the slope for
about 650 m stretching for about 600 m in width. The length
of the mining passages is more than 12 km. The quarry is
characterized by a continuous development system and wellpreserved rail network. The cavity has a complex
configuration, it has two major developed and rubble piled
volumes limited in most of the area by the faces. In the
interior of backfill, sliding drifts are left forming a complex
labyrinth. The systems are connected by only two passages.
These areas are neighbored by smaller quarries, and in the
entrance areas, there are fragments of older minings
preserved. Passage width is about 2 m, the passages are
characterized by heights of 1.1 m and 1.7 m.

On the high bank of the Desna river near the village of
Yerino, mining traces are found everywhere and on several
levels. Stone extraction was carried out both underground,
and openly, probably at two or three levels. Limestone was
quarried for cement production, apparently blasting was
used for the extraction (Parfyonov 2011). The extraction was
carried out till 1930s (Zavidova 1932b). Three quarries were
opened here in 2010:
Sredneyerinskaya-4 (Tyotya Emma). The quarry
configuration is simple, it extends along the Desna river for
60–65 m, deepening under the slope for 25–30 m. A solid
crosscut starting from a development trench and three drifts
drived parallel to the riverside were a basis for the works.
The excavated space represents a not fully formed grid that
can be divided in three cells. Drift width is 3.5–4.0 m with
a height of 1.6–1.8 m. Mine length is 128 m. Collapses in
the cavity are developed rather widely and generally are
represented by large and medium blocks (Parfyonov 2011).
Sredneyerinskaya-5 (Belenkaya). The cave stretches along
the river for 30 m deepening to a slope for about 25–28 m.
For a basis, some solid workings starting from a
development trench were used. The eastern part of the
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three mutually perpendicular segments with a length of 10–
12 m. It is obvious that the initial design was grid-like. The
length of this part is 95 m. The eastern part of the working
is joined with the central one represented by a drift with a
length of about 20 m. The northern part of the work has a
length of about 25 m. Geometric elements of the workings
are poorly kept up. Drift width is 3.5–4.0 m with a height of
1.4–1.7 m. Cavity collapses are relatively few and the vast
majority of them are represented by large and medium
blocks (Parfyonov 2011).
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Raevskaya cave is located in 0.2 km upstream from Raevo
village. Quarrying had been observed there in the second
half of the 19th century (Trautscholts 1870). In 1980s a cavity
was rather large room (length of about 10 m and an area of
about 50 m2), heavily filled with sand (Sokhin 1997).
4.14. Overview of Shaganino SpS
In the area of Kuzenevo village, near the former Pishchery
village Pishcherskaya underground quarry was opened with
a length of 20 m.

Sredneyerinskaya-3 (Filifionka). The quarry stretches for
110 m along the Desna river, deepening to slope for about
25–30 m. The cavity has a form of an irregular manifold.
The southwestern part of the cavity is slightly different from
the main one, being a fragment of an irregular grid. The
work basis was a system of solid crosscuts and a drift that
was run parallel to the riverside. Geometric elements of the
system were not kept completely. Drift width is 3.5–4.0 m
with 1.6–1.8 m height. Mine length is 260 m. Cavity
collapses are widely developed, most of them are large and
medium blocks (Parfyonov 2011).

In the village of Shaganino according to historical evidence
(Azancheyev 1894), there existed a limestone adit mining.
Its traces are now represented by development trenches.
4.15. Overview of Shalovo SpS
Upstream and opposite from the Shaganino village, on the
high bank there is a series of quarries. In one of these,
Gagarinskaya cave was opened with the length of about
20 m being a face ending drift.

The next two caves known since 1960s:
4.16. Overview of Batybino SpS

Sredneyerinskaya-1 (Penaty; Mramornaya; Ninina Shchel).
The cave is a trapezoid-shaped chamber in a monolith that
is connected with the surface by an inclined crawlway. The
length is about 15 m.

There are records of underground limestone quarrying near
the Troitskoe village on the Mocha river (Trautschold 1870;
Zavidova 1932a). However, no traces of quarries were found
on the left bank of the river near the village of Troitskoe. It
is possible that these were minings on the right bank near
the village of Batybino mentioned. To the south of Batybino
there is Batybinskaya cave known, representing a drift
fragment with the length of 15 m ending with a collapse.

Sredneyerinskaya-2 (Lisya-2). It is located near
Sredneyerinskaya-1 up the Erinsky ravine. The cavity hss
collapsed and is now explorable for a few meters only. In
1988, an attempt was made to enter the cave at the top. In a
sink above the entrance, a pit was dug that penetrated a block
pile at the depth of 7 m. Throughout the pile, along the
complicated crawlway, it was possible to get to a dome-like
secondary cavity that was probably formed over the
collapsed volume. Total length of the cavity is about 15 m.

4.17. Overview of Oznobishino SpS
Stone quarrying had been carried out here since old times,
at least from the 16th century. There are adit stone quarrying
in the 18th century records (Zuyev 1787). In the 20th century
limestone was also adit quarried (Zavidova 1932a). Along
the left bank of the Mocha river near Oznobishino village
there are development trenches and open quarries along with
a few of sinks situated. Along the right bank of Lubyanka
river between Oznobishino village and Naumovo village
quarries are severely damaged, the valley slope abounds in
sink fields and collapse trenches.

4.11. Overview of Salkovo SpS
Near the village of Salkovo there were a series of
underground quarries (Zavidova 1932b). In 1960s there were
found several open cave entrances: Dubrovitskaya-1 – 15 m;
Dubrovitskaya-2; Dubrovitskaya-3, a chasm with 3 m depth.
4.12. Overview of Krasnoye SpS
On Pakhra river, downstream of the village of Krasnoye,
there were limestone mines. There development trenches
and sinks are found. Some open quarry entrances still existed
in the mid-1970s. In 1970s, near the village of Sofyino, there
Sofyinskaya cave was known with a length of 20 m.

4.18. Overview of Shchapovo SpS
Near Shchapovo village on both the banks of the Lubyanka
river there are development and collapse trenches along with
sinks found. According to some sources, underground
minings were stretching up to the village of Aleksandrovo
(Sokhin 1997).

4.13. Overview of Podosinkovo SpS
Near the village of Podosinkovo, an underground limestone
mining was carried out at least since late 18th (Zuyev 1787)
till the beginning of 20th century (Zavidova 1932a).

4.19. Overview of Lubyanka SpS
Lubyanka SpS is located by the Lubyanka river upstream
from Naumovo (former Lubyanka, Lubniki) village. The
initial slope surface is complicated with development
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It should be also noted that the details and accuracy of the
information provided above are not uniform because of
different details in the site studies.

trenches and collapse sinks. In an area of up to 120 m width
there are sites with numerous old collapse sinks. The sinks
are often arranged in rows by several along the collapsed
excavations. At the slope foot there are thick dumps of lime
kilns. There are several known caves that are preserved parts
of one large quarry. An opening of limestone layer was
carried out by horizontal adits from the Lubyanka bank.
Individual excavations were joined together to form a
complex adit labyrinth. Quarry vault was supported by
rubble walls and pillars of different shapes and sizes.
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Yanovskaya EG, 2012. Quarries in v. Alkhimovo. Speleology and
Spelestology. Proceedings of III international scientific
extramural conference. NISPTR, Naberezhnye Chelny (in
Russian).
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1000 AND 1 CAVES IN “LEFKA ORI” MASSIF, ON CRETE, GREECE
Kostas Adamopoulos
SELAS Speleological club of Athens, Passionos 44-46,GR 116 31 Athens, Greece, caspex73@gmail.com

Crete, the fifth largest island in the Mediterranean sea has been subject to numerous speleological, archaeological and
geological expeditions over the years. Nearly 50 % of the island is covered by limestones in the form of high rocky
mountains. Lefka Ori massif is located to the west side (Chania district), it is the second highest on Crete (Pahnes,
2,454 m) but the largest in surface. The massif has a unique shape which is formulated by its 54 peaks – counting only
those higher than 2,000 m altitude) and hosts some of the deepest caves in Greece including the deepest and the second
deepest (both deeper than -1,000 m). Expedition reports from local or international teams targeting this amazing mountain
are dating back in the early seventies and have revealed some unique caves and big shafts such us the well know Mavro
Skiadi (shaft, -342 m), Drakolaki cave (+175 m), (Katavothra tou) Tzani (-280 m), Gourgouthakas (-1,208 m), Lion cave
(-1,110 m) and others. The majority of these reports – especially those published before the year 2003 – are having limited
information on the exact geographical location of the caves explored and/or located. With the world “exact” the author
means coordinates of entrance recorded with a GPS (Global Positioning System) device which can be then re-used by
other GPS or GIS (Geographic Information Systems) software. This fact (lack of entrance coordinates) influenced a new
era of speleological projects in the area initiated by SELAS speleological club of Athens (in 2003) and a number of local
and foreign contributors (clubs or individuals). Thanks to excellent cooperation developed between local and international
teams (the contributors), 1,255 cave entrance coordinates have been recorded and consolidated in one single database.
The effort lasted 9 years so far and the author apart from taking part in many of the above field trips, has been also the
person collecting and consolidating the datasets from the teams involved. If we take into account the known work of other
teams that concern datasets which are due to be shared with the author, the number of validated cave entrances in the
massif are (today) more than 1,400. The geocoded information provides new perspectives and opportunities in better
understanding and exploiting speleological GIS datasets of the Lefka Ori massif. The subject of this paper is mainly
presenting this dataset, the contributors and the effort and method used. Announcing the outcome of this project to the
global speleological community is also interesting as a benchmark and to share experiences with other similar works
carried out around the world.

1. Introduction

cave data collected between 2003 and 2012 by 17
expeditions and at least 8 trips in the area of Lefka Ori, on
Crete. With the term “trip” we define the short expeditions
usually lasting a weekend or long weekend (3–4 days) while
proper expeditions usually last longer e.g., more than a
week. Both trips and expeditions constitute the fundamental
field work which was a key element of this effort. In
parallel, there was a need in collecting, consolidating,
clearing the datasets collected from field work which was
also important. Part of this job was done in the field (Lefka
Ori) during the expeditions and another part of it, was done
afterwards at expedition level or at a cross expedition level
(consolidation). Both the field work (expeditions) and the
“homework” (consolidation of information) were
fundamental for the subject of this paper which we call “the
project”. The author apart from participating or leading in
the many of the field expeditions or trips, took the role of
the central point of contact for the above mentioned
consolidation.

1.1. General
Lefka Ori is an amazing massif in an amazing island, Crete.
When you are in the middle of this mountain e.g., Pavlia
Halara area, there no roads, no trees (in high altitude) and
no water. Based on the cave surveys recorded over the
years, one may notice that the mountain has a high number
of big vertical puits, especially when compared to mountain
Idi (Psiloritis 2,456 m), to the east. The longest cave on the
massif is Tou Tzani o Spilios with current length being more
than 2.8 km. There are also some unique shafts (-342 is the
deepest) and some super deep caves (more than -1,000 m)
which attracting today’s local and foreign cavers to organize
expeditions in this mountain.
With GPS technology being available to the public in early
90s (and becoming reliable, for the public, after 2000) it is
clear that all previous works in the area need revisiting in order
to record cave locations with proper entrance coordinates. By
having accurate coordinates of cave entrances, these can be
used for GIS purposes, enabling the correlation of caves
entrances to several geographical or geological information.
Its existence is also helpful to resolve issues occurring when
trying to count caves in a specific area.

There was no written agreement between clubs/teams
involved in this effort nor any central guidance or formal
leadership on this project. It all came out of people from
many countries working nicely together for a common goal,
willing to share with each other. It is also worth mentioning
that the project is not over yet as there at least 2 expeditions
that are due to share their results with the project and of
course there will be more future expeditions in the
mountain. For now, this paper is just about sharing the
outcome and some findings of this project with the public,
as a first milestone (1,000+ caves) was reached.

1.2. The project
Having said the above, this paper is about a single database
of cave entrance coordinates accompanied by some basic
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1.2.1. The field work

expedition (e.g., 09100 to 09199 was assigned to team /
GPS 1, 09200 to 09299 was assigned to team / GPS 2, etc).
Both SELAS and FOS recorded existing coding when they
were finding caves marked already by previous expedition
e.g., GSO21 marked by GSO expedition in 1992 was
recorded in GPS with the same code.

The above mentioned 17 expeditions contributed 928 cave
entrance coordinates to the project. As stated above, several
trips took place, some were preparatory steps for
expeditions to follow in an area while others were local
cavers activity for months or years in the same area. The
trips contributed 327 cave entrances, leading to the total
number of caves now available in the database to be 1,255.

This code (number or other) was then used to link the
coordinates in GPS to any drawing or relevant information
about the subject in notes taken by expedition members. A
similar approach was used by the second most significant
contributor, SUSS. The SUSS coding appear to be based on
the teams, with 2 first digits being letters, indicating the
team leader / GPS, followed by numbers indicating the
subject (cave). Coordinates and other cave information were
consolidated in a more clever XML format (one file for
coordinates and basic information).

Table 1. Total caves in Lefka Ori, Crete between years 2003 and
2012.
Total caves in Lafka Ori
Explorations 2003–2012
Validated and added in database
Not added yet to the database

Total Caves
1,255
185

Total

1,440

Estimated total

1,400+
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Some teams of SPOK club (Mavrokosta, Gkiouzelis and
Gigourtsis) contributed to the project mainly in the form of
MS Word® documents containing the coordinates and some
basic cave info. Some others (Valantis Vlachos and
Augoustinos Economou) contributed with .KML (Google
Earth file) containing both coordinates and some notes about
each subject (on the comment field). The UK based RRCPC
(Red Rose Caving and Potholing Club) also contributed with
MS Word reports while the French GS Catamaran in some
cases with a .pdf official report for the expedition, in other
cases (e.g., 2010 expedition) with GPS files.

It is also know that 2 expeditions that operated in the area
are due to share their results. These expeditions reported
that they located 188 caves, not included in the database.
By adding the above the total number of caves (validated
with coordinates) in the area of Lefka Ori should be above
1,400 caves. This is lower number that the sum of the above
numbers as we anticipate there will be some overlapping of
caves between the datasets.
The approximate time spent in the field was 308 days
(10 months) by approx. 308 cavers. One may say that for
every day in Lefka Ori, more than 4 new caves were
added to the database. There were mainly 3 countries
involved (Greece, Great Britain and France) with 9 clubs
taking the lead in organizing expeditions or field trips
during these 9 years. In addition cavers from Romania,
Italy, New Zealand and Israel very actively and
enthusiastically contributed by participating the above
activities. More specifically, the table 2 indicates the clubs
involved and their activities.

Table 2. Activity and contributions by club.
Club name
and origin

Several devices were used in the field for collecting data.
The oldest type of GPS used (that came to our attention) it
was a GARMIN GPS12XL The most frequently used
devices were GARMINs e-trex family. Some minor GPS
accuracy problems were detected but they are usually fewer
when a modern device is used and when the user operating
the device is more experienced. Using different devices
means slightly different accuracy and somehow different
information being recorded when in the field e.g., date is
added on the remarks in some devices while this is not in
case in some others.

Caves
contributed

Days
in field

SUSS (Sheffield, UK)

435

56

40

SELAS (Athens, Greece)

348

95

123

FOS (Athens, Greece)

220

32

57

SPOK (Heraklion Crete,
Greece)

102

37

27

GS CATAMARAN /
DOUBS (Doubs, France)

94

56

27

OSCA (Heraklion Crete,
Greece)

38

3

4

RRCPC (UK)
Total

Members

18

29

30

1,255

308

308

Collecting data from the field can be challenging and
requires proper organization and certain provisions by each
expedition. If not organized well might lead in errors and
that will require more effort to collect again.

In addition several methods were used in the field when
collecting data. If we see the main contributors of the
project we may notice that SELAS and FOS were using
mainly in the field excel spreadsheets or paper forms or
handheld PDAs. Every subject (a cave) was assigned with
a code number (initially a continual number or a number
with a prefix indicating the area). Later – after 2009 SELAS
introduced different coding for its one use: first 2 digits
indicating the year when the cave was found (e.g., 09 for
2009) followed by a 3 digit number non continual usually
segregating teams (under the same expedition) to avoid
assigning the same code in 2 different subjects while on

1.2.2. The homework
The above mentioned “babel” of different approaches used
in the field created a challenge in the consolidation phase
(between datasets from different expeditions). This
challenge was undertaken by the author starting with
SELAS waypoints (as the author is a member of SELAS
club). Waypoints were first loaded in OziExplorer®
software by several GPS devices and a central file for all
SELAS expeditions was formed. OziExplorer software has
the ability to select waypoints “not on map” and this was
one of the first filters used to efficiently remove waypoints
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not relevant to the project work. GPSBabel.exe software
was then used to remove duplicates based on name/code
and a “radius” range of 5 meters. This helped a lot to reduce
the number of subjects to validate. Finally, by browsing
notes taken by the expeditions and by visual analysis (on
screen) the waypoint file was considered to have unique
cave entries only. When that was accomplished for SELAS
then SUSS data were added. It was necessary to create a
custom converter from XML to .wpt for Ozi Explorer to be
able to read the data contributed by SUSS. But when this
was done the file nearly doubled. More entries followed in
the years to come as the expeditions were developing. In
some cases e.g., data from SPOK club were manually added
while other data e.g., in .KML format were easily added by
using the append function in OziExplorer software. This is
mainly how the final file was created with 1,255 entries of
cave objects. The file is kept in the form of .wpt
(OziExplorer waypoint file) and .kml file (Google Earth
waypoints). In addition cave information is kept in a basic
.csv (Comma Seperated Values) format.
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expedition and they contributed with another 41 caves
(Atzinolakas area, north side). Apart these caves, this
expedition resulted in the exploration of Lion cave
(-1,110 m), till today the second deepest cave in Greece.
During the same year, the Hellenic Speleological Society
of Crete (HSS Crete) organised an expedition to Psari peak
area (North) and found 125 caves which are not shared with
the project yet (pending publication). If we add HSS Crete
findings, the caves found during 2008 were 393.

2. The evolution of the project
Inspired by former expeditions and the mountain itself, a
few SELAS members which were already familiar with the
area (since 1997) organized their first attempt to explore the
central massif in 2003. In a few days they found 36 caves
and this is how the project started. The club continued in
2004 with two short trips and recorded 78 caves more. By
the end of 2005 the club had found more than 200 caves.
The areas where SELAS focused were firstly Pavlia Halara
and then Ammoutsera and Sternes. At that time only
RRCPC (Red Rose Caving and Potholing Club) from UK
and SPOK from Crete were sharing some info about their
trips in Lefka Ori and contributed with a datasets of
waypoints indicating cave entrances. During the UIS 14th
ICS in Kalamos Athens Rob Eavis and Robbie Shone
members of Sheffield University Speleological Society
(SUSS), UK got in touch with SELAS, became aware of
the project and decided to organized the return of SUSS to
the mountain. As a result SUSS organized 2 trips in 2006,
a preparatory expedition (March) and a proper expedition
at summer (June–July). Both trips targeted Mavri Lakki
area. As a results, the SUSS team contributed 174
waypoints that year. Same year, a joint expedition between
SELAS and FOS club members operated in Ammoutsera,
Sternes and Pavlia Halara area.

Figure 1. Dark dolomites of Mavri Lakki (bottom) and Kako
Kasteli (top) appear to have significantly higher number of caves
entrances when compared to e.g., Kastro Peak (middle) which is
covered by pure limestones.

Late 2008 early 2009 was realized the first attempt to
consolidate the above datasets in one unique database. The
number of caves consolidated in the first attempt were
slightly above 500 and it is the time when the aspiration to
reach 1,000 cave entrances was formulated. The outcome
is announced over the web together with a call for other
teams – that worked in the area – to contribute. The field
work continued of course, so in 2009 we witnessed 3
expeditions: one by SUSS which returned to COLOSUSS
(together with a few SELAS and SPOK members, Mavri
Laki area). This expedition had no significant contribution
in terms of new caves found but was focused in exploring
COLOSUSS, a very important cave – which found to stop
in a boulder chock at -553 m. A few weeks later SELAS
returns to Sternes area (and Sternes -463 m cave) after a
while (together with FOS and SPOK members) and
contributed with 44 new cave entrances in the areas of
Sternes and Thodoris. Last but not least, FOS club returned
to Kako Kasteli area for a last time since then and found 34
new caves. The same year (2009) Valantis Vlachos (SPOK
member) contributed 55 caves and some notes for caves
found around Korda peak (between Kako Kasteli and
Atzinolakas, north side of the mountain). These caves were
found in several weekend trips by small teams of 4 to
6 people in a period between 2007 and 2009. Finally,
concerning, HSS Crete operated one more expedition to the
mountain in 2009 and found 60 caves, with one being
deeper than -400 m (PS7).

In 2007 it is again a mixed team between FOS and SELAS
members returning to the mountain. This time FOS is taking
the lead and operated in Kako Kasteli area (North East side
of the massif). During the FOS club preparatory trip 50
caves were recorded in 1 single day (by 3 people). In
total, by the end of 2007, another 98 caves were added, 83
by FOS and 15 by SPOK club which was operating short
trips to the mountain during that year.
With 268 caves being contributed to the project, 2008 was
definitely a very fruitful year. The result was mainly driven
by SUSS’s “Crete 2008” expedition (124 caves, Mavri Laki
area). FOS also returned to Kako Kasteli area for the 2008
expedition and collected 103 new caves. Finally SELAS
joined GS CATAMARAN (from France) in “Lion”

The following year (2010) two expeditions took place the
same period (nearly identical dates) and they camped only
400 meters away from each other. These were the SELAS
expedition Sternes 2010 and the GS Catamaran / GS Doubs
(FR) expedition in the area. There was very good
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cooperation between the two expeditions, besides members
were well known on both sides for 10–15 years. The two
expeditions were using the same coding principle for
marking caves but the work in different areas. The French
team was working in Rousies area while SELAS is working
in the area between Sternes and Mesa Soros. SELAS was
working in parallel Sternes cave (-463) by performing
enlargements on some passages. SELAS was joined that
year by a team of fellow Romanian cavers. The outcome of
the year was: 53 caves found by the French team and 32
caves found by the SELAS (GR, RO) team. Same year
(2010) the SUSS Crete 2010 expedition took place in Mavri
Lakki with significant findings (139 caves found).

distribution of expeditions visible to the reader the main
area of the massif has been divided in 8 areas which are
coded with a 2 letter code according to local name of the
area / peak. In example KK stands for Kako Kasteli area.
This coding is then linked to a color and a club which was
operating expeditions in that particular area. Table 3 is the
link between clubs and areas. On the same table you may
find the surface of the area covered by each club (in square
km) and the number of caves found in this part of Lefka Ori
(so far). The area coding is presented in Figure 2.

The following year (2011) there was only SELAS returning
in Sternes area, this time followed by French, Romanian,
Italian cavers and a New Zealander. 54 more caves were
added (and the majority explored) and the team was
officially celebrating the achievement of the 1,000+ caves
benchmark which was set as an aspiration in 2009. Finally,
SELAS returned again in Sternes in 2012 with a small team
but only 12 new caves are added to the database. Inch by
inch, day by day the file reached 1,250+ entries and may
reach more and the more in the future as the potential of the
place seems to be great.

Figure 2. Target area by expedition as shown on Table 7.

The following figures are based on Google Earth® and
represent some realistic views of the above color coded
areas.

Table 3. Clubs by area, by surface covered and caves found by
area (excluding Psari area).
Code
on map

Sq km

Caves

Caves/
km^3

SELAS

AM

10.3

348

33.8

SUSS

ML

6.8

435

64.0

FOS

KK

3

220

73.3

SPOK

ZR

4.2

65

15.5

SPOK

KR

2

55

27.5

CATAMARAN

RS

2.6

53

20.4

CATAMARAN

AT

2.6

41

15.8

31.5

1,217

38.6

Club

Total
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3. Geology and Geography of the project

Figure 3. Satellite image (Google Earth) with the caves plotted on
it AM area (SELAS).

The mountain and more specifically the areas in scope are
mainly covered by limestone’s (white) and dolomites (dark
gray). When browsing the data one may notice a correlation
between the caves entrances and the rock type: grey
dolomites appear to have more cave entrances than the
white limestones (see Figure 1). It worths elaborating more
in this aspect in a future paper as well as understanding if
there is any correlation between the depth / length of the
cave and the rock type at the level of entrance. For now,
experience says that the deepest caves in the area have been
all found close to the junction between the two types of rock
(white limestones and grey dolomites).
The expeditions included in the project were operating in
different sides of the mountain. The area covered by the
teams is around 30 square kilometers and represents nearly
10 % of the total surface of the mountain. This segment of
its surface has been searched by the expedition members
but that doesn’t mean that all caves existing in these areas
have been found. In order to make this geographical

Figure 4. Satellite image (Google Earth) with the caves plotted on
it. Areas shown are AM (SELAS) and ML (SUSS).
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In addition out of these 1,255 caves around 740 have been
explored (or at least partly explored). The majority of the
caves are between 4 (minimum) and 20 m depth as it is
shown on the histogram presented below. Several similar
studies can be made on the dataset that may reveal patterns,
correlations or other learning points that will allow us to
better understand the cave environment of Lefka Ori but
these are out of scope of this paper.

Figure 5. Satellite image (Google Earth) with the caves plotted on
it, ML area (SUSS).

Figure 8. Histogram by depth of a dataset of 614 caves in Lefka
Ori.

5. Conclusions
Reaching and exceeding the 1,000 caves milestone of the
project revealed and confirmed the potential of the area and
calls for more expeditions in the future. The potential of the
area is significant and author’s thesis is that the final
number will be a multiple of the current number. In
addition, only 60 % of the caves found have been explored
and many out of these explored might reveal new leads in
the future. It is worthy to continue with the exemplary
cooperation that the above mentioned teams had shown. It
will also be worthwhile in exchanging views with other
similar projects around the world to see if this process of
collecting these datasets can be more effective and more
efficient.

Figure 6. Satellite image (Google Earth) with the caves plotted on
it, Kako Kasteli area (KK), FOS club.

4. Results
It is very safe to say that the dataset contains information
about more than 1,001 caves. The dataset can have
numerous uses and several studies can be made out of it.
For example it can be used in correlation with the surface
rock type and with the application of statistical techniques
to make a forecast to calculate the potential of the entire
mountain.

It is definitely important to preserve Lefka Ori for the
future generations. The wild environment of the massif is
unique in Greece and in Europe, well known by people
who walk it through as the “high desert”. We welcome
future expeditions to join our efforts provided that they
will respect the environment, they will be having the
kindness and the team spirit to contribute to this project
and that they respect UIS code of ethics. Teams who are
interested to contribute may contact the project and the
author via (www.lefka-ori-caves.info) or SELAS club
(www.selas.org). In addition EOS Chanion club situated
in Chania will appreciate to be contacted / informed when
expeditions are organized. The mountain is considered to
be a protected National Park and as such it is surveilled
by Samaria National Park (www.samaria.gr). Local
authorities and municipalities are to be kept abreast as well
– mainly municipalities of Sfakia to the South and Fre to
the North side of the mountain. Lastly, please note that
caves are protect by law in Greece.

Figure 7. Satellite image (Google Earth) with the caves plotted on
it, ZR and SV areas are shown on the lower right and the high left
corner of the image (SPOK, SV and ZR areas). Upper right corner
is showing RS (CATAMARAN) and AM areas (SELAS).
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MAQUINÉ CAVE, BRAZIL – OVER 170 YEARS OF CAVE MAPPING
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Abstract. The Maquiné Cave has great relevance in the Brazilian and international speleological context, and has been
the subject of scientific studies and mapping work since 1835. This work rescued the historic line mapping this cave,
composed of four distinct phases, and extending for more than 170 years. The current map, which corresponds to the
fourth period mapping is not only more accurate than previous ones, but is an important tool for the management and
protection of the cave. In the study it was possible to evaluate each of the four phases of mapping, analyzing the evolution
of mapping techniques speleological in Brazil and the different uses of cartography produced.
Resumen. La Cueva Maquiné tiene gran relevancia en el contexto espeleológico brasileño e internacional, y ha sido objeto
de estudios científicos y trabajos de mapeo desde 1835. En este trabajo se rescató a la línea histórica de cartografía,
compuesto por cuatro fases distintas, y que se extiende por más de 170 años. El mapa actual, que corresponde a la
asignación de cuarto período no sólo es más preciso que los anteriores, pero es una herramienta importante para el manejo
y protección de la cueva. En el estudio se pudo evaluar cada una de las cuatro fases de la cartografía, el análisis de la
evolución de las técnicas de mapeo espeleológicas en Brasil y los diferentes usos de la cartografía producida.

1. Introduction
The Maquiné Cave has great historical and speleological
relevancein the Brazilian context, and in the scientific
international context as well. The cave present rooms with
significant volume, notable speleothems of rare beauty and
an important archaeological site in the entrance area. Since
1908, most of the Maquiné is used for public visitation,
being the first Brazilian cave to receive artificial light in
1967. In 2005 was created a protected area, the State
Natural Monument Peter W. Lund, who was an important
step to protect the cave and its surrounding area. In the first
half of the nineteenth century the cave was studied by
Danish scientist and naturalist Peter W. Lund, who revealed
to the world the importance of this cave and its exceptional
sedimentary deposits, where he found several specimens of
extinct megafauna. Today the cave is visited by about
50,000 people per year, and the years 2009 and 2010 was
conducted its Management Plan, an important step towards
the protection and control of environmental impacts (IEF,
2010).
The history of Maquiné Cave mapping is unique in Brazil
and presents a timeline composed of four distinct moments,
extended for over 170 years. The cave has been mapped
since 1835, when the artist and assistant to Peter W. Lund,
the Norwegian Peter A. Brandt, conducted the first survey.
About 100 years laterthis first effort, the cave was mapped
again in 1940, by the geometer called A. Heberle. The third
phase of mapping activities occurred in 1983, conduced by
the first speleological group created in Brazil, SEE –
Sociedade Excursionista Espeleológica (Speleological and
Excursionist Society). The fourth and final phase of
mapping coincides with the completion of the Management
Plan. This new map, more accurately, is an important
instrument for the analysis of the current situation of the
cave and for planning its future use.

Figure 1. Above: view of the sixth room with flowstone and turistic
catwalk; below: view of the large volume ofseventh room (photos:
Luciana Alt).
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of the 2009 map isa actually between grades 5-4-B and
4-X-C, which increased accuracy. Considering
BCRAclassification, this mapping is between 4C and 5D
grades. Detailed measurements were made more than a
conventional 4C mapping detailing, making measurements
on topographic bases and also between them. However, this
mapping does not reach the required precision in the 5D
degree, which can only be obtained with the use of Total
Station or a Theodolite across all the survey process.

The Maquiné Cave developed in limestones of the
Neoproterozoic Era, deposited in tectonically stable area,
called São Francisco River Craton, an important and
extensive Brazilian river. The cave has 1,312 meters of
linear development, being composed of seven distinct
rooms, separated by sets of speleothems that creats
restrictions on passages volume. Its development is
preferably horizontal, which facilitated its exploration,
scientific research and mapping. The first five rooms are
actually distinct chambers within the same linear conduit,
oriented in the N–S direction. On sixth room the structural
conditioning passes to E–W direction also determining the
development of the first portion of the seventh room, the
larger volume of the cave. After this part the main body of
this last room lap to take again the N–S direction of
development (Fig. 2).

The current map was drawn digitally by using two
softwares. For the survey, was used the On Station 3.0a,
with subsequent export of .dxf data format. The final
cartography was produced with use of Autocad ® 2002.

4. Results and Discussion
4.1. Historical maps
The first known cartographic documentation is from the
first half of the nineteenth century, made by Peter Andreas
Brandt (Fig. 3). Despite some deviations of measuring
angles and distances, the map made in 1835 shows good
proportions between the galleries and is a work of great
precision, mainly due to the working conditions of the time
(Rubbioli and Auler 2002). Is remarkable Brandt’s
representation of the different features of the cave, as the
main clastic sediments and speleothems sets. It is also
remarkable the fidelity with which the Norwegian drew the
longitudinal profile, with a variation in height, very close
to the real, and an excellent illustration of the main sets of
speleothems and their relationship with the galleries and
halls. According Rubbioli and Auler (2002, p. 19) maps
produced by Brandt, “constitute a record of pioneering
space conditions of our caves and, as a whole, considering
the time they were produced, they form a collection of
international significance.”

Figure 2. Maquiné Cave map of 2009 (IEF 2010) showing main
structural alignments.

3. Methods
Methodologically the work was divided into two distinct
stages, the historical research and the production of a new
map. The first activity was the literature research on the
basis of existing official maps. This was coupled to a field
research to identify evidence of preterit mapping activities.
Were found two examples of old topographic bases, one of
1904 and another of 1965, whose maps are not known. It
was also identified bases from 1940 mapping works.
In the second step, the new mapping activitywas carried out
through the method of fixed bases. As basic instruments
were used bearing compass and clinometer (KB14 models
and PM5, Suunto®) and a laser meter with a range of 50 m
(model DLE 50, Bosch®). Combined with this system was
performed a centerline additional mapping, using a
Leica®Total Station. The work basis was a highly detailed
sketch, with the hiring of numerous topographical bases for
the faithful delineation of chemical, clastic deposits and
other internal features. The sections and profiles were made
with a irradiation method, using a combination of laser
meter (model DLE 50, Bosch®) and clinometer (model
PM5, Suunto®), both mounted on a three-way photographic
tripod. This combination allowed the creation of accurate
sections and profiles.

Figure 3. Maquiné Cave map of 1835 by Peter Andreas Brandt
(Holten 2011).

It took over 100 years to the cave being target for a new
detailed mapping. In 1940, the geometer Afonso de Guaira
Heberle did a new map, already using theodolite to obtain
precise angles, vertical and horizontal distances (Fig. 4).
The Heberle’s map introduces a good representation of the
conduits and rooms delineation, but makes minimum
references to chemical and clastic deposits and also to relief
features. Even with a small number of topographic bases
and few auxiliary measures, thegeometer madea quite
accurate outline of passages and rooms, showing, as Brandt,
great skill as a draftsman and a good understanding of the
forms of the underground environment. According Rubbioli

In the UIS classification for the map corresponds to grade
5-4-B but with centerline additional mapping the accuracy
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and Auler (2002) measures the average deviation angle
between the horizontal maps Brandt and Heberle is around
10 degrees, confirming that Brandt used compass in your
survey.

Figure 6. Topographic mark of 1904, drawn in pencil over a
flowstone.

was conducted in June / July 2009, by a team of cavers
coordinated by L. Alt.
The 2009 map shows good precision in conduits and rooms
contours, combined with a faithful representation of
chemical deposits, clastic deposits, occurrences of water
and internal relief fetures of the cave (Fig. 7). This detailed
mapping allowed also the accurate representation of the
current existing infraestrutue, as the lighting system
equipments and walkways. The new topographic map was
the basis for development of various thematic maps such as
impacts, attractions, weaknesses, risk to visitors, zoning and
others. It was impossible to use the previous existent maps
to produce these thematic maps, which were the basis of the
management studies.

Figure 4. Maquiné Cave map of 1940 by Afonso de Guaíra
Heberle (Heberle 1941).

After 43 years of Heberle’s work, in a timethatalready exists
several Brazilian caving groups, the pioneer SEE –
Sociedade Excursionista Espeleológica (Speleological and
Excursionist Society) performed a new mapping of the cave
(Fig. 5).

The new map also incudes the detailed cross sections and a
longitudinal profile represented the most important parts of
the cave, showing the main sets of speleothems and other
deposits (Fig. 8). This set of cartographic documentation
allowed the proper development of the Management Plan
and generated an important and accurate record of the
current situation of the cave.
4.3. Ratio between number of topographic bases and
cave area

Figure 5. Maquiné Cave map (SEE,1983) by SEE-Sociedade
Excursionista e Espeleológica (Speleological and Excursionist
Society).

We believe that to determine the accuracy of a mapping is
not only important to measure parameters related to of
precision equipment and team characteristics, but also the
ratio between the number of bases and topographic area of
the cave. With this relation it is possible to establish the
detail level of one map, especially compared to other maps.
To measure this ratio we propose using the formula below.

Also using theodolite, for more accurate measurements, the
cavers have developed a methodology based in the modern
cartographic documentation, where we highlight the
following characteristics: (I) contour accuracy of passages
and rooms; (II) the use of standardsymbology of clastic
sediments, chemicals deposits and variations of internal
relief, (III) three-dimensional representation of space with
the use of cross sections and longitudinal profiles.

Cdet = Nbases / Area
Cdet – detail coefficient

It is possible that other campaigns have been carried
topography in Maquiné Cave, since there are marks which
suggest such activities (Fig. 6). However, no references
were found of such maps.

Nbases – number of topographic bases used
Area – cave area
Applying this formula to the 1940 map we have
Cdet = 0.0048, but using the 2009 map since we have
Cdet = 0.1175. Thus the coefficient of detail of the 2009 map
is 24 times higher than that of the 1940 map. Comparing
the two maps is visible this detail differences. This
coefficient can be used as an additional criterion for
measurement and qualification of one mapping work.
Obviously this does not qualify the map itself, but must be
combined with other analytical instruments.

4.2. Actual map
For the current management studies and procedures was
essential a reliable cartographic documentation with
accurate representation of all speleological features. This
was used as a fundamental basis for all work stages, as field
surveys, analyses, diagnoses and planning. This mapping
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Figure 7. Maquiné Cave map of 2009 (IEF 2010).

Figure 8. Maquiné Cave map of 2009, cross sections and longitudinal profile (IEF 2010).
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Figure 9. Comparison between the three historic maps and actual map, considering the same area of the cave (second room). On left
column: (A) 1835, (B) 1940, (C) 1983 and (D) 2009 map with enlarged areas marked; on right column: respective enlarged areas.
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5. Conclusions
Acknowledgments

The 1835 map shows a good representation of speleothems
and enables a fine understanding of how these deposits fill
the main conduit, dividing it into distinct rooms. However,
due to technological and methodological limitations of the
time, this map shows large deviations in speleothems and
dimensional distortions in the walls of the passages and
rooms. The 1940 map shows more realoutline, however,
possess small detailing in chemical and clastic deposits, and
does not present a clear differentiation between the sets of
speleothems and the limestone shapesin the passage walls.
The 1983 map shows inaccuracies in the walls and
speleothems shapes. Overall, its accuracy is between the
1940 map and the actual map. This 1983 map has
significant deviations in topography, especially between
rooms, as can be seen in the enlargement of this map
(Fig. 9). This area shows a remarkable elongation in the
N–S direction, in the mass of speleothems that divides the
Second and Third Rooms. This map also shows the
disconnect between excerpts from the First and Second
Rooms, in the eastern portion of the same.

Thanks to everyone who participated and contributed to this
work, especially the guides and administrators Maquiné
Cave.
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STATISTICAL EVALUATION OF CAVE LOCATION PRECISION
BASED ON CARTOGRAPHIC SOURCES
Miha Čekada
Speleo club Železničar, Speleological association of Slovenia, Hrvatski trg 2, 1000 Ljubljana, Slovenia,
miha.cekada@telemach.net
The applicability of cave documentation depends on the accuracy of the cave entrance coordinates. In the early years of
cave exploration, the determination of the cave location was often inaccurate (even for several kilometers), while using
better techniques such as GPS, the locations determined today are generally reliable. For many caves, the cavers have
improved the entrance location coordinates in recent decades. The accuracy of the determined location primarily depends
on the cartographic source used (map scale or GPS). In the Slovenian Cave registry, five major cartographic sources are
applied. Among the 10,400 caves currently registered, almost 1,800 unique corrections of cave entrance locations were
extracted in this work from the period of 1995–2012. Out of this set a statistical evaluation was performed based on the
question, how much did the cave locations “change” at the corrections. In this way an estimation was made regarding the
average precision of cave location based on the applied cartographic source. Using these data it was possible to calculate,
how much has the average precision of cave location improved in recent years, and what is the trendline for the future.

1. Introduction

on the question, how precise these measurements are. The
studies either discuss specific methods such as radio
location (Gibson 1996), or surveying the caves themselves
rather than the entrances (Canevese et al. 2011). Statistical
methods have been used for studying morphology of cave
systems (Piccini 2011) or distribution of karst phenomena
in general (Plan and Deckar 2006).

The coordinates of the cave entrance are one of the most
important data in any cave database. As most caves are
discovered by amateur cavers using amateur equipment,
coordinates acquired at the discovery are influenced by a
non-trivial measurement error. Using more advanced
equipment, more precise cartographic background and
better training, these locations have surely improved a lot.
Nevertheless, the locations of less-visited and little-known
caves discovered decades ago are likely to be known only
by the coordinates measured at their first (and possibly last)
visit. They may have been searched upon by the cavers,
however, in the caving community there is often much more
interest in discovering new caves than seeking the poorlydocumented if not forgotten old caves.

The work in this paper is based on the databases of the Cave
registry, which is jointly operated by the Speleological
association of Slovenia and the Karst research institute of
the Scientific research centre of the Slovenian academy of
sciences and arts. The period of 1995–2012 was taken into
account (Cave Registry 1995–2012).

2. Methods

In Slovenia, upon which this paper limits, there are two
additional points to consider. Being a small and a relatively
densely populated country with a strong caving tradition,
the caves are generally well-known among cavers familiar
with the neighborhood. On the other hand, being on the
Eastern side of the iron curtain during the cold war, good
maps were very difficult to come by. Anything better than
the 1:50,000 scale was a state secret, though this regime
eased a lot in the final years of communist rule.

From the Cave registry databases only two items were taken
per cave per year: the Gauss-Krüger coordinates of the cave
entrance and the cartographic source upon which these
coordinates had been determined. This pair of data was
taken for each year and checked if any change occurred
between two consecutive years in any time from 1995 on.
In Slovenia there are three nation-wide topographic map
sets (Central Evidence of Spatial Metadata 2012). The
topographic map 1:50,000 is the most coarse of the three,
substantially generalized and as such inadequately suited
for cave documentation. However, it was the only map set
widely available in communist times. The topographic map
1:25,000 has many more details and was partly available
from late 1960’s on. The topographic map 1:5,000 covers
about 3/4 of the country area, while the remainder
(mountains and thinly populated areas) is published in the
1:10,000 scale. Despite the scale difference these two sets
are very similar thus in this paper they are regarded as one
set. They are extremely detailed, showing even the most
obscure footpaths, individual dolines, large rocks, etc,
which makes them ideal for caving. Unfortunately, they
were off-limits to the cavers before late 1980’s. (In the
following text, the designation “topo-50” is used for the
1:50,000, and in the same manner for the other scales.)

The accuracy of a cave entrance location can be verified only
on spot. However, using older versions of cave databases,
one can track, how did the cave entrance coordinates
“change” in time. Many have not changed at all. But many
coordinates were corrected, from a poor cartographic source
to a better one, in some cases more than once. Even a change
using the same cartographic source as the original should be
regarded as a legitimate improvement – a caver corrected
his older colleague’s mistake, though they may have used
the same map. Using a large number of caves – in Slovenia
there are about 10,400 registered today – provides a
statistically significant sample to do an analysis.
There are numerous manuals, how to determine the cave
entrance coordinates, see e.g., Ellis (1998) or for Slovenian
cavers Gams (1964). However, little attention has been paid
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applies only for the 310 changes evaluated and cannot be
automatically expanded to the whole corpus of caves; see
the end of this section for a discussion.

Two more cartographic sources have to be taken into
account. One is the “not available”, where the caver did not
write at all which map he had used to determine the
location. These coordinates are notoriously unreliable. On
the other side there is the GPS which can be regarded as the
most precise of all the amateur-based methods (though this
may be debatable).

Similar conclusions can be made on other pairs. Of special
interest are corrections using the same source. Out of 103
cases where the coordinates were corrected using the same
topo-25 maps, the average shift is 147 meters. For the
GPS-to-GPS corrections (nevertheless with a relatively low
number of 35 cases) the average shift is only 16 meters.

Since 1995, our oldest accessible database issue, there have
been about 2,100 cave location changes (either coordinate
change or cartographic source change, or both). From this
number several manual exclusions had to be made:
excessively large change (above 5 km), non-standard
cartographic sources (other than the five above),
typographic error corrections (e.g., only one coordinate
change for precisely 1 km), cave identity ambiguous cases
and similar. This brings us down to 1,770 unique cave
location changes, still a statistically large number. From
here on the analysis actually started.

3. Results and discussion
3.1. Precision of cartographic sources
Figure 2. Average location change for the 13 pairs (old
cartographic source, new cartographic source).

These 1,770 location changes were divided into pairs: (old
cartographic source, new cartographic source), where the
new source may be identical or more precise than the old
source. Out of five source types this gives n(n+1)/2 = 15
pairs of changes, however, two pairs from the “not
available” source have only a very small number of cases
therefore they were omitted from further analysis. The
location changes in each pair were divided in nine classes,
ordered in geometrical series from 10 to 5,000 meters. Then
a Gaussian least-square fit was applied to each of them.
Essentially, a log-normal distribution was calculated on
each of the 13 location change pairs.

It turns out that the average location change hardly depends
on the new source at all. Figure 2 shows the average
location changes for all the 13 pairs studied. It proves that
the average location change primarily depends on the old
source. Therefore it is justified to calculate a grand average
for all the location changes using the same new source. This
finally gives as the average precisions as shown in Table 1.
In addition to the average, the spread of the distribution is
notable too, particularly how far do the Gaussian tails
extend (Fig. 3). However, it has to be emphasized that these
curves are fits on the whole distribution so these tails may
be somewhat artificial. For each group of caves of interest
(such as a designated geographic area) their precision
distribution can be calculated using a weighted sum of the
five partial distributions from Figure 3. This is further
applied in the next section and shown in Figures 4 and 5.
Table 1. Calculated average precision of the five cartographic
sources.
cartographic
source

average
precision [m]

distance on the printed
map [mm]

“not available”

677

–

topo-50

222

4.4

Figure 1. Distribution of location changes in the pair from
topo-25 to GPS; the log-normal fit is added.

topo-25

90

3.6

topo-5 / topo-10

35

4.7

Such a distribution can be interpreted as follows. Let us take
the example of the caves, where the old coordinates were
determined by the topo-25 map, while the new ones by GPS
(Fig. 1). There are 310 such cases. The peak of the
Gaussian, i.e. the average location change is 79 meters. This
means that in average the cave entrance coordinates were
shifted by 79 meters. We do not know if they are more
accurate than the original ones but since GPS can be
considered a more precise method than the topo-25 map, a
tentative conclusion is that the GPS locations are 79 meters
better than the topo-25 locations. Strictly speaking, this

GPS

16

–

The values for the more coarse maps appear huge. Finding
a small cave entrance in the radius of 222 meters in a dense
bush is almost impossible. But these numbers do make
sense if they are translated into the distance on the printed
map. For all the three map types these distances are around
4 millimeters which is comparable to the size of a typical
pencil-drawn circle (Table 1).
The “not available” source justifies its notorious
imprecision mentioned in the previous section. These caves
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Figure 3. Location change distributions for the five cartographic
sources.

can be considered as lost unless a reliable textual access
description is available. On the other hand, the precision of
GPS at 16 meters is worth discussing. The value itself may
appear quite a success, but the Gaussian tail is far from
negligible. There are GPS-to-GPS corrections of 100 meters
and above. This can be attributed to cases of poor
knowledge of the device, such as using wrong datum, taking
the very first reading and the like.
The distributions deduced in this section suffer from another
unknown. If a caver verifies the location of a cave and finds
the existing location is wrong, he will report the correction
to the Cave registry. On the other hand, if he finds the old
location is accurate, he will probably not write any report
at all. What is the minimum location change which merits
writing a report depends on the caver. And even if he does
report a location change for a few meters only, it is
questionable whether the Cave registry database manager
will bother about this negligible “change” at all. Therefore
for all the distributions discussed above, there is probably
a secondary unreported peak at far left of the diagram. From
the data available its size cannot be guessed. We can only
assume that the real precisions are probably somewhat
better than the ones calculated, but not how much better.

Figure 4. Precision distributions for all caves known in the years:
(a) 1995, (b) 2012.

In Figs. 4 and 5 there are weighted precision distributions of
five selected cases as predicted from Figure 3. Fig. 4a shows
the old caves at 1995. The distribution is dominated by the
topo-50 peak, followed by topo-25 and topo-5/topo-10.
In the new caves registered in the 1995–1997 period (three
years were taken to get a larger sample) the topo-5/topo-10
already dominates (Fig. 5a). Less than a quarter of locations
were determined by topo-25, and less than 10 % by
topo-50. Compared to the old caves known by 1995 (Fig.
4a), there is a clear improvement towards more precise
cartographic sources. Even two decades ago, the cavers
determined the locations of new caves considerably better
than used to be the case for older caves at the time. Eight
years later (2003–2005, Fig. 5b) the “not available” and
topo-50 essentially disappeared from current use. At the
same time the GPS became prominent, already surpassing
the topo-25. For the last three years (2010–2012, Fig. 5c)
the cave locations have almost exclusively been determined
by GPS, with only traces of other sources.

3.2. Annual improvements of precision
In 1995, where this analysis starts, there were 6,637 caves
registered in Slovenia. Since then there has been a steady
increase of about 230 new caves per year. In this section the
precision of this corpus is discussed using the location
change distributions from Fig. 3. Again, it has to be
emphsised that the statistics calculated on the set of the
1,700 location changes cannot be automatically expanded
to the whole corpus of all the known caves, however, this
is by far the best estimate at hand.

The total of all the caves known today is shown in Fig. 4b.
All the four true cartographic sources (i.e. apart from the
“not available” source) show roughly even shares.

For each year of study, three groups of caves were
considered. The first are the “old caves”, registered before
1995. They are useful to get the idea, how much did the
cavers improve the coordinates of the caves which had been
known for many years. The second group are the newly
discovered caves (or simply “new caves”), i.e. the caves
discovered in that particular year. The third is the total of
all the caves known up to that year.

The final question is how much has the average cave location
precision improved in time. Again, we should look at this
result using the already discussed three groups: the 6,637 old
caves, annually new caves and all caves. The strongly
improving trend in new caves has already been presented in
Figure 5. Therefore the bottom trendline in Figure 6 is not
surprising. The precision of newly discovered caves has been
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steadily improving from almost 100 meters down to about
20 meters. Mathematically, this can only improve to 16
meters (the average precision of GPS) when all the remaining
map users swap to GPS. In real terms, of course, this is an
oversimplification, but this is beyond the scope of this study.
The old caves on the other hand show a much more modest
improvement in time, from 126 m to 103 m in 17 years. The
annual improvement was below 1 meter per year in the late
1990’s but somewhat accelerated to 2.5 m/year. If the trend
of the last 10 years is extrapolated, the all-GPS precision of
16 meters will be reached in 46 years. Indeed,
extrapolations in decade-scale in the future are vague at
best, but it does stress the immense work ahead to be done
for several generations of cavers.
The curve for all the caves known in a given year is
somewhat more optimistic. But its more intense
improvement is primarily due to the steadily increasing
number of GPS-determined new caves. The burden of the
poorly documented and very slowly decreasing old caves
will keep the average precision down for many years to
come.

4. Conclusions
Though this work is based on Slovenian caves exclusively,
the large size of the sample allows us to draw conclusions
which are applicable in general:
(1) As the amateur cavers improve the accuracy of existing
cave entrance locations, these location changes (in
meters) have a log-normal distribution. There is a nonnegligible tail of very large changes, where the original
location was substantially inaccurate.
(2) The peak of this distribution, i.e. the average precision,
strongly depends on the cartographic source of the
original location. For maps, this generally means around
4 mm on a printed map. For GPS, the average precision
is 16 m.
(3) In the last 15 years, the location precision of newly
discovered caves has improved for a factor of four.
However, for old caves discovered before 1995, this
improvement is only 20 %. Today the average precision
for new caves is around 20 m, while for old caves it is
just above 100 m.

Figure 5. Precision distributions for new caves discovered in the
years: (a) 1995–1997, (b) 2003–2005, (c) 2010–2012.

(4) This analysis has one serious drawback, because
re-evaluations of accurate locations are not reported in
the Cave registry and thus remain unaccounted for.
Nevertheless the main trendlines probably remain valid,
though the precisions are likely somewhat better than
the ones calculated in this paper.

Figure 6. Average location precision for old, new and all caves in
the analyzed years.
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RESURVEY AND RESOURCE INVENTORY OF THREE FINGERS CAVE,
NEW MEXICO, USA
Andrea Croskrey1, Jennifer Foote2, Pat Kambesis3
UT Grotto, 3800 N Lamar Blvd #730-314, Austin, TX 78756, USA, acroskrey@gmail.com
2
Pajarito Grotto, P.O. Box 9020, Santa Fe, NM 87504, USA, bigredfoote@hotmail.com
3
Hoffman Environmental Research Institute, Bowling Green, Kentucky, USA, pat.kambesis@wku.edu
1

Named for three finger-like rock pinnacles jetting out of a nearby limestone fin, Three Fingers Cave has drawn cavers to
its rifts and cavernous breakdown rooms for almost 50 years. This complex three-dimensional cave in the Guadalupe
Mountains of in New Mexico has seen several survey efforts in those years. The cave is physically difficult, as well as
being semi-remote and almost impossible to diagram in a 2-D map. The latest incarnation of the Three Fingers Cave
Project is putting together a digital map and resource/mineralogical inventory to understand the cave and hopefully provide
clues for further exploration in the area. The current project is in its fifth year of resurvey and inventory. The initial focus
was on getting complete sketches of main rooms and travel routes and the current focus is to capture an area of the cave
called the North Maze. After using old survey to lay a backbone through this labyrinth of breakdown, the project is now
putting a survey line through every opening to make sure that all spaces between rocks were checked. Previously, the
distribution of noteworthy cave features and resources was only captured in sketches of the cave and in trip reports. The
current project, started in 2007, designates a separate person to record resources. Survey stations are points of reference
for noting the location of features in the cave including: airflow, water, floor, ceiling, conservation, obstacles, bedrock
geology, formations (lots of detail here), fossils, biology, and cultural artifacts. Of particular interest are mineralogical
features, since it is hoped their distribution in the cave will aid in interpreting the morphology, genesis and possible
continuation of the cave. To process and archive the data collected, line plots are generated from the sketcher’s hand notes
that are entered in Fountainware’s Compass software. Digital map drafting makes it easy to combine inventory data with
the cave map since the inventory information is entered into digital spreadsheets which are then imported to a Geographical
Information System (GIS). Social networking is being used to maintain member information, organize and backup data,
and disseminate information. Advances in technology have proved useful in the resurvey and new inventory of Three
Fingers Cave, but the difficulties of remote location, inclement weather, steep terrain, complex breakdown passages, and
delicate formations have challenged the latest attempt to document the cave. Caver perseverance is required and it is hoped
we will be rewarded with a better understanding of the cave and knowledge that the resource is being adequately conserved
for the enjoyment of future cavers.

1. Introduction

2. Geology

Three Fingers Cave stands out as a spectacular cave in the
Lincoln National Forest of New Mexico, USA. Located in
the high Guadalupe Mountains, the cave is known for its
complex, 3-dimensional maze with a vertical span of over
150 meters. A variety of speleothems, unusual mineralogies,
and paleontological resources abound throughout the cave
system. Three Fingers Cave got its name from a distinctive
rock formation on the top of a nearby limestone fin that
resembles three boney fingers when viewed from the
streambed below.

Caves are difficult to find in the Guadalupe Mountains
because their genesis and development are not directly
related to surface processes and thus don’t leave the
characteristic features that cavers typically use to locate
potential entrances. With a few exceptions, Guadalupe
Mountain caves (at least most in the high Guadalupe
Mountains) do not carry underground streams or rivers. The
caves are hypogene in nature, which means that they owe
their origin to processes beneath the surface. Hypogene
caves form without surface entrances and are only exposed
due to surface erosion that happens to intersect the existing
void. They form by bacterially-moderated mixing zone
dissolution so the caves that exist today are actually relict
mixing chambers. Breakdown and secondary mineralization
oftentimes obscure the structure and layout of the original
void.

The entrance to Three Fingers Cave, located near the
bottom of a rugged and remote canyon, was first reported
in the early sixties by cavers who sighted it with a high
powered rifle scope from Pinks Ridge. Viewed from that
distance the cave entrance appeared to be just a terminal
cleft in a limestone wall. That very obscure entrance was
finally located, in the late sixties, by Jim Peck and Bob
Sarabia while they looked for a known cave in the general
vicinity. The cleft turned out to be a narrow entrance that
led to the top of a 27-meter deep broken fissure requiring
rope and dropping into a decorated and massive breakdown
chamber.

Three Fingers Cave is located on the southeast flank of the
Guadalupe Ridge Anticline at an elevation of approximately
1820 meters above sea level. Stratigraphically it is formed
in the Artesia Group that is composed of shallow shelf
deposits associated with the Permian-age Capitan Reef
complex. The cave entrance is situated within the Seven
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possibly extending into the Capitan Limestone.
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software, which converts the data to XYZ coordinates. The
result is a preliminary line plot showing the horizontal and
vertical extent of the cave and its passages. Cave data is
georeferenced to a surface datum in order to relate cave
features to topography. The software uses passage
dimensions along with the XYZ coordinates to make
volumetric plots of the cave passages, making it possible to
rotate cave and volumetric plots in three dimensions. This
is a valuable aid for envisioning the layout of a cave system
and for detecting geologic and/or hydrologic patterns which
are not obvious otherwise.

The cave morphology (passage layout) can be described as
a boneyard maze complicated by breakdown. True walls are
difficult to locate because of the breakdown, but in the
lower levels of the cave, joint-control is evident. Major joint
trends reflect the dominant joint trend noted in other caves
of the high Guadalupe Mountains (330/150 degrees and
60/240 degrees). The joint trends run parallel and
perpendicular to the reef escarpment.

Line plots, sketches and associated geographic data are then
used to generate detailed cartographic representations of the
cave. One of the primary reasons for collecting cave survey
data is to produce cave maps. The cave plot, passage
dimensions, and sketches are the necessary components of
making a good map. The cartographer integrates these data
into a map of the cave in plan and profile. Cross sections
are added to the plan view making for a more complete
three-dimensional representation of the cave.

Speleothem development has occurred throughout all areas
of the cave. The entrance chamber contains columns
3–5 meters tall. Walls and ceilings throughout the cave are
festooned with stalactites and stalagmites. Shields,
helictites, soda straws, drapery, bacon rinds, and cave pearls
are common throughout the cave. Popcorn usually abounds
in those areas that display a lot of air movement. Unusual
mineralogy includes gypsum (both as crust and as massive
needles), celestite patches, goethite stalagmites and lots of
rock flour (condensation corrosion). Many of the unusual
speleothems and mineralogies from world famous
Lechuguilla Cave also occur in Three Fingers Cave but at
small scale in terms of size and distribution.

A cave map, in any stage of completion, serves as an
underground base map from which all future work can be
referenced. A map integrating cave and surface features
makes for a powerful tool for exploration and from which to
conduct work for resource inventories, restoration, and rescue
planning. Cave resources are defined as all of the secondary
attributes and features, both natural and man-made, which
reside within the confines of the cave or cave system. Natural
features include the biota, paleontology, mineralogy,
speleothems, and sediments. Man-made features can be of
archeological, historic, or cultural origin.
3.2. Inventory
Resource inventories are descriptive lists of the cave
resources referenced to survey stations. Most resource
inventories are done in conjunction with the cave survey and
collect only very basic information on the resources such as
location or simple descriptions. Basic training and the use of
field guides can supply enough expertise for data collectors
to provide more descriptive surveys. The resource inventory
for Three Fingers Cave has been preformed during the
resurvey. Detailed sketches and notations from the survey
notes provide a generalized list. The resource inventory team
follows up on the generalized list and provides detailed
descriptions of the resources and the general cave conditions.
Inventories are recorded on pre-printed checklist sheets that
show a list of possible resources. The person inventorying
simply checks the list and each item is referenced to a survey
station.

Figure 1. Large calcite spar crystals coat many pieces of
breakdown and their distribution could provide clues to the
speleogenesis of Three Fingers Cave. Survey book for scale. Photo
by David Ochel.

3. Methods
3.1. Resurvey
Initial survey efforts in Three-Fingers Cave started in the
late 1960’s through the late seventies when cave survey
standards were very different than they are today. Survey
work continued in the late eighties through early nineties
using more modern standards but did not include resource
inventories. The current survey effort does include resource
inventory, but in order to integrate the resource inventory
with newer survey standards and to better accommodate
digital cartography some resurvey is necessary.

As resource inventory data is collected, the descriptive
information is entered into a database and exported to a
geographic information system (GIS). Data in this format
can then be searched and queried quickly and efficiently.
Photography is an important component of the resource
inventory and augments the geographic baseline. As with
resource inventory data, scanned photographs and digital
images are catalogued, archived into a database, and
referenced to surface or underground locations.

As with any modern cave survey, in-cave data collected
includes the distance, azimuth, vertical readings, and
passage dimensions that are input into the COMPASS
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As the project continues, additional inventories will be done
for the parts of the cave that have an adequate survey but
lack this information. These inventories will provide a
baseline dataset of the features in Three Fingers Cave. The
intention is that these efforts will expand our understanding
of the speleogenesis of Three Fingers Cave and its resources
and that this knowledge will enable the cave to be
adequately conserved for the enjoyment of future cavers.

Since September of 2007, this project has had 10 trips (22
survey teams) out to the high Guadalupe Mountains to
resurvey and inventory Three Fingers Cave. These trips
have focused on resketching the Bell Room and an area of
the cave called the North Maze. The North Maze area of
the cave follows the ceiling of the Bell Room as it slopes
down to the north into the spaces between the bedrock
ceiling/wall and the rock pile that fills the floor of the room.
See Figure 2 for a sample comparison between a previous
sketch of the Bell Room and the current digital map. As of
August 2012, 1.9 km of approximately 5.9 km of known
cave has been resketched with the addition of detail, crosssections and profiles to the drawings. Not all of the 4 km
difference between known cave and resurveyed rooms and
passages will need to be redone since the project has been
able to include some of the work from previous projects.
By using previous surveys and notes, the impact on the cave
will be reduced since cavers sent back to these areas will
only need to collect inventory data and not resurvey.
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VIRGINIA SPELEOLOGICAL SURVEY (VSS) GEOSPATIAL DATABASE
Mike Futrell
456 Thistle Ln, Christiansburg VA 24073 USA, karstmap@hotmail.com

The Virginia Speleological Survey (VSS) is a private organization that maintains comprehensive records on 2,500 to 4,500
caves and cave features (depending on your definition of cave) for all the caves in Virginia. A few years ago the VSS
transitioned from a legacy database to Microsoft Access and ESRI ArcGIS. This software was chosen due to their ubiquity,
vastness of resources, and the ability to readily translate into similar formats thus standing the tests of usability and time.
Restrictive access and distribution policies still prompt a cautious view toward cloud platforms.
The database structure has about 24 related tables holding cave and entrance information such as maps, publications,
owners, report events, legends, significant list classifications, and a growing list of queries, reports, and forms. GIS base
data contains nearly every publically available map layer in Virginia as well as access to various web map services. This
allows populating or verifying fixed attributes such as geology and elevation, or populating variable attributes such as
ownership information. Subsequently these values broaden the ability of targeted data queries or complex geospatial
queries.
Recent and current tasks include: rescanning the large cave maps (about a thousand) at higher pixel resolution as well as
full color or gray scale; scanning and photographing the thousands of small maps and of pages information in the individual
cave archive folders; archiving digital data files of all types; and developing a mailing list for all the state’s caves for a
Cave Owner’s Newsletter.
A new goal is to acquire historic notes and digital data behind the traditional paper maps already held before this data is
lost to time. Several individuals have donated their life compilation of cave survey notes from the 60’s and 70’s. These
have been photographed, archived, and several caves will soon be entered in the computer for the first time to support
current projects. For digital data the VSS policy is not to require a standard format because it would hinder submissions,
thus we accept Compass, Walls, Survex, whatever one has.
The VSS’s primary goal is preserve Virginia’s cave information as individuals fade out of the caving community taking
that “I’ll get to it someday” data with them. Our call to cavers everywhere is to help preserve this information via your
state cave survey or similar organization.
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LESSONS FROM DRAFTING PROJECT STARTUP AND SUMMARY
OF EXPLORATION ADVANCES IN FISHER RIDGE CAVE SYSTEM,
HART COUNTY, KENTUCKY, UNITED STATES OF AMERICA
Stephen Gladieux
Detroit Urban Grotto of the National Speleological Society, 204 Washington St., Chelsea, MI 48118
stephen.gladieux@gmail.com
Hong Meigui Cave Exploration Society, Cave and Karst Research Center Tonzi City, Chong Qing, China

Fisher Ridge Cave System (FRCS) was discovered in 1981 and has a current total length of 191.9 km (119.25 miles) and
a vertical extent of 127.2 m (417.3 feet). Its discovery led to the inception of the Detroit Urban Grotto of the National
Speleological Society which has conducted all survey of the system. In 2009, a project was begun to digitally draft the
entire system using Scalable Vector Graphics (SVG) based file formats. This required significant changes to data storage
and access systems. Tools provided by this project are used as resources for exploration and have resulted in quantifiable
advances in exploration via tangible and intangible mechanisms. Current extent of exploration and statistical summary
are given; exploration potential and objectives are described in historical context.

1. Introduction

plots; it was flexible in forms of output. It functioned on a
text based command system.

Fisher Ridge Cave System (FRCS) is the 9th longest cave
in the world at 191.9 km (119.25 miles) total current
surveyed length (Gulden 2012). It has four known entrances
of which only one is natural. It is developed in Fisher Ridge
and Northtown Ridge, both located in Hart County,
Kentucky. All four entrances are privately owned, which is
unusual among the world’s longest caves. The Detroit
Urban Grotto of the National Speleological Society was
created shortly after its discovery with the mission to survey
the system. Caves that are a part of park systems benefit
from increased organization and access to Information
Technology (IT) resources. In the later stages of
exploration, data management can fall behind the current
best practice unless there is official oversight.

For three decades the line plot outputs from this program
were the major tools used for exploration. Plots could be
created with colors based on passage depth or date of
survey, and various data could be appended to the station
labels. Output was via postscript format.
FRCS is a long cave and has been historically surveyed by
a relatively small group of people; the top 5 surveyors have
all been on at least 10 % of the total survey trips each. One
project member has surveyed over 43 % of the total cave
length. Because of the large amount of passage, trip leaders
necessarily tended to specialize in specific regions of the
system. Due to the small number of project members often
there would be only one trip leader familiar with each
region. Leads were recorded in the raw text based computer
file and were not easily accessible to project members.
When trip leaders became less active in exploration or
retired completely the navigational knowledge and qualified
lead data for their focus regions were lost.

Focus primarily on exploration can result in a motivational
barrier to drafting because of the backlog of surveys to be
drafted. The longer this situation persists the larger the
motivational barrier becomes; the rate of exploration
benefits from up to date IT resources and drafted maps.

As the project aged and the quality of leads diminished the
rate of survey slowed as seen in Figure 1, although
occasionally there were breakouts. Areas where exploration
had remained active continuously had a lower quality of
remaining leads than areas that had not been pushed in
several years due to the inactivity of trip leaders focusing
there. With less access to quality leads, and navigational
information the ease of recruiting new project members
diminished – this was furthered by the historically small
size of the group, its decentralization, lack of regular
meetings or newsletters and introductory caving activities.

2. Historical project structure
FRCS was never formally drafted in any large part. From
time to time there have been small focus areas that have
been drafted by individual trip leaders in an effort to better
understand those regions of the cave. Survey notes were
sent to a single project member for archiving and copies
were sent to another member for data entry. Project
members could request copies of survey notes, but the
process required the custodian to locate the originals, make
photocopies, and physically mail them to the project
member. This system proved to be prohibitively irksome in
most cases.

3. Restructuring challenges
A decision was taken in 2009 to pursue creation of a digital
drafted map for posterity as well as to be an exploration
resource. This startup faced several material as well as
political challenges. As in many informal projects, new

Numerical and text survey data was entered into a computer
program custom written by the project member entering
data. This computer program was capable of preserving the
data as entered in addition to closing loops and creating
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Figure 1. New survey in meters per year since discovery of the system.

developments are often begun by those who take the
initiative. This can lead to political strife with project
members with many years of involvement. An idealized
drafting project was outlined and challenges were
undertaken incrementally. A significant effort was made to
engage all project members and to accommodate different
aptitudes for technology and different finances.

copy of sketches immediately after surveying, the realities
of drafting a cave with close to 200 km of previously
surveyed passage require working with non-ideal sketches,
sketches drawn to out of date (i.e. poor) standards, and
sketches by cavers who are no longer active in the project.
The Sketch Editor allows morphing and scaling of sketches
to fit the survey plot as well as general image editing
customized for making images readable. It also facilitates
merging of numerous images to allow easier drafting. Some
of the steps of the image manipulation process are shown
in Figure 2. The process starts with a raw scanned image in
JPEG format. The image is then generally edited which
includes: rotating north to up, bleaching, cropping, and
scaling. The image is then morphed so that it matched the
closed line plot perfectly. At this point multiple morphed
images are assembled and merged in to a single image. The
functional limit for the size of a merged image is 5,000
pixels × 5,000 pixels but may grow as personal computing
power increases. The merged images are then morphed a
second time (not shown) to ensure that no errors were
introduces by the merging process. The re-morphed image
is then made 50 % transparent and overlaid via linking (not
embedding) onto an SVG plot with blocky approximated
passages. These blocky passages provide a fast check to see
if the manipulated image looks reasonable. The blocky
passage approximations are then removed for easier tracing.
Finally, the image is made invisible so that they are
available for future use but do not clutter the screen.

The computer data set needed to be accessible to all
cartographers in a file format/editor that they could
manipulate. This was perhaps the largest political challenge
of the restructuring because of the development time and
longevity of the software program in use. Facility of user
interface concerns, program functions, and preservability
of data requirements dictated that a major overhaul of the
program be required. Since the driving force behind the
drafting initiative came from a different segment of project
membership this was unlikely to happen. After the
computer dataset was acquired and converted to a widely
used format both dataset were used simultaneously and
updated side by side. Compass cave mapping software was
selected as the best widely used platform. It has
compatibility with other widely used platforms.
Compass is used worldwide and has an active developer
(Fish 2012). It has an easy to use graphical user interface.
The widespread use guarantees a reasonable
communicativeness of data, and likelihood of new project
members already being familiar with it. Having an active
developer is essential to software flexibility as new
challenges unique to long cave systems are encountered. It
is one of the few software packages which is capable of
round-tripping Scalable Vector Graphics (SVG) files. This
was a key detail in its selection. The Compass Sketch Editor
also provides a utility to manipulate scanned survey
sketches. While best practice is to create a scaled “clean”

Original survey notes needed to be made accessible and
preserved for members’ use. This necessitated consensus on
a file format, method, and scanning resolution as well as a
means of distribution. It was decided that original sketches
would be scanned in full color at 300 dots per inch (DPI)
resolution and a title page with survey summary
information included as the first page.
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Figure 2. Images at various stages of manipulation during the drafting process: a) raw scanned image; b) edited image; c) morphed
image; d) multiple merged images; e) SVG plot output; f) merged/morphed image overlaid onto SVG plot with blocky passages for
general check; g) merged/morphed image overlaid onto SVG plot without blocky passage for tracing; h) rough draft of SVG map.

Storage and access of digital information is a major
concern; security of data is sometimes a concern as well.
FRCS data is hosted on a server administered by a long
standing project member. There are two hard drives which
mirror once each day and a UPS backup. It is possible to
host data on Source Forge (Source Forge 2012) or other free
online hosting services if it is acceptable that the data
becomes public domain, but for reasons of data security the
above mentioned hosting solution was used. Data is hosted
on a Subversion (SVN) repository which members access
via an SVN client, primarily Tortoise which is open source
software for Windows and Linux. Using Tortoise, project
members can continually upload changes to the data set and
manipulations of images as well as maps in progress. It is
even possible for multiple project members to work on the
same data at the same time and save both changes. Tortoise
tracks the changes in the files and only uploads/downloads

information relevant to those changes and not complete files
with each update. This minimizes the data transferred and
allows slower internet connection speeds to be used.
Tortoise facilitates all cartographers staying on the same
page while simultaneously protecting the data and allowing
recursion to previous versions of the dataset.
Due to printing limits and the desire to utilize multiple
cartographers, it was necessary to divide the cave into
Cartographic Sections. The divisions for the north half of
the cave are shown in Figure 3. This was also a contentious
topic as many opinions existed on the best practice. FRCS
has been divided into 37 regions for drafting. The
terminology of “Cartographic Sections” was utilized as
regions were not divided based on a regular grid but rather
in irregular footprints to minimize transected passages.
Additionally, it was looked on as favorable to create
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Figure 3. Plot tool defining Cartographic Section for the northern half of the cave.

numerous Sections that would be ideal in size and
complexity for beginning cartographers as most project
members were new to digital cartography.

digital drafting project was functionally begun in 2010
despite conceptualization in July of 2009 and a clear
increase in survey is seen. The length of survey in 2011
(4,685.47 m) and 2012 (based on 3,284.97 m in the first 11
months and additional know, but not yet entered survey
data) are each over four times the low point of 2006
(833.96 m). One of the biggest advances in exploration has
been a breakout toward a neighboring cave system with a
length of over 15 km passages from FRCS have been found
to extend under this cave based on reasonable cave geofixing and calculated survey uncertainty for both systems.

Drafting standards and a common computer platform are
required to realize a map. Variations in project member
finances and previous experience exist. Consequently, two
semi-interchangeable software platforms are currently used:
Adobe Illustrator and Inkscape. These two programs are
compatible with the generic SVG file format which allows
unlimited scaling and lossless data storage. They facilitate
changes to drafting style with minimal effort. Drafting
standards were pioneered by the first project member to
undertake a Section (the current author) and evolve with the
special requirements of each new Section such as vertical
complexity, etc.

Giving all project members easy access to the scanned
survey notes was of immense value to the project. It gave
project members access to sketch data and thus a
morphological understanding of passages. Original lead
information recorded on the survey notes allowed trip
leaders to canvas regions of the cave for leads and identify
the most promising ones.

The amount of time required to initialize a digital drafting
project is large. Many hours of effort are required. The
current author spent over 700 hours in 2011 working on
converting data, setting up IT resources, developing drafting
standards and tools, and drafting the first Cartographic
Section. It is likely that it will take 300–1,000 hours to draft
each of the 37 Cartographic Sections as well as ongoing
effort to help new cartographers get setup and learn the
process. The data must additionally be kept current.

Access to the computer dataset in a user-friendly format
allows for manipulation of a 3-d plot and concrete
understanding of how newly surveyed passages interact
with known passages without the need to contact anyone
else to get an updated 2-d plot. This is useful for extended
serials of day trips into the cave as it allows for informed
decision making about daily objectives based on recently
surveyed passages.

4. Exploration resource utilization

During review of survey notes, and subsequent drafting,
cartographers note leads. They are recorded with full
information spatially on the SVG map as well as in a
searchable, table-formatted Excel file which is accessible
by all project members. Leads are classified according to
the quality scale in Table 1. This is a new system for the
project and has allowed easier communication and

Pioneering of the resources necessary for the drafting
project resulted in an immediate increase in new survey
footage. This is seen in Figure 1. The yearly survey had
dropped to an average of 1,146 meters per year for
2006–2009. This was the longest period without 2,000
meters of new survey per year in the project’s history. The
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prioritization of objectives. The Unified Lead List records
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number, Cartographic Section, lead grade, survey date,
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31 years of cavers eagerly suffering through far-out, and
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Table 1. Lead grading scale used in unified lead list.
Lead
Grade

Passage
Characteristics

A

Very good lead, going walking passage or pit with
visible walking passage below

B

Good lead, hands and knees crawling or stooping
sinuous canyon, has draft

C

Mediocre lead, less than hands and knees crawl,
may have chest compressors, has not been
scooped far, no draft

D

Digging lead, requires digging or microshaving
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In addition to the above stated exploration resources, the
startup of the drafting project has revitalized the grotto.
Grotto membership is up and new members have stepped
into the role of President, Webmaster, and Newsletter
Editor. This momentum has contributed to increased new
survey.

5. Conclusions
There are significant challenges to the startup of a digitally
drafted map for cave systems with large amounts of
surveyed passage but poor IT infrastructure – this describes
many large cave projects without a drafted map. Some of
these challenges, such as transitioning of leadership roles,
are regular and inevitable. However, the process can
revitalize the project; it can result in the creation of primary
and secondary exploration resources. These resources, and
additionally the enthusiasm generated, result in more new
survey per year.
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The effort to initialize a digital drafting project is immense,
but possible and can be shared by multiple project
members. The total cost of IT resources for such a startup
is relatively low due to open source software solutions and
the minimal cost of cave mapping software.
Despite the challenges, a digitally drafted map is a
worthwhile endeavor for long caves.
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HUMPLEU CAVE (ROMANIA): WHAT’S UP?
Philipp Häuselmann
Swiss Speleological Society, Giebelweg 6, 3323 Bäriswil, Switzerland, praezis@speleo.ch

Humpleu Cave is the second longest cave of Romania. Because most of the original data was lost, a remapping effort was
initiated by Bogdan Onac. Originally started as a Romanian-Swiss collaboration, it grew over the years to an international
camp. Due to its length (around 40 km), the remapping is done in the scale 1:1,000, both in plan and in longitudinal section.
In the last 11 years, some 30 km have been remapped, and an end of the work is in sight, if not in the immediate future.
The present genetic hypothesis of Humpleu Cave is that it is more an enlargened gigantic paragenetic canyon than two
distinct levels of large phreatic passages and an active canyon level.

1. The cave

2. The remapping project

Humpleu Cave is the second longest cave in Romania. It is
situated in the Humpleu Hill, in the Bihor Mountains
(Fig. 1). Discovered in 1984, it contains about 40 km of
mapped passages. The cave is mainly horizontal, but has
another entrance on top of the hill, that joins the main
passages after a series of shafts. Humpleu is famous for two
reasons: the first one is the size of its rooms, which are
amongst the biggest in Europe. Moreover, they are often
richly concretioned and thus very splendid. The other
reason is the beauty of the 5.2 km long underground river,
which runs quietly in a huge meander. The river passage
has to be negotiated with a diving suit, since there are
several ducks and semisumps to pass, before reaching the
final sump in a distance of about seven hours from the
entrance. The final sump could not been conquered: it gets
too tight some 30 m further.

The remapping is done in a Romanian-Swiss collaboration.
Due to its size and length, we decided to remap the cave in
the scale 1:1,000. This has the advantage that more than one
room can be shown on one plan sheet, and the time used for
drawing inside the cave is reduced to an acceptable amount.
The cave is remapped conventionally with tape, compass
and clinometer. A plan view, a longitudinal section and
gallery profiles are taken. Caves belonging to the same
hydrogeological system are also remapped and integrated
into the general overview of the area. The data is introduced
into Toporobot. Remapping was originally done during cave
camps of 6 to 10 days duration. If possible, several groups
were formed per day, some of them remapping, others
equipping shaft passages or climbing chimneys in order to
make mapping more effective. For the last 2–3 years, the
distance from the entrance grew too big to reach the
mapping sites in reasonable time. Therefore, the
international mapping camps that had been very successful,
were abandoned and replaced with small groups (3–4
people) that camp 2 to 4 nights inside the cave.

The first mappings after the discovery of the cave were
done rapidly by several caving groups. Sadly, most of the
mapping data has been lost subsequently due to various
reasons. To date, only data of parts of the active river could
be found again. The lack of data and of a beautifully drawn
cave plan (and longitudinal section) effectively prevents any
scientific work. So, the decision was made to remap the
cave in those parts where there are no data, and to use the
present data where possible.

Bad weather in some years (especially around 2010)
effectively hindered good progress: the bivuac can only be
reached by passing several semisumps with only 5–15 cm
of air above the waterline. In cases of flood, the semisumps
close completely, and because of their length (up to 90 m
long), they cannot be dived freely. Still, about 30 kilometers
of passage have been mapped so far, including a redrawing
and correction of the shaft zone which was rigged for a
possible case of flood emergency. The remapped parts of
the cave are shown in Figure 2, in grey, the parts that have
to be controlled or completely remapped.
As a whole, the project made good progress. There are,
however, some flaws: In the large rooms behind the
semisumps, an incredible number of blind shafts were
visited and drawn during the first mapping efforts, but they
were not mapped. Due to the difficulty rigging them (often
the walls consist only of pebbly sediment and not of hard
limestone), they are left behind for the moment. We
consider it more important to set the straight lines first,
before going into detail. Work to do for the future…

Figure 1. Location of Humpleu Cave in Romania.
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Figure 2. The original map of Humpleu Cave. In black: parts where data and drawings can mostly be used, grey: the remapped or
verified parts or parts that have still to be remapped.

Figure 3. Projection of the entrance part of Humpleu Cave. The five levels are represented by the grey lines.

3. Some Results: Passage levels and passage size

active in the upstream part. The entrance level comprises
the huge rooms and big, fossil passages. They are
sometimes connected with the uppermost level which also
is represented by huge rooms. From the access to the river
and further upstream, only levels 3–5 are present.

At the UIS congress in Greece 2005, already some results
have been presented. While the morphology of the cave did
not change since then, so did the interpretation of its
genesis. Therefore, it is good enough to review the presentday morphology and to re-publish the newer ideas. There
is still a lot of science to do in the cave. Since our primary
goal was the remapping, we didn’t bother a lot with
scientific progress. Still, a diploma thesis was done (Soit
2009), and some preliminary notes were taken.

In 2005, the upper passages have been interpreted as being
phreatic passages, due to the corrosion forms of the walls
and the sometimes rounded passage size. The conclusion
was that the river, impressive in flood, (estimated discharge
of 5–10 m3/s), could not be responsible for the creation of
the large voids.

The 3D representation of the cave (Fig. 3) makes it easy to
recognize that the cave is organized in five levels, of which
the lowest one is the temporary spring. The next lower level
is active only during floods, and presents shafts going down
to the water table. The next level is fossil in its downstream
part, may get flooded in the middle part, and is perennially

However, continued mapping revealed and scientific studies
revealed the following:
• paragenetic signs are abound almost everywhere in the
large rooms;
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seems to be affected by paragenesis only, and the observed
large calcite spars that may be seen in some places,
represent chambers that were accidentally cut by the
present-day cave.

• in some large rooms, the ceiling is leveled flat, and pebbly
sediments close up to 50 cm from the ceiling;

4. Future work

• and last but not least, the separation of the three levels that
remain upstream from the river, is hardly ever bedrock,
but most of the time, it consists of breakdown, pebbles,
flowstone and the like.

Remapping of the remaining passages will be the main goal
of the years to come. The final and first result should be a
usable map of this very interesting cave system that can
then be used for further scientific studies. Very recently,
caving in Romania seems to get more and more controlled
by a joint effort of the State, the Speological Institute, and
the Speleological Federation. I do hope with all my heart
that this control is for the good of the caves and not for the
detriment of all the interested cavers that still exist in this
beautiful country. I also hope very much that the remapping
project can be brought to a good end without bureaucratic
hassle.

As a consequence, the genetic model of the cave presented
in a rough sketch in 2005, must be revised. The present-day
hypothesis (note the word hypothesis!) hints that the cave
is, for the most part, a huge, more or less vadose canyon,
that has been modified by paragenesis to create the large
rooms, before incising again into sediment and bedrock,
eventually creating another level. A summarized idea is
presented in Fig. 4.
The hydrothermal influence that was evoked as a possibility
in 2005, has been revoked. As a matter of fact, the cave

Figure 4. The presently favoured model for the genesis of Humpleu Cave. A relatively small phreatic passage (rarely seen) is entrenched
by a meander; sediment filling of the meander induces paragenesis and an uplift and flattening of the ceiling of the river that undercut
the rocks. Subsequent erosion of the sediment fill and bedrock was then followed by another paragenetic event responsible for the
genesis of the 4th level. Later incision and some sediments led to the picture seen today (lower right). Note that the upper keyhole is
hardly ever seen, there is the possibility that paragenesis effectively annihilated the original phreatic passages.
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THE AURIGA PDA FREEWARE THE ELECTRONIC SWISS KNIFE
OF CAVE SURVEYORS
Luc Le Blanc
Société québécoise de spéléologie, 4545, ave. Pierre-de-Coubertin, Montréal, Québec Canada H1V 0B2,
speleoluc@gmail.com
Ten years after its first public inception, the Auriga cave survey freeware for PDAs is a mature tool providing a wealth of
features to a wide range of users, from international expedition teams to Sunday cavers. Far from being a gadget, Auriga
brings the true benefits of a pocket computer to the underground: speed, confidence and convenience. Speed in note-taking
and sketching, confidence that this data accurately matches the cave and convenience of a feature-rich tool. Not a port
from existing software but designed from scratch, its interface is well adapted to a small PDA screen. A simple waterproof
write-through case is enough to make it suitable for underground duty.

1. Introduction
The original goal behind the development of Auriga was
merely to replace a power-hungry laptop used to compute
survey shots into XYZ coordinates when at camp in the
wild. But ten years after its first public inception, the
freeware boasts a range of features seldom found in a single
desktop cave survey program. Combined with an in-caveoriented interface and an uncommon level of flexibility in
measurement units, options and preferences, it has become
a tool of choice for modern surveyors. Not only has it
improved the way we input numeric data and sketch, it has
also opened new possibilities to the survey process.

Figure 2. The Survey Shot form.

This presentation will cover the various aspects of using
Auriga, both underground and on the surface karst.

Let’s connect!
For those who prefer acquiring data from Bluetoothconnected instruments, Auriga supports the DistoX, Disto
A6, SAP and TruPulse devices as well as GPSes (Fig. 3).
With 3-in-1 devices like the DistoX, passage widths and
heights are automatically recognized from the main survey
shot.

2. Features, features, features
Fast input
Numeric input in Auriga is best done through its smart
keypad (Fig. 1). Keys are big enough to be typed with
gloves, and only context-relevant numbers, letters or
symbols are made available.

A companion standalone freeware calibrates the DistoX
with the PDA. Users find it the most user-friendly program
for that purpose.

Figure 1. The Auriga Keypad.
Figure 3. The Link tab of the Preferences dialog.

On-the-fly validations are applied (bound checking,
likeliness of precision or distance, foresight-backsight
comparison, etc.) to ensure the most reliable data. Each
survey shot can hold a lengthy comment, and being in
electronic form, everything remains well ordered and
readable, no matter how muddy the cave (Fig. 2).

Splay measures anyone?
When LRUD (left, right, up and down) passage dimensions
don’t provide enough guidelines for assisting in sketching,
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survey instruments used. A loop closure algorithm can be
applied to keep a closed line plot. Don’t worry about
sketches: they’re self-adjusting to survey shot length and
heading.

Auriga can store and show splay measures (Fig. 4), taken
from either station, towards walls or random features. After
that, sketching becomes akin to drawing by numbers!

Blunder detection
Loop closure exceeds the expected error of the current
instrument set? Auriga can perform a loop analysis to help
find the faulty survey shot, if any, by proposing blunder
hypotheses that can be immediately verified while still in
the cave (Fig. 6).

Figure 4. The Measures form.

Validation as you go
By replacing notebook columns of numeric data and a
“hopefully” matching sketch by an immediate graphic
rendition of the line plot and sketch, the PDA shows the
surveyor his work so far. Slope inversions, heading errors
and other survey blunders become much more apparent and
can be fixed at once.

Figure 6. The list of loop analysis hypotheses.

Data mining
Easy sketching

The cave data is now searchable and pokeable (Fig. 7).
What’s the distance between those two stations? What’s the
shortest path between those two areas? What’s the main
orientation of those fractures? Where is this station? How
deep are we? Where is a permanent station to link to?
Survey shots can be displayed in list fashion, sorted in any
order and searched by various criteria

Contrary to initial fears, sketching on a PDA is very easy.
Cave walls and features can be sketched at any scale and
Auriga allows editing parts of a sketch element, as we do
with a pencil, but with an automatic eraser that removes the
part that was just replaced. Lines can be given patterns (no
more sketching of individual drop lines) and shapes can be
filled (water, sand), just by selecting an option. And for
more clarity, sketching is done in color and on togglable
layers (Fig. 5).

Figure 7. Getting distance and angles from map.

Pit sounder
Figure 5. Map with hand-drawn sketches.

When a new pit is found, it is common to bottom it before
surveying it (Fig. 8). But how long a rope is needed?
Dropping a stone can be very approximate, unless you
proceed with care and let Auriga do the depth computation.
A 1 % margin is just too cool!

For die-hard paper sketchers, Auriga still offers tools like
projected length and survey shot coordinates expressed in
paper grid squares.
Loop closure
A survey loop suddenly happens? Auriga automatically
computes the absolute and relative errors (based on loop
length) and tells how good the loop closure is, given the

Figure 8. The Pit Sounder dialog.
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The binary raw survey data in Auriga can be exported in
CSV files as well as Compass, GH Topo/Toporobot,
Survex, Therion, Visual Topo and Walls text formats (Fig.
12). Computed data can be exported in CSV, DXF, GPX
(GPS Exchange), KML (GoogleEarth) and SVG formats.
Conversely, existing survey data can be imported from text
files in Compass, GH Topo/Toporobot and Visual Topo
formats.

Let two survey teams loose in a given area, and it’s likely
they end up with overlapping station names. That’s not a
problem until they connect their caves… Auriga offers
various maintenance features (Fig. 9) to rename stations in
bulk, correct input units after a mishap, inverse survey shot
direction, etc.

Figure 9. Managing data in bulk through the Maintenance dialog.

Network management

Figure 12. Exporting cave data to sketching or surveying PC
programs.

If nearby caves don’t connect but still gain from being
displayed together, Auriga makes it easy to view the
network, just list the caves to be shown together linked by
GPS coordinates or a surface survey between entrances.
(Fig. 10) And the same search or poke features used with
individual caves are available to networks.

Take a walk on the surface side
By taking a surface walk with a GPS to locate karst features
before starting to survey, these features can later be viewed
in relation to underground passages as the survey goes. Are
we getting close to that sinkhole? …to that other cave? It’s
right there, visible on screen.
Walk the cave from above
When looking for alternate entrances (such as fissures,
collapses or sinkholes), connect a Bluetooth GPS to the
PDA and let Auriga guide you over the cave in moving map
fashion. Auriga supports a few grid formats in hundreds of
geodesic datum.

Figure 10. The whole 200-km Lechuguilla Cave on a PDA screen.

3. Lessons learned from field experience
Getting the data out (or in)

Auriga has now been used in many expeditions worldwide.
Each of them constituing a new field test bringing new
ideas, promptly implemented. Exploration teams have
found the software speeds up the survey process and makes
it more reliable. In some cases, the ability to see where
passages trend to as the survey goes has permitted groups
to take better exploration decisions and make connections.
The software has also been successfully used to fix poorlysurveyed cave passages, allowing the surveyors to readily
know when a survey loop is properly corrected (Fig. 13).

Auriga can “beam” its caves and networks to other PDAs
through its standard infrared or optional Bluetooth link
(Fig. 11). Survey teams that meet underground can
exchange their respective work in a few seconds, while
relying on automatic data merge to handle overlapping
changes.

As with any electronic instrument, care must be taken to
keep the data safe. It is now customary to keep a PDA at
camp to act as a data repository, along with backups on
memory cards.

Figure 11. Beaming cave data or Auriga components to another
PDA.
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Figure 13. Fixing bad survey loops in Lechuguilla Cave.

4. Summary
Auriga runs on a battery-powered PalmOS PDA or on
Android, Windows Mobile or iOS devices thanks to the
StyleTap emulator. It takes advantage of color, highresolution, serial, infrared and Bluetooth links. The software
is free, available in French, English and Spanish, everevolving and fully documented with a reference manual,
embedded help and tutorial videos.
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QUICK 3D CAVE MAPS USING CAVEWHERE
Philip Schuchardt
Blacksburg, Virginia, USA, vpicaver@gmail.com

Cavewhere can create quick 3D working maps through a process called carpeting. Cavewhere implements carpeting with
a 3D warping algorithm. It allows users to morph their two-dimensional cave sketches with line plot data. This paper
presents the editors needed for the carpeting process: the Survey Editor and the Notes Editor. The Survey Editor allows
users to enter shot data in a similar way to other survey packages like Survex, Compass, and Walls. The Notes Editor
provides digitizing tools for cave sketches. After the user enters all the necessary information for carpeting, the warping
algorithm morphs cave sketches in 3D. Cavewhere can display the results in interactive frame rates on standard desktop
hardware. It can then export the results as a high-resolution image to aid with drafting a final map.

1. Introduction

Cavers have mitigated the problem of misrepresentation of
passage size in pure line plots by collecting Left, Right, Up,
Down (LRUD) measurements while surveying and
developing software that uses this data to generate models
that show passage walls like Compass and Survex. LRUD
measurements are made up of four distance measurements
from the station: to the left wall, to the right wall, to the
ceiling (up), and to the floor (down). Unlike when
collecting length, clinometer, and compass measurements,
there is no standard for collecting LRUD measurements.
They can become arbitrary, especially at intersections, in
irregularly shaped passages, and when surveying down
vertical shafts. LRUD generated models ignore floor detail,
as well as wall detail between shots as shown in Figure 2.
LRUD modeling tends to under or overestimate passage
dimensions. This is exacerbated when shot length increases.

Working cave maps are an important tool at the heart of
every exploration project. Not only do they allow surveyors
to orient themselves and keep track of known passage, they
also show tempting leads that motivate cavers to return to
systems again and again.
The complex nature of caves makes developing a working
map that includes all the relevant details difficult.
Many cave systems have multiple overlapping levels.
Furthermore, good cave maps have floor detail, profiles,
passage offsets, cross-sections, and annotations (1). For
large cave systems, hundreds of hours of drafting can be
required by multiple people to complete a map (2).
Generally on extended expeditions, cavers have little time
to draft a working map. Instead, they rely on line plotting
software such as: Compass, Walls, or Survex. Cavers can
quickly enter data into these software packages to create
three dimensional (3D) models of survey shot data.

Figure 2. The deficiencies of 2D LRUD modeling (in blue) in
comparison to a plan-view sketch.

Cavewhere combines the sketch with a 3D line plot through
a method called carpeting, Figure 3. Carpeting allows
surveyors to understand the spatial complexity of the cave
without sacrificing the passage detail from the hand-drawn
map.

Figure 1. A perspective view, looking north-west, of the line plot
of Quankou.

While 3D line plots expedite data visualization, they forgo
several desirable map aspects. First, passages lack
dimensions. Since all passages are visualized as lines, a
large passage has the same visual impact as a small passage.
Second, passages have none of the floor detail that is
represented on the hand drawn map. Floor detail is
extremely useful for locating survey stations, route finding,
and resource inventory. Third, line plots are unable to show
side leads. Finally, 3D line plot models can become
indecipherable when presented in a format that doesn’t
allow viewers to manipulate them, as in Figure 1.

2. Data Entry
2.1. Overview
Cavewhere makes entering data and developing a working
map an easy process. The process starts by scanning from
the survey notes. Then users enter their line plot data using
Cavewhere’s Survey Editor. Finally, users cut out map
sections for carpeting, using the Notes Editor.
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2.2. Survey Editor
Once survey book pages have been scanned the Survey
Editor interfaces allows users to enter normal cave survey
data: station name, length, compass, clinometer, and LRUD
for each station. It features an offset format similar to that
of survey book pages as seen in Figure 4. Just like in a
survey book, Cavewhere’s survey editor keeps continuous
blocks of shot data together. Users need to create new
blocks when entering data for divergent passage, such as a
splay or a side passage.

Figure 5. Cavewhere’s Notes Editor. This screenshot shows the
polygon around the sketched plan, as well as the digitized stations.

estimating the scale and rotation of the sketch, and
analysing the survey data provided in the Survey Editor.
Users can enter scale, rotation, and image resolution data
to improve results.

Figure 4. Cavewhere’s Survey Editor. The Survey Editor is made
up of two parts: the Editor (left column) and the Notes Viewer
(right column). The Editor shown 2 survey blocks with shots: B17
→ B50 → B51, and B50 → B52.

These two steps are repeated for each sketch. Once the
process is complete, Cavewhere will automatically carpet
the sketch to the line plot data using sketch warping.

Cavewhere automatically processes and updates the line
plot as survey data is entered. It also updates the total
distance surveyed, displayed at the bottom of the editor.

3. Sketch Warping

Cavewhere has smart error handling that prevents users
from entering erroneous data, as well as automatic station
name incrementing. For example, if the user enters a1→ a2
for the first shot, for the next shot the user only has to press
“Enter” for a2→ a3.

Sketch warping is a useful method for distributing the error
in hand-drawn sketches. Sketch warping simplifies the map
drafting process. When surveyors draw maps by hand there
is error between the data and the sketch created. In
Cavewhere, once stations have been digitized with the
station marking tool, the polygon is deformed to make it fit
the shot data using a warping algorithm. Unlike other 2D
sketch warping software, such as Compass, Walls/Illustrator,
or Therion, Cavewhere warps the sketches in 3D.
Cartographers can easily draft a map using the results of the
sketch warping algorithm.

Cavewhere’s editor doesn’t lock users into its format. It can
import and export survey data from and to Compass and
Survex (Walls is in the works). Once data has been entered
or imported users can create a model that unites the haste
of line plot models with the detail of a hand drawn map in
the Notes Editor.
2.3. Notes Editor

4. Sketch Warping Algorithm

In the Notes Editor users can combine the hand-drawn map
with a line plot in a process called carpeting. Carpeting is a
two-step process that involves firstly, cropping the sketch
with a polygon and secondly, digitizing all the station
locations, shown in Figure 5.

The warping algorithm uses station positions, as well as the
cropped sketch, to create a 3D map in 4 steps:
1. The algorithm compresses the cropped sketch’s image
using a DXT1 compression algorithm. DXT1 is an
OpenGL compression routine that provides 6:1 lossy
image compression. This allows Cavewhere to store 6
times as many sketches on a graphics card and also
improves rendering performance.

Cutting out the passage (hereafter referred to as the sketch)
from the hand drawn map isn’t an exact process. Users can
quickly and roughly draw a polygon around the sketch
using a custom shape cutting tool. The polygon should
include the passage walls for best results. After creating the
polygon, users digitize the stations on the sketch using the
station marking tool.

2. The algorithm triangulates the digitized polygon for the
Notes Editor. The triangulation algorithm meshes the
polygon using a regular grid in the interior and an
irregular grid to fill the space between the regular grid
and the boundaries of the polygon. Users can adjust the
grid resolution to produce smoother or coarser warp
results.

Users can add station markers simply by choosing the
station marking tool and clicking on the stations. After
naming the first station marker, Cavewhere will
automatically name all consecutive station markers by
307

Karst and Cave Survey, Mapping and Data Processing – oral

2013 ICS Proceedings
Sketches scanned at 200 DPI have a nice balance between
quality and storage requirement.

3. Cavewhere warps the grid in 3D using station data. The
warping algorithm uses a weighed averaging method to
adjust the position of each point in a triangulated mesh.
Cavewhere calculates the weight between each mesh
point’s and every station in the sketch using a distance
function. The closer a mesh point is to a station the higher
weight. Then the warping algorithm calculates the
position of the mesh point in respect to each station. The
sum of all the weighted positions produces the final mesh
position, shown in Figure 6.

The performance results, Table 1, were generated on a
2.2 GHz AMD Athlon(tm) 64 X2 Dual Core 4400+ with
4 GB of 333 MHz DDR2 RAM and a Nvidia GeForce
GTS 250, 1024 MB video ram. This system is capable of
rendering each model at real-time frame rates at 60
frame-per-second.
After creating a carpeted cave map, the results can be
exported as a high-resolution image and drawn in a vector
graphics program. Not only can the results be exported in
plan view, they can be exported in any three-dimensional
orientation.

6. Improvements
6.1. Notes Editor Improvements
Although versatile, Cavewhere does not support crosssections and running-profiles. These could be added to the
Notes Editor in future versions.

Figure 6. Shows the stations (red triangles) projecting (green
lines) where a mesh position (orange dot) should be located. The
resulting warped mesh position is represented by the green dot.

6.2. Warping Algorithm Improvements
Currently, when the warping algorithm positions a point in
the mesh, it uses the weighted distance average from all the
survey stations in the sketch. This can be problematic
because if one shot is drawn incorrectly, then the error is

4. The algorithm textures the warped triangulated mesh,
created in step 3, with the compressed sketch image from
step 1. Cavewhere can render the resulting 3D map at
interactive frame rates (see results and performance).
Table 1. Cavewhere Results.
Cave

Length

Scan Resultion
(DPI)

Percent
Carpeted

Sketch Scale

System
RAM Used

Disk
Usage

Generation
Time

Beer Can

883 m

400

100 %

1:480

72 MB

152 MB

21.3 s

Wahoo Cave

1,463 m

200

100 %

1:480

163 MB

70 MB

23.4 s

Quankou

12,991 m

200

75 %

1:500, 1:1,000, 1:2,000

154 MB

36 MB

39.5 s

Chasm

5. Results and Performance

distributed over the whole sketch, instead of being localized
to that shot.

This section is a demonstration of Cavewhere using three
different data sets, shown in Table 1 and Figure 3. The shot
data from the Quankou and Beer Can Chasm data sets were
entered in Survex and imported into Cavewhere. Wahoo
Cave’s shot data were entered using Cavewhere’s Survey
Editor. All three data sets were created using the Notes
Editor.

6.3. Import/Export improvements
Moving data between software packages is important.
Although Cavewhere supports import and export with
Compass and Survex, there are many other software
packages that Cavewhere could interact with. Future
versions of Cavewhere will probably support Walls, another
popular line plotting software program. Cavewhere also
lacks support for exporting to GIS formats such as ERSI
shapefile and Google Earth KML.

Although Quankou is the largest cave of the three, 12,991 m,
it uses the least amount of disk space. Unlike the other
caves, Quankou was sketched at large scales and the
sketches are free of mud and crisp, which improves the
image compression, and only 75 % of cave was modeled
using carpeting. The other 25 % was modeled as a line plot.
On the other hand, Beer Can Chasm, the smallest cave in
the data set, uses far more disk space because the sketches
are scanned at 400 dots per inch (DPI.) As the scan
resolution and number of sketches increase, computation
requirements also increase. Sketches from Beer Can Chasm,
a muddy and wet cave, are noisy, thus preventing
Cavewhere from compressing them as much as Quankou.

7. Conclusion
Cavewhere gives users the ability to combine the speed of
line plot software with the detail of hand drawn survey
maps using carpeting. This provides a better representation
of a cave than either a line plot or LRUD model. After the
warping algorithm has fitted the sketches to the line plot,
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Cavewhere can export the result as a high-resolution image
at any perspective. These resulting images can assist
cartographers with drafting a map. Cavewhere can also
render the carpeted 3D maps in interactive frame rates on
standard desktop computer hardware. It gives cavers the
ability to create 3D working maps that can better help them
understand cave systems. Indeed, Cavewhere is easy-to-use,
quick, and versatile.
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Figure 3a. Beer Can Chasm.
Figure 3b. Beer Can Chasm.

Figure 3c. Wahoo Cave.

Figure 3d. Wahoo Cave.

Figure 3e. Quankou, Plan view of Cloud Ladder Hall, the 6th
largest room in the world, with 100 m grid in the background.

Figure 3f. A perspective view from a hill in Cloud Ladder Hall in
Quankou.
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THE UNIFIED DATABASE OF SPELEOLOGICAL OBJECTS
OF THE CZECH REPUBLIC AS PART OF NATURE CONSERVANCY
INFORMATION SYSTEM
Ivan Balák, Olga Suldovská
Nature Conservation Agency of the Czech Republic, Kaplanova 1931/1, CZ-148 00 Prague 11, Czech Republic,
jeso@nature.cz
Abstract. The Unified Database of Speleological Objects (called JESO) represents the integral information system of
karst and pseudokarst phenomenons (such as natural underground cavities – caves, and their relative forms of relief –
swallow holes and hydrological objects – resurgences and sinks) in the territory of the Czech Republic.
JESO collects basic information about speleological objects, such as localization, dimension, description. There are also
registered special supplementary information, e. g. condition, importance, utilization, enangering, research. It is possible
to enclose electronic documents (photos, maps, reports) there.
Protection of caves is provided by the law on the Conservation of Nature and Landscape of the Czech Republic. JESO is
also intended for ensuring the realization of purpose of Council Directive 92/43/EEC on the conservation of natural habitats
and of wild fauna and flora. The protection is possible only with quality and permanent documentation. Aim of JESO is
centralization of information and data of speleological objects for the purpose of knowledge and their preservation for
future generations.
Абстрактная. Единая база данных спелеологических объектов (называемая JESO) представляет собой цельную
информационную систему карстовых и псевдокарстовых явлений (таких как природные подземные полости –
пещеры и их вторичные формы ландшафта – воронки и гидрологические объекты – поноры и источники) на
территории Чешской республики.
JESO cосредотачивает основную информацию о спелеологических объектах, таких как локализация, размеры,
описание. Также регистрирует специальную дополнительную информацию, как например, сохранность объекта,
его значение, использование, возможная угроза, исследование. В JESO можно укладывать цифровые документы
(фотографии, карты, сообщения).
Охрана пещер реализуется на основе закона «Об охране природы и ландшафта ЧР». JESO также предназначена
для реализации цели Директивы Совета об охране естественных сред обитания и дикой флоры и фауны. Охрана
возможна только при наличии качественной и систематической документации. JESO сосредотачивает информацию
и данные о спелеологических объектах с целью их познания и сохранения для будущих поколений.

1. Introduction

2. Nature Conservancy Information System
(ISOP)

The Unified Database of Speleological Objects (JESO)
is administrated as a public register and is used by the public
administration authorities, specialized organisations and
public. Data collection, visualization and administration of
JESO system is provided by the web application on the
URL address http://jeso.nature.cz.

Nature Conservancy Information System (called ISOP)
manage and make special data of nature conservation open
to public. It is one of information systems of the public
administration of the Czech Republic. It consists of central
database and web applications with tools for editing,
browsing and searching data. ISOP is provided by the web
application on the URL address http://isop.nature.cz.

JESO is administrated by Nature Conservation Agency of
the Czech Republic (NCA CR), which cooperates with
Cave Administration of the Czech Republic and Czech
Speleological Society on the filling the data to database and
data evaluation.

ISOP gives basic information about protected areas, Natura
2000 network and monument trees. There are also previews
of some documents and photo evidence in the archive of
the Nature Conservancy Central Register.

Nature Conservation Agency of the Czech Republic (NCA
CR) is a governmental body established by the Ministry of
the Environment as a successor of the former Czech Institute
for Nature Conservation. The main aim of NCA CR is to
protect and conserve nature and landscape on the whole
territory of the Czech Republic. Link is http://www.nature.cz.

Current version of information system provides set of
applications for everyday work of employees of nature
conservancy and landscape protection. Data are effectively
collected, managed and also provided for use. Applications
communicate with each other and enable mutual data sharing.
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3. JESO as part of ISOP
JESO use some components of ISOP. One of basic parts of
ISOP is Data Depository, where the spatial and table data
of nature and landscape of the Czech Republic are saved.
Data Depository is central ArcSDE geodatabase, Enterprise
version, ORACLE RDBMS, ArcGIS for Server
Technology.
Other of components using by JESO is Database of Photos
(called FOTOARCHIV – individually at link
http://fotoarchiv.nature.cz). There are archived digital
photos and scans of slides, negatives and photographs with
information about their author, title, date of taking.
JESO also uses Database of Bibliogpraphy Register (called
BIBLIOGRAFIE – its individual link is http://bibliografie.
nature.cz). It serves for central registration, searching and
export of bibliographic references of books, periodicals and
special documents published in both printed and electronic
version and of unpublished documents, too. This
application is connected to external databases of libraries
through international ISBN and ISSN codes. Bibliography
entries are saved by standards of bibliographic references.
Another linked up component is Digital Register of the
Nature Conservancy Central Register (called DRUSOP).
It gives basic information about protected areas, Natura
2000 network and monument trees. Link is http://drusop.
nature.cz.

4. Description of JESO system
Parts of JESO system are database web application, GIS
map service and GIS map application.
4.1. Database JESO
JESO is used on platform SQL – ORACLE in architecture
SERVER – CLIENT. Database is segmented into sections
which are described bellow.
4.1.1. Section of JESO
JESO collects data of karst and pseudokarst phenomena in
the Czech Republic. Some information is not visible for
public. Data are classified into sections:
Basic information contains name, karstological division,
type (cave, hydrological object or swallow hole).
JESO code keeps files of actual code, which is made on
the basis of karstological division of the Czech Republic.
There are also registered historical codes used before.
Dimensions notify length, depth, height, denivelation of
caves (denivelation is calculated from depth and height
automatically).
Entrances describe cave entrances, their localization,
dimensions, type of barrier and its condition. They are and
the like.

Figure 1. Home page JESO with login window, query window
and results of query.
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Localization of speleological objects define coordinates (in
case of caves it is coordinates of entrance). From these
coordinates, further information is generated from GIS
layers, such as altitude, protected areas, Natura 2000
network, geographical region.
Description consists of text part and nomenclature part (e. g.
morphology, hydrology, sediments, speloethems, speleogens,
biota, paleontology, archeology…).
Photos are linked up with ISOP section called
FOTOARCHIV. It enables to add and describe photos of
speleological objects. Users can see photos with
information about date of taking, their author and
description of photography object.
Maps collect electronic map documentations (as plan
views, cross-sectional views of caves, 3D models of cave
systems and other special maps) supplemented by
information about author, title, date of drawing.
Other documentation collects electronic documents about
karst and pseudokarst supplemented by information about
author, title, place of depository.
Bibliography use component of ISOP called
BIBLIOGRAFIE. This section inform about books, articles
or other documents where you can find more information
about speleological object. There are showed bibliography
entries in standards of bibliographic references.
Events are database of important events, e. g. finds, open
for public, building adjustment, damage, destroy.
4.1.2. Levels of data view
Users entering into JESO have different levels of data view.
JESO gives access based on user’s level of authorization.
Editor – can edit, update, view and download data in
database.
Specialist – can view and download all data in database.
Public – has access to chosen data in database only.
4.2. Maps and Map Service
The geographic part of application uses GIS technology.
JESO Map Service is presented by technology ArcGIS for
Server. It is public accessible, therefore there are only show
caves and other commonly known objects. The passwordprotected service for professional users will be added to the
public one.
JESO Map service contains polygonal and point layers of
entrance and converted plan views of caves, hydrological
objects, karst relief and other special and base maps. Plan
views of significant caves are transformed to GIS layers and
displayed as a part of JESO Map Service.
4.3. Map application

Figure 2. Detail of found object JESO.

Map Services is showed in web map application called
JESOVIEW. This application uses technology ArcGIS
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possibilities, inform about news in JESO and also make
training courses for JESO editors.

Online and Arc GIS API for Java Script. This application is
integrate into JESO system. This technology enables
making direct links to other database applications (e. g. DR
USOP). Links of this application are situated at the web
page http://jeso.nature.cz or direct URL http://webgis.
nature.cz/jesoview.

5.1. JESO and Czech Speleological Society (CSS)
Czech Speleological Society is a national caving association
of Czech cavers. Members of CSS have cooperated on
filling database since beginning.

Map application uses public map services (for example base
maps of the Czech Republic, cadastral maps, geographical
data of digital elevation model, maps of protected areas and
Nature 2000 network, geographical names, waters) from
servers of Czech Office for Surveying, Mapping and
Cadastre, Czech Environmental Information Agency,
Nature Conservation Agency of the Czech Republic, Czech
Geological Survey and others institutions. JESOVIEW
makes thematic compositions from those services and their
layers. It is possible to make a query on a chosen object or
use an information from other public databases (Cadastre,
geological data, data of protected areas and of course data
of JESO).

Tradition of speleological research by Czech Speleological
Society has started approximately in the middle of the
twentieth century. Since that time, many documents and
data have been collected in the central CSS archive and
local and private archives that are mutually isolated.
Because of the non-conceptuality and fractionalism,
evaluation of these data is very problematic. JESO can
collect and process those data without losing their historical
value.
Actual speleological researches are another source of data
of CSS. Speleological research is allowed only by a
permission according to the Conservation of Nature and
Landscape Law. One of the permission conditions is
delivery of the copies of a text report, photos and map
documentation to the nature conservations authorities.
These institutions are also informed about possibilities of
JESO system and progressively they give a requirement of
filling data of research to JESO.

5. Data and cooperation with other organizations
There are many organizations in the Czech Republic, whose
share in some activities connected with caves. They can use
information from JESO. They also can fill in result from
their researches or other specialities. There are e.g., the
Academy of Sciences of the Czech Republic, Czech
Geological Survey, museums, universities, high schools and
last but not least two organization occupying with caves –
Czech Speleological Society (CSS) and Cave
Administration of the Czech Republic.

Archive materials of CSS (reports, maps, photos from
historical and present researches) thus became one of the
data pillars of JESO system.

Every information system must contain quality and verified
data. This is the reason for connection those organizations
and others research workers to editing activities in JESO
system. Authors and administrators of JESO systems
(authors of this article) present this system and its

5.2. JESO and Cave Administration of the Czech
Republic
The Cave Administration of the Czech Republic manages
in total 14 show cave systems and its Department of Cave

Figure 3. Karstological division of the Czech Republic.
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and other documentation. Materials are scanned into PDF
format and input into JESO (into the sections Photos, Maps,
Other documentation, Bibliography).

6. Conclusions
The Unified Database of Speleological objects represents
elaborated and comprehensive information system of karst
and pseudokarst phenomenons in the territory of the Czech
Republic. It is part of Nature Conservancy Information
System administrated by Nature Conservancy Agency of
the Czech Republic. Filling up this system with data is
realized in cooperation with many organizations and
subjects including Czech Speleological Society.

Cave Administration of the Czech Republic has been
involved in JESO since its formation. It gives first data
about caves into JESO (information about location and
description of show caves and other caves).
Database JESO was filled with primary data (about 3 500
objects) in cooperation with Cave Administration of the
Czech Republic. These data are from publication
JESKYNĚ issued in edition Protected areas in the Czech
Republic in 2009. Many documentations of archive of Cave
Administration of the Czech Republic were utilized in this
publication. Its archive is next important source information
about karst and pseudokarst of the Czech Republic, not only
about 14 show caves, but also about protected research,
monitoring, maping and so on. Archive materials of Cave
Administration of the Czech Republic therefore are another
pillars of the FESO system.
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Much information are in archive of NCA CR. There are data
from reports of inventory researches of specially protected
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In 2011 a speleological map of the Kanin Massif (Slovenia) in the scale 1:10,000 was published in order to provide the
cavers with a map which contains all valuable information for preparation of their expeditions and orientation in the field.
The map consists of three maps of the Kanin, Rombon and Srnica areas. On the map all available toponyms are presented,
hydrological features and infrastructure. Concerning the symbology of the caves three data sets are presented: cave depth,
cave type and data quality. Ground plans of larger caves are added to the map as well. In a supplement to the speleological
map a list of all caves with their basic characteristics is presented.

1. Introduction

The plan views of larger caves are added on the map as
well.

The Kanin Massif is located in the Western part of the Julian
Alps (Slovenia). It is a high mountain karst terrain most
famous for the high density of deep caves. At the Kanin and
nearby Rombon area there are five pits deeper than 1,000 m,
the deepest one being Čehi 2 with a depth of 1,502 m.
As the Kanin massif is still believed to be one of the most
perspective areas in terms of finding new deep caves many
international caving expeditions are organised in the area
on a regular basis. So far the cavers had to depend on
cartographic data from various sources. In 2011 the
Speleological map of the Kanin massif was published in
order to provide the cavers with a map which contains all
the valuable information for preparation of their expeditions
and orientation in the field. Moreover, a supplement to the
speleological map was prepared; in the supplement a list of
all caves with their basic characteristics is presented.

2. Map characteristics
The map of the Kanin Massif consists of three maps in the
scale 1:10,000 – maps of the Kanin, Rombon and Srnica
areas. A map with an overview of the broader area was
added for a better orientation. The maps are presented in
Gauss-Krüger projection.
The cartographic basis for the map is the topographic map
in the scale 1:10,000, overlain with a layer of the forested
areas and a shaded relief map. All available toponyms are
placed on the map as well as the hydrological features, such
as permanent and intermittent waterflows, waterfalls, lakes
and springs. The following infrastructure is presented on
the map: marked Alpine paths (with defined difficulty),
paths and roads (the path towards the cave bivouac is
highlighted), cableways and their stops, mountain hut, cave
bivouac, locations of summer camps, auxiliary heliport, etc.

Figure 1. Front page of the Speleological map of the Kanin Massif.

3. Supplement to the map
A Supplement to the map of the Kanin Massif is added to
the map in a form of a small booklet. In the supplement
there is a list of all caves with their characteristics. For the
preparation of the map all records in the Cave registry for
the local caves were examined. The quality of the
documentation was evaluated. On the map, the overall data
quality is presented.

Concerning the symbology of the caves three data sets are
presented: cave depth, cave type and data quality. The size
of the symbol is defined by the cave depth, and the shape
of the symbol by the cave type defined in the Cave
registry.The quality of the data for the caves in the Cave
registry (overall quality) is presented with a colour of the
symbol. Each cave is marked with a registry number from
the Cave registry; the names of larger caves are added too.

In the first part of the supplement the caves are sorted
according to their cave registration number in the Cave
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• Location: coordinates, altitude, source of cave location
determination, estimated location precision;
• Entrance morphology: cave entrance dimensions, depth
of the entrance pit;
• Cave morphology: cave depth, cave length, primary type;
• Exploration information;
• Documentation: quality of the documentation;
• Cave types.

9. Conclusion
The Speleological map of the Kanin massif and the
Supplement to the map present a valuable tool, an
instrument for more efficient research planning and
exploration, especially with the implemented evaluation of
the data quality provided by the Cave registry.

Figure 2. A section of the map.

registry, and in the second part the caves are presented in
the alphabetical order. For each cave the following groups
of attributes are presented:

The map is not for sale – it is handed out free of charge at
the Cave registry of the Speleological Association of
Slovenia in Ljubljana (kataster@jamarska-zveza.si).

• Identification: cave registration number, official name and
eventual synonyms;
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The famous “bird’s nest caves” of Gomantong Hill, Sabah, are believed to have been extensively modified by zoogenic
erosion. We have mapped the caves and the overlying land surface with unprecedented precision, by integrating aerial
photogrammetry using an autonomous drone, three-dimensional cave laser scanning at millimeter resolution, differentiallycorrected geodetic GPS, and conventional compass-based cave surveying techniques. These data provide exceptional
insights into the interplay of biology and geomorphology, with direct benefits for sustainable management planning.

1. Introduction

2. Methods

In recent years, the increasing availability and decreasing
size of three-dimensional laser scanners, sometimes called
“terrestrial LiDAR” (T-LiDAR, or TLS) scanners, has
spawned numerous examples of their use underground.
Early examples include Marais (2005), and Fryer et al.
(2005). Until recently, these projects have been largely of a
proof-of-principle, or of a simple imaging nature, and have
been generally limited to geometrically simple cave passage
morphologies (e.g., Gonzalez-Aguilera et al. 2009). Current
trends are towards the use of 3D laser scanning technology
to address specific scientific questions, such as passage
stability analyses (Lyons-Baral 2012), bat counting (Azmy
et al. 2012) and ice volume studies (Milius and Petters
2012, Buchroithner et al. 2011, 2012; Petters et al. 2011).
There has also been an increase in the scanning of
progressively more technically difficult and complex caves
(e.g., Buchroithner and Gaisecker 2009; Addison 2010).
Here we present a study that integrates high-resolution 3D
scanning of complex cave morphologies with highprecision photogrammetric modeling of land surface
topography, with the goal of investigating the speleogenesis
of distinctive large cave passages in tropical karst structures.

Simud Hitam and Simud Puteh are two large volume
limestone caves known for their culturally and
historically important bird’s nest harvesting industry (e.g.,
Burder 1961; Wilford 1964; Price 1996; Lim and
Cranbrook 2002) that are located in Gomantong Hill,
Sabah, Malaysia (5.52986° N, 118.07164° E). The best
publicly available digital elevation model data for
Gomantong Hill is the 30 m resolution ASTER dataset
(http://asterweb.jpl.nasa.gov/gdem.asp), which is two
orders of magnitude too coarse for our purposes. Hence, we
obtained high-resolution imagery over the site using a
Gatewing X100 autonomous drone (http://www.gatewing.
com/X100), an aerial vehicle with a wingspan of 100 cm
and thus well-suited to transport to remote locations. The
vehicle was flown at 400 m elevation, obtaining a dataset
of 240 overlapping images with ~ 6 cm geometric resolution
and covering 2.1 km2 (Figure 1a). Control points were taken
using a Trimble GeoXH 600 geodetic GPS receiver (which
provided ~ 25 cm real-time precision under tropical forest
canopy) and a Trimble NetR9 base station providing
centimeter-level
post-processing
precision.
Photogrammetric processing of the Gatewing imagery was

Figure 1 (a) Gatewing imagery, nest collectors longhouse, Gomantong. (b) Gatewing imagery draped over reconstructed digital surface
model, Gomantong Hill.
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Figure 2. (a) 3D point cloud in FaroScan, Simud Hitam entrance. (b) Plan of Simud Hitam based on LiDAR data, with centimeterprecision wall detail.

performed using “Stretchout” software (http://www.
gatewing.com/stretchout), employing a mean of 3080
keypoint observations per image. The final digital surface
model has x/y and z axis means of 0.198 ±0.12, and 0.109
±0.08 and one sigma errors of 1.095 ±1.07 meters
respectively (Figure 1b).

Table 1. Survey statistics for the Gomantong Caves.
Simud Hitam

Simud Puteh

Surface length (m)

190.5

388.7

Surface width (m)

230.2

537.4

88

188.5

3,498,547

39,379,506

Surface area (m )

43,842

208,884

cave floor area (m2)

15,549

38,640

1,083,664

963,000

Depth (m)

Three-dimensional cave scanning was performed using a
FARO Focus3D instrument, generally at ¼ resolution mode
(= 244,000 points/seconds, yielding x-y point cloud spacing
of 12.5 mm, ±2 mm ranging error, at typical wall/roof
distances of 20 m), with additional scans at full resolution
(x-y-z point cloud spacing of 3.1 mm, ±2 mm at 20 m) where
required for specific geomorphological analyses. Data
processing was done with FaroScene software (Figure 2a).

Enclosed rock volume (m )
3

2

Cave volume (m )
3

Volume density for Simud Hitam is 30.9 %, and for Simud
Puteh it is 2.4 %. The volume density of Simud Hitam (the
Lower Cave) is much greater than would be anticipated by
modern hydrological conditions. It is believed that it is the
result of extensive biogenic erosion driven by physiological
processes associated with the large bat and swift
populations, and by guano decomposition (Lundberg and
McFarlane, 2012). These processes generate distinctive
small-to-medium scale geomorphological features which
we have termed “apse flutes”. The integration of terrestrial
LiDAR scanning with conventional cave cartography has
enabled us to generate cave plans with centimeter precision
and which allow these biogenic features to be quantified for
the first time. Simud Puteh has been much less modified by
these processes, apparently because of its proportionally
smaller bat and swift population sizes. Thus, Simud Puteh
better preserves the passage morphologies of the original
“hydrological” speleogenetic processes.

The cave was also surveyed using conventional compassbased survey techniques with a SuuntoKB-14/360R compass,
a Bosch DNM6 digital inclinometer custom-fitted with a
laser pointer (±0.1 degree precision), and a Leica Disto.
Lite 5 laser rangefinder (±3 mm precision). Data were
processed in COMPASS software, version 5.06
(http://fountainware.com/compass/). Passage walls were
drawn by integrating a “slice” of the T-LiDAR data with
the COMPASS baseline, providing an exceptional degree
of wall detail (Figure 2b).

3. Results
Survey statistics for the two caves appear in Table 1. A total
of 69 scans, comprising in excess of 5 billion data points,
were obtained in the lower “Black Cave” (Simud Hitam),
and merged and processed with Faro Scene 5.0 software
(http://www.faro.com/focus/us/software). A further 55 scans
were made in the upper “White Cave”, Simud Puteh.

Cave T-LiDAR scanning provides additional data that can
be of value in biological inventory and management studies.
Azmy et al. (2012) have shown that T-LiDAR can resolve
individual bats on cave roofs with sufficient resolution to
distinguish species identifications in some cases. At
Gomantong, we have shown that T-LiDARdat can easily
discriminate swift nests on cave roofs, and we are currently
developing automated counting algorithms based on nest
versus limestone laser reflectance values. This technique
may prove to be useful in long-term swift population
monitoring, which is a prerequisite to effective management
of a sustainable nest collection industry.

4. Discussion and Conclusions
A standard statistic produced by COMPASS cave survey
processing software is “volume density”, a rough estimate
of the proportion of the rectangular block bounded by the
x, y, and z extremities of the cave occupied by cave passage
(the later generally derived from simple polygon estimates
of cave volume).
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NATURAL AND ANTHROPOGENIC FACTORS INFLUENCING
THE KARST DEVELOPMENT IN THE NE ATHENS AREA, GREECE
Kyriaki Papadopoulou-Vrynioti, George D. Bathrellos, Hariklia D. Skilodimou
Department of Geography-Climatology, Faculty of Geology and Geoenvironment, National and Kapodistrian
University of Athens, University Campus, 15784, Zografou, Athens, Greece, papadopoulou@geol.uoa.gr,
gbathellos@geol.uoa.gr, hskilodimou@geol.uoa.gr
Several factors such as physical process factors and human activities influence the karst development. The aim of the
present study is to identify the influence of natural and anthropogenic factors in karst development using a GIS approach.
The case study area was the north-eastern part of Athens area in central Greece. Karst-related factors such as geological
(lithology and tectonics), hydrological-hydrogeological (hydrographic network, springs), climatological (precipitation),
geomorphological (slope, aspect elevation), and anthropogenic (road network and land use) along with the existing karst
features were statistical evaluated. Each factor was separated into various classes and the density distribution of the karst
formations in each class of the adopted factors was calculated. Concerning the natural factors, the statistical analysis
suggested that the extensive development of marble formations, in the study area, have led to the creation of karst features.
The karst of the study area is “directed” from the tectonic, and the caves are mostly “fissure caves” so the nearby areas to
the tectonic elements are susceptible to karstification processes. Smooth slopes favor the karstification processes, while
the majority of the karst formations are manifested in north quadrant facing slopes. The increasing of the elevation is not
directly related with the karst landform density. On the contrary, the increase of karst feature density values associated
with a rise in amount of precipitation. Regarding, the influence of anthropogenic factors, it was found that the proximity
to road network related with an increase in occurrences of karst landforms. The polje and the dolines are cultivated because
of their existing fertile soil that is “type of polje”. The permanent karstification processes caused the development of many
caves in the forest.

1. Introduction

scope the above mentioned factors along with the existing
karst landforms were evaluated. The case study area was
the NE Athens region in central Greece. The processing and
the evaluation of the various thematic layers of the adopted
factors and karst features were performed in a GIS.

Karst features developed on the surface and subsurface, are
frequently used for several activities such as agriculture,
mining and tourism (Papadopoulou-Vrynioti 1999). In
many cases karst formations are a geological hazard and
can cause serious engineering problems such as subsidence
(Paris and Gunn 2007).

2. Geological and geomorhological settings

Several factors such as physical process factors and human
activities influence the karst formations. Geomorpholocical,
geological hydrogeological and climatological are physical
process factors affecting to karst feature creation (Gillieson
1996, Papadopoulou-Vrynioti 2004). Although natural
factors have a high influence to the karst development, they
are often exacerbated by human activities. Anthropogenic
factors such as urban development, quarrying, and road
constructions in many cases cause karst collapse (Brezinski
2007). On the contrary many caves were found and
protected during human constructions (Slabe, 1997).

The study area is located in north-eastern part of Athens and
especially in northern place of Stamata that is a suburb of
Athens Area (Fig. 1). The Marathon artificial lake is
extending at the northern part of the study area.

During the last two decades Geographical Information
Systems (GIS) and remote sensing have become integral
tools for the evaluation of natural phenomena (Bathrellos
et al. 2009). Moreover, GIS is a valuable tool for the spatial
analysis of a multi-dimensional phenomenon such as karst
development.
The aim of the study is to recognize the influence of natural
and anthropogenic factors in karst development using a GIS
approach. For this reason geological (lithology and
tectonics), hydrological-hydrogeological (hydrographic
network, springs), climate (precipitation), geomorphological
(slope, aspect elevation), and anthropogenic (road network
and land use) factors were used. In order to accomplish this

Figure 1. The location map of the study area.
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appearance were examined throughout the study area,
having affected an area up to 39,684 m2. The recorded karst
features were separated as 36 small caves, 2 dolines and 1
polje. It should be mentioned that the polje and the dolines
are cultivated.

The study area covers 6.1 km2 and characterized by a low
hilly relief with altitudes varying from 100 to 380 m a.s.l
and its hydrographic network has a seasonal flow.
According to the hydrometeorological data, for a timeperiod of 20 years (1980–2000), the mean annual
precipitation of the broader study area that has occurred
over the past 20 years is from 740 mm to 567 mm.

Extended field observations, personal knowledge and
experiences as well as the literature (i.e. Gunn 2004;
Papadopoulou et al. 2012) were the basis for the selection
of the appropriate factors and the determination of the
classes’ number as well as their boundary values. The
lithology, the distance from tectonic elements, the distance
from hydrographic network, the distance from springs, the
slope angle, the slope aspect, the elevation, the mean annual
precipitation, the distance from road network and land use
of the study area were the selected factors. Each factor was
then separated into various classes.

The geological formations that can be identified in the study
area are schists and marbles of Almyropotamos-Attiki
autochthonous unit and Neogene deposits. Schists have age
Lower-Middle Triassic while marbles are of Mesozoic to
Middle Eocene age. The Upper Miocene sediments
comprise of coarse-grained fluvio-lacustrine with
intercalations of marly-travertinoid limestones and finegrained lacustrine-terrestrial formations (Katsikatsos 2002).
The dominant directions of the fault system of the study
area are NNW-SSE and NE-SW (Lozios 1993).

Degree of karstification is connected to karst formations
occurrences (Milanovic 2000) so lithology is the principal
decisive factors regarding the karst landforms
manifestation. The geological settings of the study area
based on literature (Katsikatsos 2002) and fieldwork were
used for the classification of lithology. The distinctive
geological formations were digitized and were classified
into four categories, namely: marbles, schists, coarsegrained and fine-grained sediments (Fig. 4A).

3. Methods
The data used in this study consist of:
1. Extended field investigation,
2. The topographic maps (maps scale 1:25,000 and 50,000),
3. The geological map (map scale 1:50,000) (Katsikatsos,
2002),

In the study area an important role in the karst landforms
occurrences plays the active tectonics. The observations
during the fieldwork and the literature (Katsikatsos 2002)
were used for the collection of the various tectonic features.
The joints and the main axes of he karstic forms of the area
was recorded and processed based on their linear
characteristics and especially their strike. The software
Rockware was used for the creation of the rose diagrams.
Two coincined directions were identified for both joints and
karst features with the following principal strikes: N50°–60°
and N170°–180° (Fig. 3). The statistical processing of the
joints was performed with the use of 107 linear features.

4. Air photos (scales 1:30,000 and 1:15,000)
5. Precipitation records from seven (7) hydrometeorological
stations, belonging to the Ministry for the Environment,
Physical Planning and Public Works. These records
referred to mean annual precipitation for the period of
1980–2000 and
6. Orthoimages for the period 2007–09 from the Ministry
for the Environment, Physical Planning and Public
Works.
A spatial database was created, and ArcGIS 10 software was
used to process the collected data. The karst occurrences in
the study area and the seven influencing factors have been
recorded and saved as separate layers in the database.

Figure 3. The directions of the joints (a) and the main axes of karst
feature (b) in the study area.

Figure 2. The spatial distribution of karst landforms.

Moreover, buffer zones were formulated around the
digitized tectonic features (faults, overthrusts, etc.) at
distances of 50 m, 100 m, 150 m and 200 m (Fig. 4B). Thus,
the classes of the buffer zones are five, namely: (i) the
nearest (0–50 m), (ii) the very near (51–100 m), (iii) the
near (101–150 m), (iv) the moderate distant (151–200 m)
and (v) the distant (> 200 m).

A karst feature inventory map (Fig. 2) of the study area was
created based on the karst landforms, recorded during the
fieldwork of this study, but also those recorded from
previous works (Petrochilos 1952). 39 sites of karst

The hydrographic network was derived from the
topographic sheet and digitized as line layer in the GIS
database. Buffer zones were generated around the streams
of the area, at distances of 50 m, 100 m, 150 m and 200 m
321

Karst and Cave Survey, Mapping and Data Processing – poster
(Fig. 4C). The classes of the buffer zones are also five, like
for tectonic elements: (i) the nearest (0–50 m), (ii) the very
near (51–100 m), (iii) the near (101–150 m), (iv) the
moderate distant (151–200 m) and (v) the distant (> 200 m).
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As it is well known, precipitation is among the most usual
influencing factors for karst development. The
hydrometeorological stations used are well distributed in
the study area both hypsometrically and territorially, giving
very good results regarding the distribution of the
precipitation. The mean annual rainfall of the area is
between 584.3 mm to 640.4 mm. For the necessities of this
study, the rainfall map was produced, using the data of the
main hydrometeorological stations in the area and applying
the Inverse distance weighted (IDW) interpolation method.
This map was separated into 4 classes, i.e.: (i) < 590 mm,
(ii) 591–610 mm, (iii) 611–630 mm, and (iv) > 630 mm.
(Fig. 5D).

The existence of a phreatic aquifer or groundwater table is
proved by the presence of surface springs in a region. The
springs indicate the existence of groundwater table in the
study area, since the soluble formations (marbles) overlie
insoluble formations (schists). As in the previous case
buffer zones were generated around the springs at distances
of 50 m, 100 m, 150 m and 200 m and the same numerical
classes were created (Fig. 4D).

Figure 4. (A) The lithological map of the study area, (B) Distance from tectonic elements, (C) Distance from hydrographic network
and (D) Distance from springs.

The karst development is affected by the angle and the
aspect of the slopes. The topographic sheet was used as data
source to obtain the contours with 20 m intervals that were
digitized and saved as line layer. The digitized elevation data
were utilized for the creation of a Digital Elevation Model
(DEM) using 3D Analyst extension of ArcGIS, and the slope
layer was extracted from it. The grid map of the slope angle
was classified into 5 classes, as follows: (i) <5°, (ii) 5–10°,
(iii) 11–15°, (iv) 16–20°, and (v) > 20° (Fig. 5A).

In many cases human activities effect karst development
(Millanovic 2000). Therefore, the road network and land
use were chosen as a principal factors. The road network
was digitized, using the topographic sheet as data source.
Buffer zones were created around the roads of the area at
distances of 50 m, 100 m, 150 m and 200 m. The classes of
the buffer zones are five, similar to tectonic elements and
hydrographic network: (i) the nearest (0–50 m), (ii) the very
near (51–100 m), (iii) the near (101–150 m), (iv) the
moderate distant (151–200 m) and (v) the distant (> 200 m)
(Fig. 6A).

The slope aspect map was generated based on the slope
angle map. The slope aspect map was classified into four
categories, that is N 315–45°, E 45–135°, S 135–225°,
W 225–315°(Fig. 5B).

The variations of the vegetation in an area in many cases
affect the karst feature creation (Pfeffer 2010). For the
necessities of this study the data for the land use were taken
from orthoimages and the land use, which reflects the
vegetation covering, was classified into 5 categories as
follows: (i) agricultural land, (ii) coniferous forest, (iii)
grassland, (iv) shrubland, and (v) transitional
woodland/shrubland (Fig. 6B).

Regarding the elevation a grid map of it was produced from
the Digital Elevation Model. The division of the elevation
was done into six classes: (i) < 150 m a.s.l., (ii) 150–200 m
a.s.l., (iii) 201–250 m a.s.l., (iv) 251–300 m a.s.l.,
(v) 301–350 m a.s.l. and (vi) > 350 m a.s.l. (Fig. 5C).
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The area of karst formations involved in each class of the
parameters was calculated in order to establish the density
of karst incidences. Thus the density distribution of karst
events in each class of each parameter was computed. This
statistical analysis was used in various studies (Bathrellos
et al. 2009; Rozos et al. 2011) for the landslide hazard
evaluation using GIS.

The lithology of the study area controls the occurrences of
karst formations. The maximum density value of karst
events was observed in the area underlain by marbles
(74.5 %) as it is demonstrated in Table 1. The percentages
of the lithological formations, in relation to the entire extent
of the study area, are the following: 51.3 % for marbles,
21.7 % for schists, 25.6 % for coarse-grained sediments, and
1.4 % for fine-grained sediments. In the carbonate rocks
such as marbles that has the largest development among the
other formations of the study area, karstification is high,
resulted the existence of many karst landforms. The coarsegrained sediments have a medium value of karst formation
density while in the fine-grained sediments the value is
zero. The appearance of limestone intercalations in the
Neogene coarse-grained sediments explains the medium
value of karst formation density in contrary to the finegrained sediments that due to their lithology the density
value is zero. The percentage (0.32 %) of karst formation
density within schists is due to the fact that pseudo-karst
features produced along with lithological discontinuity such
as schistocity.

4. Results and discussion
The adopted factors and their classes are presented in
Table 1, together with the density of the karst development.
The density of karst formations is the ratio between the
areas covered by the pixels of karst formations, which
represent a class of a factor and the total karst formation
area. This density, expressed in percentages, was considered
to be the basic parameter for the determination of the
influence of every principal factor class in karst
development.
Table 1. Classes of adopted factors, with karst landform density
distribution for each class.

Regarding the tectonics, the near distance approximately
(101–150 m) to the tectonic elements had the maximum
percentage value of karst development density (27.73 %).
The next higher proportion value of density (25.02 %) was
noticed within the very near distance (51–100 m) (Table 1).
Consequently in the study area, areas close to the tectonic
elements are prone to the karst landform development. As
it was observed from fieldwork the studied cave belongs
mostly to the type of “fissure caves”. The directions of the
rose diagrams of joints and karst features (Fig. 3) show that
there are two main coincident strikes. The main strikes of
joints and karst features are parallel to NNW-SSE and
NE-SW striking fault system. This fact means that the karst
of the study area is “directed” from the tectonic.

Natural factors
Lithology
Marbles
Schists
Coarsegrained
sediments
Fine-grained
sediments

Density
(%)
74.48
0.32
25.20

Density
(%)
1.76
25.02

101–150
27.73
0.00
151–200
>200

Distance from
hydrographic
network (m)
0–50
51–100
101–150
151–200
>200

0.44
1.95
2.46
8.25
86.89

Slope angle
<5°
6°–10°,
11°–15°,
16°–20°
>20°

62.32
21.99
7.31
2.90
5.48

12.10
33.40

Distance from
springs (m)

Elevation (m)
<150
0.88
15–200
1.01
201–250
3.40
251–300
62.26
301–350
31.70
>350
0.76
Anthropogenic factors
Distance from
roads (m)
0–50
31.25
51–100
51.98
101–150
13.42
151–200
2.58
>200

Distance from
tectonic elements
(m)
0–50
51–100

0.76

0–50
51–100
101–150
151–200
>200

0.32
8.51
12.22
24.26
54.69

Slope aspect
N 315°–45°
E 45°–135°
S 135°–225°
W 225°–315°

73.28
11.09
5.29
10.33

Rainfall (mm)
<590
591–610
611–630
>630

0.00
5.48
93.76
0.76

About the hydrographic network, the maximum density
value of the karst landforms (86.89 %) was observed within
a distance of approximately higher than 200 m from any
given stream. Additionally the density values of the karst
features (54.69 %) reaches its maximum value within the
distance class (> 200 m) for any given spring. Therefore,
the percentage of karst landforms density accretes as the
distance from the hydrographic axes and springs increases.
The presence of unsaturated water favors the karstification
processes so as the distance from streams and springs
increase, it becomes more intense.
The smooth slopes (< 5°) of the study area included the
maximum density of the karst development (62.3 %) and
were followed by moderate slopes (6–10°). The value of the
density of the karst landforms potentially decreases with
increasing of slope angle value as shown in Table 1. Flat
areas with a slope angle less than 3° favor the karst
formations development, since the planation surfaces prone
to karstification, so the karst density has the highest value
among the others within the smooth slopes (< 5°).

Land Use
Agricult. land
Conif. forest
Grassland
Shrubland
Transitional
woodland/shrubland

2013 ICS Proceedings

79.84
18.27
0.13
1.64

The highest value of karst landform density (73.3 %) was
commutated within slope aspect refers to “N 315–45°”
class. As it was revealed from the fieldwork, most of the
karst formations are manifested in the slopes with
orientation from northwest to northeast so this class has the
highest value of the karst density. The northern facing

0.13
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Figure 5. The spatial distribution of: (A) the slope angle, (B) the slope aspect, (C) the elevation and (D) the mean annual rainfall.

slopes are exposed to lower amounts of sunlight and heat
during the winter compared to those with southern
orientations. As a consequence, in these areas favor the
karstification processes.

The maximum value of karst density percentage (79.84 %)
was is attributed to agricultural areas. The polje and the
dolines of the study area are cultivated because of the type
of their soils, so this high density value is justified.
Moreover, a high percentage value of karst feature density
(18.27 %) was observed in forest, since there is infiltration
of the rainfall water thereby creating favorable conditions
for karstification. The high density value of karst features
and especially caves in forest caused by the fact that in soil
covered karst the karstification processes is intense and
continuous all over the year. As a result many caves are
developed.

Concerning the elevation, the fourth class (251–300 m
a.s.l.) had the highest value of density percentage of the
karst landforms (62.26 %). The next higher value (31.7 %)
of density among the others was calculated within the fifth
class (301–350 m). Thus, the increasing of the elevation is
not in a direct relation to the karst landform density. In the
study area, the elevation contributes to karst formations, in
relation to the other factors, such as lithology, tectonics,
surface run off, and precipitation.

5. Conclusions

Finally, concerning the natural factors, the highest value of
the karst feature density (93.76 %) was observed within the
third class (611–630 mm) of the rainfall. Karst development
density percentage is higher as the precipitation increases.
Climate is an important factor directly related with
karstification processes. In terms of precipitation, the rate
of karstification is quick in humid and hot areas (Bogli
1980). Consequently, in the study area as the precipitation
became higher so much favor the karstification processes.

In the present work the factors control the development of
surface and subsurface karst features were examined. For
this purpose, a statistical analysis was performed by the
calculation of the density distribution of the karst features
in each class of every one of the adopted natural and
anthropogenic factors using GIS. The north-eastern part of
Athens in central Greece was the case study area.
Concerning the natural factors the lithology greatly
influences the occurrences of karst formations and the
extensive appearance of marbles has the highest value of
karst feature density. The karst of the study area is
“directed” from the tectonic, as the studied caves are mostly
“fissure caves” so the areas close to the tectonic elements
favor the karst development. The percentage of karst feature
density accretes as the distance from the hydrographic axes
and springs increases. Smooth slopes favor the
karstification processes, since the karst landform density
has the highest value among the others within these slopes.

Relating to the anthropogenic factors and especially the
road network the highest percentage of karst development
density (51.98 %) refers to the “very near” class. The results
of the table 1 show that the percentage of karst development
density reduces as the distance from the roads increases.
The stability of existing subsurface karst features are
disturbed from the road network constructions resulting, the
acceleration of their surface appearance (Slabe 1997).
Therefore, the proximity to road network related with an
increase in occurrences of karst landforms.
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Figure 6. (A) Distance from road network, and (B) the land use of the study area.

The majority of the karst formations are manifested in north
quadrant facing slopes. The increasing of the elevation is
not directly related with the karst landform density. Climate
affects the karst development, since the increase of karst
feature density values associated with a rise in amount of
precipitation. Finally, the influence of anthropogenic
factors, in karst development was identified. The proximity
to road network related with an increase in occurrences of
karst landforms. The cultivation of polje and dolines is
caused by the fertile soil which fills them and that is of the
“type of polje”. The permanent karstification in the forest
led to the creation of many caves.
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THE SPATIAL DISTRIBUTION OF KARST ECOSYSTEM USING
GIS IN ATTICA, GREECE
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Karst ecosystem is defined as the environment with its living elements and the factors that affect it. The presence of karst
rocks affects directly in karst ecosystem. In Greece the most common karst rock outcrop is carbonate and especially
limestone that supplies the soil with necessary materials to improve its quality. For these reasons, the karst rocks are
frequently used for cultivation but in many cases, the intensive human actions have negative effects on a fragile karst
ecosystem.
In the present study the spatial distribution of the carbonate rocks of Attica area were combined with human actions
influencing to karst ecosystem. Although several karst landforms (surface and underground) are developed in Attica, the
human activities have caused changes in the physical environment. Especially, during the last decade massive wildfires
took place in the area leading to further degradation of natural environment. Moreover the area of karst ecosystem that
may be at hazard due to rocky desertification was estimated. To accomplish this goal, the carbonate rocks, and the land
uses along with the mapped burned areas during the period 2000–2012 of the study area were evaluated. The processing,
the evaluation and the statistical analysis of the thematic map data were performed with GIS capabilities.
According to the applied statistical analysis 3.3 % of the total area of the carbonate rocks is covered by urban, 13.1 % by
agricultural, 17 % by forest and 66.5 % by shrubby and sparsely vegetated land up to the year 2000. From the antiquity
until present the several massive wildfires fires had occurred in the area destroying the pinus forests resulting the majority
of the area of carbonate rocks to be covered by shrubs and sparsely vegetation. Nevertheless, a high percentage of the area
of carbonate rocks is covered by forests while the percentage of the agricultural area of carbonate rock is relative high.
For the same time period the majority (40.1 %) of the study area was covered by shrubs and sparsely vegetation, 33.3 %
by cultivations, 14.7 % by urban areas, and only 11.9 % by forests. The percentage of urban area is high because it includes
the urban fabric of the city of Athens which is the capital of Greece. During the last decade the percentages of the area that
is covered by agricultural, forest and shrubby and sparsely vegetated land were decreased. The highest decrease was
observed in the shrubby and sparsely vegetated areas. The fires that took place during the last decade have caused the
considerable reduce of the natural vegetation leading to rock desertification. The burned land covers 11.6 % of the total
area of the carbonate rocks and this part of karst ecosystem was considered to be at hazard. The deforestation of the natural
vegetation has negative effects in the karstification processes, in the soil quality, water, plant and animal growth, people,
consequently to the karst ecosystem.

1. Introduction

Vrynioti 1999). The karst rocks supply soils with necessary
materials to improve their quality. Soils are a significant
link in the food chain as they transport trace elements and
compounds not only to the plants but to water, animals and
people directly or indirectly (Urushibara-Yoshino 1993;
Kabata-Pendias and Pendias 2001).

Karst ecosystem is defined as the environment with its
living elements and the factors that affect it (Gary et al.
1973). According Yuan (2001) karst ecosystem is restrained
by karst environment and may reflects how the karst
environment affects life and the opposite one.

For these reasons, the karst landforms are frequently used
for several activities such as agriculture, mining and tourism
(Papadopoulou-Vrynioti 1999). In many cases, the intensive
human activities on a fragile karst ecosystem causes the
karst rocky desertification involving serious soil erosion,
drastic decrease in soil productivity, and the appearance of
a lithologic desert almost devoid of soil and vegetation
(Wang et al. 2004)

Natural factors such as geomorphology, geology,
hydrogeology, and climate control the karst feature creation
(Papadopoulou-Vrynioti 2004). Especially lithology is
among the most decisive factors in the development of
karst. The karstification in carbonate rocks is important,
causing the appearance of many karst formations.
Consequently the presence of karst rocks affects directly in
karst ecosystem (Tepsongkroh 2000).

Geographical Information Systems (GIS) and remote
sensing have become integral tools for the evaluation of
natural phenomena (Bathrellos et al. 2009). Moreover, GIS
is a valuable tool for the karst mapping (Hollingsworth et
al. 2008).

The most common karst rock outcrops are the carbonate
ones and especially limestones. Limestones consist of
calcite and other impurities such as clay, silicon dioxide and
iron compounds (Bogli 1980). In the most regions of
Greece, soils include large contents of calcite and
consequently calcium that it reaches up to 70 %, because of
the large spatial extend of limestones (Papadopoulou-

Several karst landforms are developed in Attica region
(Papadopoulou et al. 2012). On the contrary human
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activities in the area cause changes in its physical
environment (Skilodimou et al. 2002; 2006). Especially,
during the last decade massive fires took place in the area
leading to the further degradation of the natural
environment.
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The type of climate of the study area is Mediterranean with
a rainy period which strarts in October and ends in April.The
mean annual precipitation of the study area is low and
fluctuates from 286.4 mm to 483.1 mm (Skilodimou 2002).
In the antiquity, the Attica region used to be a famous
cultural centre of Greece. Nowadays, the study area has
been affected by strong human interventions that have
altered its morphology and natural environment during the
last decade of 20th century. The intensive urbanization and
the uncontrolled building construction have been caused
many environmental problems not only in the city of Athens
but in the whole of Attica region (Bathrellos et al. 2008).

In the present study the spatial distribution of the carbonate
rocks of Attica area were combined with human actions
influencing to karst ecosystem. Moreover the area of karst
ecosystem that may be in hazard due the rocky
desertification was estimated. To accomplish this goal, the
carbonate rocks, and the land uses along with the mapped
burned areas during the period 2000–2012 of the study area
were evaluated. The processing and the evaluation of the
thematic map data were performed with GIS capabilities.

The geological structure of the area under study comprises
alpine and post alpine formations. The alpine formations
belong to three main stratigraphic units, which are: the
Pelagonian unit, the autochthonous unit of Attica and the
nappe of Lavrio-Attica (Fig. 2). The Pelagonian unit
consists of clastic formations, limestones, dolomites
ophiolithic formations, transgression limestone, iron
manganese ores and flysch. The autochthonous unit of
Attica comprises mainly schists, marbles and limestones,
while the nappe of Lavrio-Attica consists of phyllite, schist
and metalliferous ores. The post alpine formations from the
older to the more recent are: Neogene deposits, Pleistocene
continental deposits and Holocene, alluvial sediments
(Katsikatsos et al. 1986).

2. Geomorhological and geological settings
The Attica region is the north-eastern part of continental
Greece. The north-western part of the area is surrounded by
the Corinthian Gulf, while it’s north-eastern and eastern ones
from North Euboean Gulf and by Saronic Gulf at western
and south-western part (Fig. 1). The study region covers a
total surface area of 3,125.75 km2 with altitudes varying
from 0 to 1,413 m above mean sea level (m.s.l.). 6 % of the
area of the Attica region is covered by mountains, 30 % by
plains and 64 % by hills (Bathrellos et al. 2008).
The mountains of Gerania, Pateras, Kitheron, Parnis,
Penteli, Ymmitos and Egaleo, form the relief of the area.
The drainage network is poorly developed; its type is
mainly denditic drainage pattern and comprises streams
with seasonal flow. The main rivers that flows through the
study area are: Kifisos which end up to Saronikos Gulf and
Biotikos Asopos that ends up to Eubean Gulf (Fig. 1).

Figure 2. The simplified geological map of the study area.

The tectonic of Attica is characterized by alpine structures
which is mainly thrusts (Fig. 2) and post alpine fault system
(from Miocene up today). The alpine thrust tectonic is
represented by the thrusts of Pelagonian unit over the
autochthonous unit of Attica and nappe of Lavrio-Attica
over the autochthonous unit as well as by frequent upthrusts
with NE–SW directions. The western Attica is controlled
by a main fault system with NW–SE direction, while the
eastern part of the area is ruled by NE–SW-striking faults
(Bathrellos et al. 2008).

Figure 1. The location map of the study area with the classees of
elevetion and drainage network.
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3. Methods
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The karst ecosystem favors the plant and animal growth and
human activities. So the vegetation cover of a region affects
directly to it (Pfeffer 2010). The land use of the study area
was taken from the CORINE Land Cover Program. The
program contains land cover data for Europe including land
cover class description for mapping at scale 1:100,000
published by the European Commission (Bossard et al.
2000).The land cover represent the land uses of the study
area up to the year 2000. The land use was classified into
several types as follows: urban areas (including continuous
urban fabric, industrial, commercial and transport activities,
construction sites), agricultural areas (including nonirrigated arable land, permanent crops and heterogeneous
agricultural areas) forest areas, and shrubby and sparsely
vegetated areas (Fig. 4).

The data used in this study consist of:
1. extended field investigation,
2. the topographic maps (maps scale 1:50,000),
3. the geological map (map scale 1:500,000) (IGME 1983),
4. land use data from the CORINE land cover programm
(Bossard et al. 2000),
5. burned area data during the period 2000–2012 from the
program Oikoskopio (WWF Hellas 2012).
A spatial database was created, and ArcGIS 10 software was
used to process the collected data. The lithology, the land
uses and the burned areas of the study area have been
recorded and saved as separate layers in the database.

Since the land degradation involves the karst ecosystem,
the burned areas during the period 2000–2012 were used
for the study area. The areas were mapped using as source
the Oikoskopio program (WWF Hellas 2012). The program
contains data with mapped burned land data for a period of
over ten years (2000–2012). The burned areas were
digitized and a map of the recent burned land of the study
area was produced (Fig. 5).

Extended field observations, personal knowledge and
experiences as well as the literature (Bárány-Kevei 2000;
Wang et al. 2004; Jianhua et al. 2007; Brezinski 2007;
Papadopoulou et al. 2012) were the basis for the selection
of the appropriate thematic maps and the their spatial
correlation.
The lithology is the principal decisive factors regarding the
karst landforms manifestation. The lithology of the study
area was derived from the geological map (IGME 1983).

The area of every carbonate rock type laid on every land
use was calculated using the zonal statistics tool of ArcGIS.
The land uses were spatially combined with the burnt areas
and the changes in the area of every land use were defined.

Figure 3. The spatial distribution of the carbonate rock types.
Figure 4. The spatial distribution of the land uses of Attica.

Firstly the geological formations were categorized into
carbonate rocks and other lithological formations.
Fieldwork observations were used for the further
classification of carbonate rocks. The carbonate rocks were
divided according to their stratigraphic unit and their age.
They were categorized to into tree classes: Early-Middle
Triassic limestones, Triassic-Jurassic limestones and
dolomites, Late Cretaceous limestones belonging to
Pelagonian unit and marbles and crystallized limestones of
autochthonous unit of Attica (Fig. 3).

Moreover the areas of carbonate rocks involved in burned
land were computed. Thus the spatial distribution of karst
ecosystem that may be at hazard because of rock
desertification was computed. This statistical analysis was
used in various studies for environmental (Bathrellos et al.
2008) and landslide (Bathrellos et al. 2009; Rozos et al.
2011) hazard evaluation using GIS.
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Table 1. Land uses of the study area, with carbonate rock area
distribution for each land use (TL = Early-Middle Triassic
limestones, TJLD = Triassic-Jurassic limestones and dolomites,
CL = Late Cretaceous limestones, MLA = marbles and crystallized
limestones of autochthonous unit of Attica, TC = total area of
carbonate rocks, UA = Urban area, AA = Agricultural area,
FA = Forest area, SSVA = Shrubby and sparsely vegetated area).
Land uses

TL
%

TJLD
%

CL
%

MLA
%

TC
%

UA

6.6

1.1

6.5

1.8

3.3

AA

20.4

9.5

14.5

10.7

13.1

FA

7.5

3.3

13.3

22.2

17.0

SSVA

65.5

86.1

65.7

65.3

66.5

carbonate rocks which is cultivated is relative high. The
existence of polje and dolines in the study area favor the
cultivations because of their fertile soil. In several places of
Greece, polje (e.g., Kopais) underlying by carbonate rocks
constitutes the unique cultivated land of the area
(Papadopoulou-Vrynioti 1990).
Table 2 shows the percentages of the surface for each land
use in relation to the total study area up to the year 2000.
Furthermore the percentages of the area for each land use and
their changes during the period 2000–2012 are presented.

Figure 5. The spatial distribution of the burned areas.

Table 2. Land use area distribution for the years 2000 and 2012
and their changes (UA = Urban area, AA = Agricultural area,
FA = Forest area, SSVA = Shrubby and sparsely vegetated area).

4. Results and discussion
The area of the carbonate rocks, expressed in percentages,
was calculated. This area was considered to be the basic
parameter for the determination of the influence of land
uses and burned areas in karst ecosystem development.
The carbonate rocks cover 34.7 % of the total study area. In
fact their extent is high such as they cover the 1/3 of the
total the study area. The percentages of the carbonate rocks
of Pelagonian unit, in relation to the entire extent of the
study area, are the following: 1.9 % for the Early-Middle
Triassic limestones, 21.5 % for the Triassic-Jurassic
limestones and dolomites and, 4 % for the Late Cretaceous
limestones. The marbles and crystallized limestones of
autochthonous unit of Attica cover 7.3 % of the total study
area. The Triassic-Jurassic limestones have the largest
development among the other carbonate rocks.

Land uses

UA
%

AA
%

FA
%

SSVA
%

2000

14.7

33.3

11.9

40.1

2012

14.7

31.4

9.4

35.0

–

1.9

2.5

5.1

Changes

The percentage of the area for each land use was calculated
as follows: 14.7 % of the total area of Attica is covered by
urban land, 33.3 % by agricultural land, 11.9 % by forest
land and 40.1 % by shrubby and sparsely vegetated land.
The shrubby and sparsely vegetated areas have the highest
percentage among the other land uses until the year 2000.
Given that the urban areas include the urban fabric of the
city of Athens which is the capital of Greece, the percentage
of urban areas is relative high.

The percentages of the area of each carbonate rock type
within each land use are presented in Table 1. Moreover the
percentage of the total area of the area for carbonate rocks
involved in each land use was calculated and illustrated in
the table.

During the decade 2000–2012 the percentages of the land
uses apart from urban areas have changed (Table 2). The
percentages of the area covered by cultivations, forests,
shrubs and sparsely vegetation have been decreased. A
series of massive wildfires that had broken out across Attica
during the summers of the years 2007, 2009, 2010 and 2012
burned areas of cultivations, pine forests and shrub land.
Thus, the wildfires caused reduction in the area of these
land uses. The highest decrease in land cover (5.1 %) is
observed in the shrubby and sparsely vegetated areas and
followed by the forests. Therefore the fires that took place
during the last decade have resulted in considerable
decrease of the natural vegetation of the study area leading
to rock desertification and further land degradation.

The results demonstrate that nowadays the majority of the
carbonate rock area is covered by shrubs and sparsely
vegetation. In the antiquity, Attica was covered by Pinus
Halepensis forests (Pausanias 1992). From the antiquity until
present several massive wildfires fires took place in the area
destroying the pinus forest land. Forests assist the mechanical
and chemical processes and create favorable conditions for
karstification. The catastrophe of forest area causes the rock
desertification and reacts to karst ecosystem. Nevertheless,
as it is resulted from Table 1, at the present time a high
percentage of carbonate rocks is covered by forests.

The results of the statistical analysis of the spatial
distribution of the carbonate rock area within the burned
areas are presented in Table 3. A high percentage of the

As, carbonate rocks supply soils with necessary materials
to improve their quality, the percentage of the area of
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CLAUDE CHABERT AND THE MAPPING OF AYVAINI CAVE – TURKEY
Ali Yamaç
OBRUK Cave Research Group; Acikhava Apt. 16/7, Nisantasi, Istanbul, Turkey, info@obruk.org

In this poster presentation a detailed explanation will be made about the long years’ caving activities and explorations of
Claude Chabert in Turkey, in addition to his famous Ayvaini Cave map, which he began measuring at 1988 and finalized
by 1993. Measurement and drawing stages of this huge map will be explained in details. Upon an invitation of Dr. Temuçin
Aygen, Claude Chabert visited Turkey at 1966 for the first time and explored, documented and mapped more than 200
caves till 2001, mostly around Taurus Mountains. Some caves that he explored are among the longest in Turkey, namely
Pınargozu and Tilkiler. In this poster presentation, a short summary of all his works including his articles will be given.
Meanwhile, in the same poster, in addition to his other works, Claude Chabert’s efforts about drawing a 1/500 scale map
of Ayvaini Cave will be explained. This map, which was never published due to its error, is the longest cave map of Turkey
with a total length of 10 meters and covers incredible details of that 4,866 m cave. As a part of that poster presentation,
this map will be distributed as an atlas.

1. Claude Chabert
Claude Chabert began his caving career in 1960, as a
member of Speleo Club de Paris. His first arrival to Turkey
was during 1966 with the invitation of Dr. Temucin Aygen.
That year, SCP first began to study the northern basin of
Manavgat River at southern Turkey. Next year, studies
spread to the proximities of Dedegol Massive and Egridir
area. By the end of 1968, more than 65 caves, including
Dudensuyu, Tinaztepe Ponor and Cave, Zindan Cave,
Dudencik, which would be the depth record of Turkey with
its depth of -330 meters, were explored, surveyed and
mapped. In 1970, 4 siphons were passed in Pinargozu and
the cave had already been reached to +190 meters. SCP
cavers were searching for dolines that would make a
connection to this cave over Mount Dedegol.

the author of “Atlas des Grandes Gouffres du Monde”
which is the first work that includes the most important
caves of the world, and he is one of the two authors of the
extended second edition of it; “Great Caves of the World”.
Chabert visited Turkey in 2001 for the last time, for the resurvey of Kocain. After that, he mapped Gruta do Janelao
in Brazil for several years. Subsequent to a long period of
sickness, he deceased in 2009.

In 1972; the sixth year of Claude Chabert’s first arrival to
Turkey, Pinargozu had already reached a length of 4,685
meters and a height of +244 meters. That year’s annual
report suggests that the enumeration of the caves that were
found and explored in six years were more than 100.
In a derivation tunnel that is dug during the construction of
Oymapinar Dam in 1976, Tilkiler Cave found. Though the
idea of closing the mouth of the cave with concrete is
considered at first, cavers were decided to be called. SCP
began their studies about the cave that year. The next year
the 4,845 meters and in 1979, the whole cave was scaled.
In 1976, Claude Chabert and four other cavers from SCP
make their first trip to North Anatolia; Zonguldak. In this
trip Kizilelma and Gokgol caves were studied and
Cumayani Cave was mapped.

Figure 1. Location of Ayvaini Cave.

Besides his constant work and studies, Chabert was also a
caver that publishes his works: He had 54 published articles
about the caves of Turkey. In 1988, he published his
“Bibliography of Speleology of Turkey” which had been a
first until a recent time.

2.1. Location

2. Ayvaini Cave
Ayvaini Cave is at Ayvakoy, near to Bursa, northwest
Turkey. In order to reach the entrance of the cave which is
also called Cankuyu, one should follow the AyvakoyDoganalan road. The left turn that will be seen after
approximately 3 kilometers is headed to the mouth of the
ponor. There is roughly 4 kilometers of distance between
the ponor and the spring.

For those who think that he is only interested in caves of
Turkey, it should be emphasized that he joined explorations
from Lebanon to Indonesia in 16 different countries and has
66 other articles about the caves of those countries. He is
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spring mouth itself. The waters rise to the surface once more
from the side of Ayva Brook, which is located below.
However, in rainy seasons this rift fails to drain all the water
and most of this water is spewed out. This phenomenon is
called “The eruption of the cave” by Ayvaini locals.

Ayvaini Cave is located in Sogutalan Plateau which
surrounds Lake Uluabat from south. The cave is formed
within Upper Jurassic – Lower Cretaceous aged limestones.
With a thickness of 100–150 meters, these limestones are
the main factor of the karstification of the region. That beige
and light grey crystalized formation is often massive and
there are stratifications in patches. There are also calcite
veins formed in different directions. According to the
Pleuromya
alduini,
Bryozoa,
Quinqueloculina,
Spiroloculina, Trocholina sp. fossils that are found, this
transgressive structure that begins with conglomerate and
marl at the bottom and ends with crystalized limestones at
top is dated as Upper Jurassic-Lower Cretaceous.

2.3. History of the Explorations
Ayvaini’s first study was made by Swedish biospeleologist
Knut Lindberg in 1952. After the Spanish cavers’
exploration during 1970, Ayvaini Cave identified as one of
the longest caves of Turkey. BUMAK (Bogazici Univ.
Caving Club) began surveying the cave in 1986 and 1987,
but only 1,947 meters of cave, starting from Doganalan
entrance were mapped.

The impermeable denominations just below this limestone
reef, which is relatively thinner, form a floor for the caves
of the region and most of the caves that are located in
Sogutalan Plateau are formed within the contact zone
between those two units. Sogutalan Plateau, with all its
different abrasion surfaces, fragmented foljes, karstic
valleys, caves and ponors, has a surface that largely eroded
and took its shape in Pliocene Period. The surface waters
flow north, to Lake Uluabat or south, to Kocasu Brook
valley, and some of the surface water is, because of the
massive limestone on the ground, drained to underground.

3. Mapping of Ayvaini Cave by Claude Chabert
Claude Chabert, began to prepare his 1/500 scaled map of
Ayvaini in 27 August 1988. He visited the cave many times
during 1992 and 1993. In his surveys many Turkish cavers
accompanied him. During those surveys his longest topo
station was 20 meters. Hundreds of measurements were
made and all of them were double checked. Still because of
the differences between the measurements that are made
from surface and the cave map, Claude Chabert did not
publish this map and did not state how much difference
there were.

One of North Anatolian Fault’s two branches that strides
through the south side of the Sea of Marmara strolls along
the north side of Lake Uluabat and the other fault passes by
the north side of Sogutalan Plateau, almost over Ayvaini
Cave. With the effects of these two faultlines that has a great
importance in the tectonics of the region, the depression
surface around the lake that was begun to be formed in
Early Pliocene have been covered with alluvion since
Quaternary, and the faultline that is located in farther south
caused the Sogutalan Plateau to raise.
Ayvaini Cave, located in this plateau’s north edge, is a huge
cave system covering the undergound and surface waters of
a large area. Being formed at the edge of a sizable polje, the
cave is headed to north east and opens to a surface again in
the left slope of Yesildere, near Ayvakoy.
Except for few small branches, Ayvaini has only one main
gallery in northwest-southeast direction and is shaped
completely horizontally after the ponor entrance. The main
gallery has a width of 3–15 meters and a height of 2–8
meters. There are many lakes with a changing number
depending on the amount of water that flows in, with
lengths of 10–200 meters. Formed within limestones that
are extremely suitable to karstification, Ayvaini Cave also
hosts stalactites, wall dripstones and travertine pools in
patches. As a cave that gathers both underground and
surface waters of a huge region, it is also active
hydrologically. Even in dry seasons, the cave has a water
flowing in from the ponor mouth. Besides, there are several
different springs inside the cave. Within the limestone that
formed the cave there is a dense karst consisting of doline
and ponors. Waters that are drained by many nearby ponors
are also gathered at Ayvaini and certain parts of these
springs can be seen within the cave by their chimney forms.

Figure 2. Some pages of Claude Chabert’s Ayvaini Cave Atlas.

When we bring all these 40 unpublished map sections of
his survey together in an atlas today, we can calculate that
the difference between his survey and the GPS references
of the both entrances of Ayvaini Cave is only 105 meters.
Considering that the cave is 4,866 meters, the error rate was
just 2 %, which is inevitable in a cave with more than 260
topo stations.

Both from underground and surface, all these waters are
drained from a rift near to the spring mouth, not from the
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Even computer softwares that are made for cave mapping
have a “fix”. You may push and shove the map. Yet, Claude
Chabert was a man that saw caving beyond being a lifestyle;
he dedicated all his energy, time and labour to caving, doing
his best and never giving up being scientific. Consequently,
the word “To fix” was not a part of his dictionary.
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RE-MAPPING OF INSUYU CAVE (BURDUR – WESTERN TURKEY)
Ali Yamaç, Murat Eğrikavuk
OBRUK Cave Research Group; Acikhava Apt. 16/7, Nisantasi, Istanbul, Turkey, info@obruk.org

Despite the fact that Insuyu Cave which is in the neighbourhood of the city Burdur – Turkey and long been known by the
residents of the area, the scientific exploration of the cave took place in 1952. Its research had begun in 1964 and opened
to tourism as the first touristic cave of Turkey in 1966, the scientific studies in the cave has lasted hitherto.
In Insuyu Cave which was mapped a few times by different experts during the first period studies, the exploration of a
new gallery in 1993 led the cave beyond estimations and surveys had been accelerated from that day forward.
OBRUK Cave Research Group who realised the deficiencies in the previous maps of the cave, launched a project in 2011
in order to perform an accurate mapping of this long and important cave of Turkey as much as possible. Several visits
were performed in Insuyu Cave during the this project and the new map of the cave with 8,100 meters lenght was drawn.
In this poster presentation; in addition to previous scientific works and older maps of Insuyu Cave, this new mapping
project of the cave will be explained in detail.

1. Introduction

common activities. A detailed map of this, non-touristic
part was completed in 2006.

The scientific exploration of İnsuyu Cave, 13 km from
Burdur, near the main road, on the outskirts of Sarpguney
Hill (1,606 m), occurred in 1952 when Dr. Temuçin Aygen
was informed. Aygen; having realised the importance of the
cave after his first investigation, excited attention of the
authorities, and performed a second and comprehensive
research in Insuyu Cave in 1953.
Aygen wrote in his book “Turkiye Magaralari” (Caves of
Turkey) that, before opening of the artificial tunnel which
provides touristic entry now, it was rather hard to enter the
cave from the natural entrance. Besides, the natural opening
was completely submerged during spring when the amount
of water increased. Insuyu Cave was opened as the first
touristic cave of Turkey in 1966. (Fig. 1)
Biospeleologic research by Paolo Marcello Brignoli in the
years 1968, 1971, 1972, 1973 and 1978 and a research for
bat species by Friederike Spitzenberger in 1973 were also
carried on in the cave.

2. Maps of Insuyu Cave
The first detailed map of Insuyu Cave was drawn in 1968.
Only main galleries and some major branches were stated
on this 1/1000 scaled map and neither of the small galleries
were shown. But the narrow passage, which provides a
pass towards the non-touristic part and located in the
northeast of “Buyuk Gol” (Big Lake), was shown on this
map. Nevertheless, this passage, which had not been
studied for long years, was first passed in 1993. In the
report by the the research team who investigated this part
first, the cave was said to continue with several galleries
from that part on and to have many lakes behind. “Umut
Lake” (Lake of Hope) which was their first lake to find and
to give its name. The first map of this part of the cave
drawn in 1993 was rather insufficient. After some years
following this first exploration, MADAG (ODTU Cave
Diving and Research Group) and BUMAK (Bogazici Univ.
Cave Research Club) began to research and map those
newly discovered galleries underwater and surface via

Figure 1. Location of Insuyu Cave.

On the other hand; the modification map for the touristic
part which was prepared in 1997 and the maps re-drawn in
2007 of the same part were also rather insufficient.
OBRUK Cave Research Group who realised the
deficiencies in those 5 maps started a project in 2011 in
order to provide an accurate mapping of Insuyu Cave as
much as possible. 7 survey trips were performed during this
project and a new map of the cave with 8,089 meters lenght
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was drawn. That length nearly doubles all the previous
surveys.

It is inferred from all those visual data that the development
process of İnsuyu Cave has at least 5 different phases:

During these researches, all galleries in touristic parts of
Insuyu Cave were measured, and three new lakes were
discovered which had not been known before.

i) “The primary gallery formation period” in submerged
conditions.
ii) “Active stream period” when semi-saturated conditions
and subsurface stream system are influential together
with the decline in subsurface water level.

Additionally, a new water gallery and a huge chamber
following that gallery were also found in the second part of
the cave. OBRUK’s research and measurements still
continues in the cave (Fig. 2).

iii) “Passive dry period” when the secondary deposits are
developed on spoon formations.
iv) “Water-level rise period” which causes the mentioned
deposits to be in drawn condition in some parts of the
cave.
v) “Water-level subsidence period” which also continues
today.
The blocks falling from the ceiling that is faced intensively
in most parts of the cave show that tectonic movements are
not only influential in development of the cave but, also in
destruction through natural processes. The parent rock,
forming the walls in some parts, is extremely diffusable due
to the fact that the corresponding blocks are intensively
influenced by the shear through the fault scarp which is
notable in development.
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MICROMETEOROLOGY OF MT CRONIO CAVES, SICILY
Giovanni Badino
Dip. Fisica Uni-TO, Via Giuria, 1, 10125 Torino, Italy,Associazione La Venta, badino@to.infn.it

1. Introduction

CGEB and the La Venta association are now collaborating
for a multi-disciplinary project, named “Progetto Kronio”, to
study this cave system, one of the most interesting worldwide
from the historical and speleological point of view.

Mt. Cronio is a limestone massif fronting the sea near
Sciacca, in the eastern part of Sicily; a very active volcanic
region. Some 40 km south of Sciacca there is an underwater
volcano (Empedocles), which gave rise to the Ferdinandea
island (Graham Bench) in 1831. Afterwards the island
quickly disappeared.

The environmental conditions are really harsh for people
and instruments (high temperature, high carbon dioxide
level, presence of sulphur, RH > 100 % with stationary
clouds…) and do not allow continuous environmental
monitoring.

Since classical antiquity due to the presence many cave
entrances (Stufe di San Calogero – now Antro di Dedalo –
and others) with strong, exiting hot airflow (37 °C,
RH = 100 %), have been known at the summit of Mt. Cronio
(370 m a.s.l.). These caves have represented an interest as
calidaria (hot rooms in Roman baths) since ancient times.
In the past centuries, these caves were explored several
times, but the hot atmosphere and the presence of a pit not
far from the entrance allowed only very limited visits (Guidi
and Verde 2001).

Nevertheless during 5 years of study many micrometeorological data series have been acquired. We have
especially focused our attention to:
1) Micro-variations of internal temperature and its correlation
with external meteorology;
2) Correlation of air fluxes at different entrances;
3) Correlation between airflow and external meteorological
conditions;

Cavers from Trieste (CGEB) have explored this cave
system since 1953, discovering important archaeological
deposits in the deeper parts, which have not yet been studied
(Guidi 2000) in detail; however, a quick survey showed that
they belong to pre-greek civilisations, some 4,000 years
ago. Before these times the caves were probably used for
cultual purposes (religious rites and burials), but then
abandoned due to the sudden arrive of hot vapour flux.

4) Search for infrasounds;
5) Chemical composition of internal atmosphere;
6) Internal thermal sedimentations.
In particular, the Cucchiara cave shows an astonishing
micro-meteorological variety of processes, with thermal
sedimentation which reaches up to 15 °C/m, probably the
widest known, and has probably an enormous variety of
ecological niches and minero-genetic processes.

2. Caves and micro-meteorology
At the end of the 1990s, a total of 1,500 m of conduits and
20 caves were known; the most important being Cucchiara
cave (length 560 m, depth 127 m) and Antro di Dedalo
(length 580 m, depth 56 m).

Our main aim is to create a model of cave structure in the
most internal, unexplored parts. In particular it looks
possible to estimate the cave volume from airflow data.

The Antro di Dedalo and other smaller entrances show a flux
of outflowing air, seasonally constant at about 3–4 m3/s,
whilst the flux in Cucchiara is inflowing, so that the cave
temperature is well below the temperature in Dedalo.
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NEW ACQUISITION, 3D MODELLING, AND DATA USE METHODS:
THE LASER SCANNING SURVEY OF RE TIBERIO CAVE
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Precise surveying in underground contexts with traditional systems is a challenge due to the complexity of natural forms,
the extent of the caves, and the work conditions. Laser scanning is a solution that can be applied to many cave surveys to
get a complete high-precision three-dimensional database, from which the end user can select the information on the basis
of his technical and operational, or research objectives. Laser scanning is a multidisciplinary tool for knowledge and
information management concerning the cave.
This paper illustrates the three-dimensional laser scanning survey, data processing, and representation of the so-called
“Gothic Hall” of Re Tiberio Cave (Riolo Terme, Italy), carried out by Virtualgeo in September 2010. The three-dimensional
digital model, which was obtained from processing the acquired laser data, allowed us to define in detail the shape of the
surveyed object, which was represented in a series of graphic representations. Another advantage of laser scanning
technology is the possibility to use the acquired data (and, in particular, the 3D model) for educational and dissemination
purposes, with the same standards of precision and scientific rigor.

1. Introduction

Tondo is divided into two distinct karst systems:

The Re Tiberio karst system is located in Mount Tondo, in the
right bank of the river Senio. The karst system, which is
developed in the Messinian gypsum, is certainly the most
important and most studied karst phenomenon of the Vena del
Gesso Romagnola, at least in relation to some of its particular
aspects (De Waele et al. 2011; Lucci and Rossi 2011). It’s the
second longest epigenetic gypsum cave in Italy and among
the top five in Europe for development and complexity (more
than 6,000 m long with a depth of nearly 200 m). Today the
Re Tiberio karst system is in the territory of Riolo Terme
(Ravenna, Italy), is part of the Vena del Gesso Romagnola
Regional Park (established in 2005), and was designated as a
Site of Community Importance and Special Protection Area
(code IT4070011). Nevertheless it continues to be partly
demolished by a large, still active, gypsum quarry.

a) In the first one, the waters of the Abisso Mezzano reach
the Re Tiberio Cave, as well as the waters from the
Abisso dei Tre Anelli, Abisso Cinquanta and Inghiottitoio
del Re Tiberio. Some of these underground rivers were
intercepted by the quarry galleries.The spring of the
system is just on the quarry plain, a few meters above the
Senio riverbed.
b) The second karst system starts from the Buca Romagna
and reaches the spring located N-W of Ca’ Boschetti,
crossing the Grotta Grande dei Crivellari and the two
caves of Ca’ Boschetti. Moreover, a tributary from the
Enrica Cave directly flows into the main catchment of
the Grande Grotta dei Crivellari.
Actively frequented from the Copper Age (probably as
a burial area) until the 15th century (when it possibly was a
clandestine mint), the cavity is famous for the archaeological
finds, so that it has been the object of scientific excavations
since the mid-nineteenth century (Pacciarelli 1996).

From the speleogenetic point of view, the morphologies
present in the cave are basically due to joints and tectonic
discontinuities (faults and diaclases). The former had a key
role in the genesis of large galleries, which formed along
them. The latter favoured gravitational morphologies such
as pits and canyons, since such disjunctive lines were the
preferential centers of the movement of groundwater that,
gradually lowering, reached their current base level.

Finally the most recent speleological explorations discovered
archaeological remains in other cavities of the Vena del
Gesso, thus proving that the area of archaeological interest
is much wider than the entrance of Re Tiberio Cave (Forti
et al. 1997; Ercolani et al. 2003).

The general direction of the Re Tiberio Cave is NW-SE
although there are many maze bodies and some galleries with
SW-NW direction. The cave mostly develops horizontally,
with five levels of superposed galleries connected by small
vertical pits. However, many parts of the cave were partially
destroyed by the quarry, thus their sedimentological and
morphological characteristics are difficult to read.

The three-dimensional laser scanning survey of caves and
rocky habitats is widely discussed in the specialist literature.
As in the case of the Re Tiberio, the caves often incorporate
a set of values. They aren’t “only” unique geological
archives, natural beauties and geological rarities, but they
also have historical, archaeological, artistic, and ethnoanthropological value. Therefore, it’s necessary to apply
a method that meets different needs:a method that, with a
multidisciplinary approach, provides the key tool for
exhaustive knowledge and complete management of all the
information regarding the cave.

From the hydrogeological point of view, the karst area of
Mount Tondo remained totally unknown for a long time;
only recently were targeted studies carried out (Ercolani et
al. 2003). Today it’s a known fact that the area of Mount
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Terrestrial laser scanners available on the market have
different functioning principles, inbound signal reception,
processing systems (time-of-flight, phase shift, triangulation),
range (maximum ranges vary from a few dozen centimetres
up to some thousand meters), accuracy and precision. The
choice of laser scanner has to be evaluated on the basis of
the peculiarities of the object/area to be surveyed, and of its
technical specifications: accuracy, field of view, range,
measurement speed, wavelength of the pulse, material
reflectivity, environmental factors (e.g., sunlight, humidity),
portable format (weight, dimensions, toughness), power
supply, user interface, data storage and transfer, peak
operating temperature and humidity levels.

Concerning geology and engineering geology, the literature
produced in recent years proves the potential of laser
scanning techniques for geomorphic studies, for monitoring,
and supervising (quantitative control) both in managing
natural events (for routine and/or exceptional ones), and
managing activities of territory “transformation” (georesource exploitation, infrastructure works, etc.) (Alba et al.
2005, 2009; Clerici et al. 2005, Francioni et al. 2010;
Riccucci et al. 2010).
Interesting applications of laser scanning involve cases
where geology and cultural values merge, such as in mines
(Hanke et al. 2009; Tucci et al. 2009b).
Over the years, the use of laser scanning as a valid tool to
survey hypogean contexts has increased (Beraldin et al.
2006; Baiocchi et al. 2011), particularly for works related to
archeology and paleontology (Caprioli et al. 2003; Fryer et
al. 2005; Chandelier and Roche, 2009; González-Aguilera
et al. 2009; Pucci and Marambio, 2009; Tucci et al. 2009a).

The fast rate measurement, amount and quality of acquired
data (point clouds), non-contact with the surveyed surfaces,
and adaptability of use allow laser scanning to perform
precision surveys also for morphological complexity and
large surfaces, keeping the work continuity in place.
Moreover, thanks to process rapidity and automation,
it assures high survey productivity even in difficult or
dangerous working conditions (as it allows remote work
in safe conditions), even with a single technician.

The key tool is the three-dimensional qualitative highprecision database delivered by laser scanner. The laser
scanning database integrates existing speleological surveys
carried out with traditional topographic instruments.
Moreover, it becomes a platform for merging and categorizing
the data and documents from in-place sampling, analysis,
and specialist research. That allows productive sharing
between scholars, professionals, institutions, etc. fostering
interdisciplinary exchanges. Such sharing can be extended
to public enjoyment, without risks for safety of tourists and
of the cave itself, especially for closed or not easily
accessible sites.

Laser scanning survey is independent of topographer’s
discretion and lets the various users (scientific, institutional,
etc.) read and select the significant and useful data of the
point clouds and/or 3D model obtained from point clouds,
even after some time or while comparing scans acquired in
separate time periods.
Once aligned in a single Cartesian coordinate system
through known reference points by appropriate software,
the point clouds reconstruct the three-dimensional shape
of the surveyed object or area. The final result of the scans
post-processing is a global point cloud, which is a metrically
accurate three-dimensional point model of the surveyed
object containing also chromatic information. The latter
information, which can be grey scale reflectance data or
RGB values, visually helps the final users to interpret the
surveyed object and extract geometrical data from the point
model.

2. Laser Scanning Survey in Caves
The survey of one of the most significant (from the
archaeological point of view) natural caves of the Vena del
Gesso Romagnola is the last of a series of important cave
surveys (with three-dimensional digital data processing)
performed by Virtualgeo in Italy and abroad. The company
provides 3D laser scanning and reverse modelling services,
and develops dedicated software technologies and work
processes (Canevese et al. 2008, 2009, 2011).

Among their most important works in the underground,
in the years 2006–08 Virtualgeo surveyed with laser scanner
and 3D modeled: the Grave in the karst complex of
Castellana, the mine caves of Naica, and the Santa Barbara
karst system in Sardinia.

Precision surveying in caves with traditional methods (total
station or unsophisticated instruments used in underground
topograpy) is a challenge due to the natural shape irregularity
and complexity, cave extension, and (not negligible) work
conditions. Laser scanning can be an alternative resource
to apply to many cave surveys in order to obtain complete
quantitative and qualitative high-precision databases.

In the caves of Castellana, hosted in the Altamura limestone,
Virtualgeo carried out the laser scanning survey of the
Grave: the widest and most complex shaft of Apulia region
(100 m long, more than 40 m wide, and about 60 m high),
and among the most important of southern Italy (Canevese
et al. 2009).

Laser scanning survey instruments combine the functions
of a distance measuring device and a theodolite, which
measure respectively distances, and horizontal and vertical
angles. Laser scanners systematically acquire x, y, z spatial
coordinates of surveyed surfaces, as high density “point
clouds”, by analyzing the inbound signal of the emitted
laser pulse. In addition to spatial coordinates, for each point
the laser scanner acquires the intensity of the pulse reflected
back, according to the material characteristics of the
surfaces. Moreover, it allows linking of each surveyed point
with a RGB colour value, thanks to an associated camera.

As a part of the multidisciplinary project, in Mexico the
laser scanning work related to the survey of the Cueva de
las Espadas and Cueva de los Cristales. They are
extraordinary cavities, developed in the Albian age
carbonate formations of the Sierra de Naica, hosting
gigantic gypsum crystals (in Cueva de los Cristales they
reach up to 12 m in length, and almost 2 m in diameter)
(Canevese et al. 2008, 2009).
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In Sardinia, near Iglesias, a part of the mine caves of Santa
Barbara was surveyed. This system consists of two large
subvertical cavities that are considered among the oldest
limestone caves of the world. Moreover, the upper cavity
(Santa Barbara 1) is one of the most famous mine caves
worldwide for the beautiful euhedral baryte crystals
covering its walls (Canevese et al. 2009, 2011).

Table 1. Technical specifications of the Leica HDS6100 laser
scanner used to survey the Gothic Hall in Re Tiberio Cave.

In all those cases, the use of laser scanner allowed the fast
acquisition of a large amount of data, required to describe
the complexity of the cavities. It also allowed overcoming
specific problems, such as the extreme climate in Naica
(temperature of 48 °C and humidity around 100 % in the
Cueva del los Cristales), and prevented interference with
the flow of tourists in Castellana and Iglesias.

Range

up to 79 m

Measurement rate

up to 508,000 points/second

Accuracy

±1 mm at 25 m, ±2 mm at 50 m

Horizontal/vertical
field of view

360/310°

Weight

14 kg

Dimensions

294 × 199 × 360 mm (W × L × H)

Operating conditions

from -10 °C to +45 °C, non-condensing,
fully operational between bright sunlight
and complete darkness

Camera model

Canon EOS 450 D – 12 MPixel

Before the laser scanner survey, an acquisition plan was
prepared to locate the best positions (according to the
development of the cave and the possibility to easily
manage people and instrument mobility) for the scanner
stations in order to reduce “shadows” in the scans, and to
define the most appropriate scanning angles to obtain scans
with a uniform resolution (by setting the average distance
between scanner stations and surfaces to acquire, as well as
the scanning point grid density) and a good overlapping
area.

Figure 1. Survey with total station for the cartographic setting of
the Re Tiberio cave (left), and laser scanning test with FARO LS
PHOTON 20-120 model (right). The survey was carried out with
laser scanner Leica HDS6100 (Table 1).

Before starting the cave laser scanning, 38 reference targets
were placed (at significant visible points) and surveyed with
total station to georeference and align the point clouds
obtained from the various scans. The topographic works
were executed to establish one open traverse (with 5 control
points) to survey the reference targets, while 6 existing data
points and a set of outside significant points were surveyed
to establish the cartographic setting of the cave.

3. 3D Laser Scanning of the Re Tiberio Cave
In September 2010, the three-dimensional laser scanning
survey was performed on the first 60 m of Re Tiberio Cave
(from the cave entrance to the Gothic Hall, a circular hall
with a diameter of about 15 m, and an ogive vault) (Figure
1). This includes the small portion of the Re Tiberio Cave
(total length over 4 km) that everybody can easily walk along.

In about 8 working hours 2 technicians established the
traverse, surveyed the targets and data points, and finally
scanned the Re Tiberio Cave. The amount of acquired data
is summarized in Table 2.

This paper focuses on the survey, data processing, and 3D
modelling of the Gothic Hall, and of a portion of gallery
giving access to it.

Table 2. Total data acquired by laser scanning and camera in Re
Tiberio Cave and, in the right-hand column, the detail of data
regarding the Gothic Hall.

The purpose of the survey work was to accurately document
the shape of the cavity, with a system that allows surveying
and georeferencing the position and development of all
significant morphological elements (including discontinuities,
fractures, etc.), with the possibility to produce, in a flexible
way, graphic representations to complement the existing
maps.

Re Tiberio Cave
(total)

Gothic Hall

Acquired scans

14

6

Points

about 630,000,000

about 270,000,000

2D images

84

36

A phase shift technology-based laser scanner, measuring the
distance of an object by “comparing” the pulses of different
wavelengths reflected back, was used to survey. It has a
medium measurement range (suitable for limited distances),
an almost spherical field of view (particularly suitable to
survey inside closed spaces such as caves and galleries),
and a high points-per-second measurement speed. Moreover,
in comparison with other models, this laser scanner has a
rather compact size and lower weight, and thus is more
functional to carry and handle inside a cave (Table 1).

Laser data amount

7 GB

3.5 GB

2D images amount

378 MB

165 MB

The post-processing and representation of the data followed
the laser scanning acquisition. These stages are crucial to
optimize laser scanner characteristics; therefore the support
of dedicated software is essential for the suitability of the
acquired information, and for the production of an effective
three-dimensional model that can satisfy the multidisciplinary
purposes of the survey, and also unknown potential future
objectives.
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The post-processing of the acquired data started with
alignment (to obtain a global point cloud from the various
scans), cleaning, and filtering of the point clouds to remove
“noise” and non-significant points with Leica Geosystems
dedicated software.
The point cloud is a point model of the cave surface that
documents exact dimensions, morphology, and, in particular,
all the irregularities of the walls. Such information is by far
better, in quantity and reliability, than the data obtained
from traditional topographic surveys or on-site inspections.
Point clouds allow visualization of the cave morphology
(colours or grey scale make this reading phase easier), and
extraction of dimensional data (linear and angular, slopes)
(Figure 2).
Figure 3. 3D model of the Gothic Hall: inside view from the west.
On the lower side of the figure the 3D triangular grid mesh,
obtained by triangulating the point cloud, is visible.

Anyway, it must be stressed that from the three-dimensional
model it’s possible to obtain unlimited representations of
any type, with any scale, and plot plans at any elevation
level and vertical sections along any section plan, without
additional surveys on-site to acquire new data. That case
would increase the costs and work time and, as in the case
of Re Tiberio Cave, could conflict with access restrictions
due to safety reasons.
Figure 2. Sectioned point model of the Gothic Hall: view from the
south.

The three-dimensional modelling of point clouds to obtain
a continuous surface 3D model was carried out with
CloudCUBE, software on AutoCAD platform developed by
Virtualgeo. The millions of points acquired were treated and
arranged to produce a “smart” three-dimensional model of
the cave: metrically exact (it sums the accuracy and
precision of the laser scanner survey, topographical works
and alignment of point clouds), corresponding to the
surveyed morphometry, segmented, and innovative regarding
the immediate and potential uses of the survey.
The cave was modelled with the most suitable among the
techniques (2.5D and 3D triangular grid meshes, quadrangular
“surfaces”, “region” entities) for modelling its dimensions
and complex uneven morphologies. The construction of 3D
triangular meshes was carried out directly on point clouds
by an automatic technique. In the process of point joining
(triangulation) the 2.5D triangular mesh takes into account
only the x, y coordinates (therefore, it’s more suitable to
model planar surfaces), while the 3D mesh considers all
three x, y, z coordinates; thus it’s more suitable to model
complex three-dimensional surfaces.

Figure 4. Plan with elevation levels and contour lines of the
Gothic Hall.

Moreover, the model of Re Tiberio Cave can be “segmented”,
i.e. divided into parts associated with different layers
(visually identified by different colors) according to
specialized requirements and customized standards, e.g.,
geological units.
The segmented model is a particularly effective analytic
tool (even for non-experts), thanks to the colors that makes
the interpretation easier. It can be directly interrogated about
dimension and information data.

The digital model of the Gothic Hall and entrance gallery,
obtained by processing the point clouds, is a complete high
precision three-dimensional database that allowed a detailed
geometric definition. A series of graphic representations
(plan with contour lines and elevation levels, significant
sections with applied orthophotomaps) was elaborated from
the model (Figure 3). They provided a clear graphic
description of the cave (an example of the graphic
representations is in Figure 4).

The digital model, segmented or not, allows extracting any
type of dimensional information (linear and angular, slopes)
and computing contour lines, areas, and volumes.
Moreover, it’s possible to study and measure evolving
phenomena (e.g., rock detachments, displacement, etc.) by
“superimposing” digital models obtained in different
monitoring surveys.
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4. Conclusions

Canevese EP, Forti P, Naseddu A, Ottelli L, Tedeschi R, 2011.
Laser Scanning Technology for the Hypogean Survey: the case
of Santa Barbara Karst System (Sardinia, Italy). Acta Carsologica,
40/1, 65–77.

The speleological topographic survey and digital threedimensional modelling systems presented here provide
an accurate database that allows significant qualitative
analyses and reliable computations for the morphological
study of the current status, the analysis of rock mechanics
and rock face stability, etc.

Canevese EP, Tedeschi R, Forti P, Mora P, 2008. The Use of Laser
Scanning Techniques in Extreme Contexts: the Case of Naica
Caves (Chihuahua, Mexico).Geologia tecnica & ambientale –
Journal of technical & environmental geology, 2, 19–37.

The possibility to use the survey data, and above all the 3D
model, for multidisciplinary research in caves (without time
and space restrictions) is a particularly interesting prospect.

Canevese EP, Tedeschi R, Forti P, Uccelli F, 2009. Laser Scanning
Use in Cave Contexts: the Cases of Castellana and Santa
Barbara (Italy) and Naica (Mexico). Proceedings of the 15th
International Congress of Speleology, 3, 2061–2067.

The digital model and graphic representations can be used
not only to study the current situation of the subject of
interest, but also to verify a study hypotheses. For instance,
in the geological field to retrospectively analyze collapses,
or in a historical study to integrate the archaeological
excavations carried out in the past, and materials exhibited
in museums, etc.

Caprioli M, Minchilli M, Scognamiglio A, Strisciuglio G, 2003.
Using photogrammetry and laser scanning in surveying
monumental heritage: le Grotte di Castellana. Proceedings
of the International ISPRS Workshop “Vision Techniques
for Digital Architectural and Archaeological Archives”,
International Archives of Photogrammetry, Remote Sensing
and Spatial Information Sciences, v. XXXIV, part 5/W12,
107–110.

Furthermore, the data acquired by laser scanning and, in
particular, the 3D model can be used not only for technicaloperative or research purposes, but even for educational and
public dissemination purposes. In fact, from the acquired
data (point clouds and pictures) and three-dimensional
model it’s possible to obtain “products” for scientific
dissemination (e.g., regarding geology and archaeology for
Re Tiberio Cave), or accessing the cave virtually, such as
traditional and 3D pictures and videos, 360° panoramic
images, point cloud animations, 3D models to explore, scale
models, etc.

Chandelier L, Roche F, 2009. Terrestrial Laser Scanning for
Paleontologists: the Tautavel Cave. Proceeding of the XXII
CIPA Symposium “Digital Documentation, Interpretation &
Presentation of Cultural Heritage”.
Clerici A, Gelmini M, Ravelli M, Sgrenzaroli M, Vassena G, 2005.
Applicazioni del Laser Scanner terrestre a temi geologicotecnici. Giornale di Geologia Applicata, 2, 328–333 (in Italian).
De Waele J, Forti P, Rossi A, 2011. Il Carsismo nelle Evaporiti
dell’Emilia-Romagna. In: P Lucci, A Rossi (Eds.). Speleologia
e geositi carsici dell’Emilia-Romagna. Pendragon, Bologna,
25–59 (in Italian).
Ercolani M, Lucci P, Sansavini B, 2003. L’esplorazione dei sistemi
carsici del Re Tiberio e dei Crivellari (Vena del Gesso
romagnola) e salvaguardia dell’area di Monte Tondo interessata
dall’attività di cava. Proceedings of the international symposium
“Gypsum Karst Areas in the World: Their Protection and Tourist
Development”, Istituto Italiano di Speleologia, Memoria XVI,
s. II, 147–157 (in Italian).
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A THEORETICAL FRAMEWORK FOR UNDERSTANDING
THE RELATIVE IMPORTANCE OF CHEMICAL AND MECHANICAL
EROSION PROCESSES IN CAVE STREAMS

1

Matthew D. Covington1,2, Franci Gabrovšek2
Department of Geosciences, University of Arkansas, Ozark Hall, Fayetteville, AR 72703, USA, mcoving@uark.edu
2
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The majority of quantitative models of speleogenesis focus
on the early stages of cave formation when the dissolving
fractures are water-filled and flow velocities are relatively
low (see e.g., Dreybrodt et al. 2005). However, to
understand the development and evolution of mature cave
systems, and to elucidate connections between cave
formation processes and observed morphologies, models
must be pushed beyond these initial stages. One critical
assumption of current speleogenetic models is that cave
passages are enlarged solely by dissolution. This assumption
is unlikely to hold in large cave streams that transport
appreciable amounts of abrasive sediments. In these
systems mechanical erosion should play an important role.
In contrast, current models of stream incision in surface
streams typically assume that dissolution can be ignored as
a stream erosion process (Wohl 1993). This disconnect
between the speleogenesis modeling community and the
bedrock channel modeling community is indicative of a
switch between the relative importance of chemical and
mechanical processes as stream size grows. However, the
factors that control this switch have not been identified.
Here, we develop an initial framework for the exploration
of this question.

expected distribution of discharges (Tucker and Bras 2000;
Molnar et al. 2006). To enable a similar approach for
stochastically driving the dissolution model, we must
express chemical variation as a function of discharge. We
use field data from a few example sites, and statistical
analysis of stream chemistry from over 50 sites within the
United States Geological Survey (USGS) Hydrologic
Benchmark Network, to show that saturation state
frequently varies as a power law of discharge, such that
higher discharges carry less saturated water. While the
relationship is not universal, it allows an initial means of
stochastically driving dissolution models. The resulting
mechanical and chemical erosion models, both driven by
the same stochastic forcing functions, allow us to calculate
average long-term erosion rates of each process in a variety
of conditions and to thereby develop a framework for
understanding the relative importance of the two types of
processes. Future work will test this initial framework using
field data from cave streams.
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Dreybrodt W, Gabrovsek F, Romanov D, 2005. Processes of
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Models and approximate relations have been developed for
estimating dissolution rates given the saturation state with
respect to calcite and the partial pressure of CO2 (pCO2)
(Palmer 1991; Dreybrodt et al. 2005). Models for erosion
in bedrock channels are often expressed in terms of a stream
power or shear stress erosion law (Howard and Kerby 1983;
Whipple and Tucker 1999). These models are a power law
function of excess shear stress (or stream power) that can
be expressed as a function of stream discharge. Comparing
the scaling behavior of these common dissolutional and
mechanical erosion laws provides initial hypotheses for the
factors that control the relative importance of the two
processes.
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A complicating factor is that stream discharge and
chemistry are variable over time, such that rates must be
averaged over a wide range of conditions. Such averaging
has been accomplished in the study of stream erosion
models by employing probability distribution functions for
discharge and driving the model stochastically over the

Whipple KX, Tucker GE, 1999. Dynamics of the stream-power
river incision model: implications for height limits of mountain
ranges, landscape response timescales, and research needs,
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EVOLUTION OF CONDUIT NETWORKS IN TRANSITION
FROM PRESSURISED TO FREE SURFACE FLOW
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1

To get a better understanding of the general properties of
solution conduits in karst aquifers, different numerical
models have been developed to simulate speleogenesis
based on the physical principles of flow, dissolution and
transport (Palmer 1991; Siemers and Dreybrodt 1997;
Kaufmann and Braun, 1999; Clemens et al. 1999). These
models have given new ideas on the dynamics of the
evolution of individual karst conduits and conduit networks.
Modelling the evolution of a single conduit revealed a feedback mechanism between flow and dissolution rates, and
the importance of a kinetic switch for the evolution of
extended conduits. The feedback mechanism ends at the
breakthrough, when flow and widening rate increase by
several orders of magnitude in a short time (Dreybrodt and
Gabrovšek 2000). Individual fractures have been assembled
into fracture networks to model patterns of evolving karst
networks. Modelling revealed the nature of competition
between different pathways connecting inputs and outputs.
During the initiation phase, the most successful pathway
diminishes head gradients of other competing pathways, so
that they practically cease to grow until the winning
pathway breaks through. After the breakthrough of a first
pathway, the pattern of hydraulic potential is redistributed,
the gradients along other pathways build up again and the
network integrates to a branchwork or maze pattern,
depending on the availability of the recharge (Gabrovsek
2012). Modelling of unconfined networks demonstrated the
important role of changing water table in speleogenesis and
the formation of base level conduits (Gabrovšek and
Dreybrodt 2001; Kaufmann 2003). Many other scenarios
of early speleogenesis have been modelled including the
role of geochemical conditions and mixing corrosion,
exchange flow between the matrix and conduit network,
and the role of insoluble rocks in the evolution of conduits
(see Dreybrodt et al. 2005). Numerical models have been
also used to discuss an increasing leakage at dam sites or
other hydraulic structures where unnaturally high hydraulic
gradients cause a short breakthrough time. Although these
models revealed many new mechanisms and profoundly
deepened our understanding of the formation of karst
aquifers, they are limited to stages of speleogenesis when
all conduits are under pressurised flow.

models presented by several authors (see Dreybrodt et al.
2005). We model networks of conduits on a 2D grid. The
recharge is (spatially and quantitatively) randomly distributed
to junctions (= conduit intersections). One side of the network
allows outflow, and other three sides are no flow boundaries.
Initially, the conduits are small enough that flow is fully
pressurised everywhere.
The model undertakes the same basic steps as other models:
1) Calculate the flow in the network. 2) Calculate the
dissolution rates along all conduits. 3) Change the conduit
diameter. 4) Start a new cycle with 1.
We applied EPA Storm Water Management Model (SWMM)
to calculate flow. SWMM efficiently solves 1D Saint
Venant equations in a single channel or arbitrary network
of channels. These equations are based on mass and
momentum conservation along a channel with an open
surface flow. To account for the pressurised flow and the
transitions between both modes, a Preissmann slot is used.
Dissolution rate in each conduit depends on the saturation
state of solution with respect to the mineral being dissolved
and to the thickness of a diffusion boundary layer (DBL),
which limits the diffusion flux of dissolved ions away from
the walls. Flow and dissolution are coupled through mass
conservation, in our model realised through the pollutant
tracing module in SWMM.
Most of the simulations have been done for the case of rock
salt, where dissolution rates depend on the thickness of
diffusion boundary layer, which depends on the flow
velocity in a conduit. Generally, the dissolution rates
increase with flow velocities. The results are qualitatively
valid for also for gypsum, but only partially for limestone.
There is an open question related to the role of diffusion
boundary layer in limestone dissolution for relevant cases.
If diffusion is rate limiting in limestone, the concepts
inferred from the model are valid for also for speleogenesis
in limestone.
Two conceptually different networks have been simulated.
In a “low dip” case, the network is slightly inclined, with
the gradient pointing towards the springs. Initially all
conduits are pressurised. During the “phreatic” development,
conduits carrying most of the flow evolve fastest. In a uniform
case, where all conduits have the same initial diameters and
the same invert elevation in a junction, the flow stays active
only along conduits belonging to the shortest pathways
connecting inputs to outputs. The model gives an important
rule which is valid for the drainage of any junction: the
conduit with the lowest invert at the moment when the
junction becomes vadose, will on a long term remain the
only active channel. Several different configurations of
boundary conditions and network structure are presented,
which result in various branchwork and maze patterns.

There is a common agreement that early stages of
speleogenesis determine the pathways which develop into
caves. However, so far no model of conduit network
evolution was extended to the latter stages, when conduits
are not necessarily under pressurised flow. Therefore, the
selective role of the mechanisms during and after the
transition to open channel flow is poorly understood.
The hydraulic and geochemical boundary conditions for
speleogenesis vary extremely. We cannot embrace the whole
spectrum in a single model. This work extends the line of
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ANALYTICAL MODELS TO DESCRIBE THE EFFECTS OF TRACER
MIXING BEFORE AND AFTER ADVECTION AND DISPERSION
Sid Jones
527 Karrow, Maryville, TN, 37803 USA, sjones5@utk.edu

Groundwater tracing is typically the preferred method to delineate flow paths and determine basin boundaries in karst
aquifers. Tracer recovery data are also used in some karst studies to infer solute transport characteristics. Methods for
quantitative determination of transport parameters such as the average groundwater velocity and the coefficient of
dispersion from tracer data typically employ one dimensional transport models that ignore variations in hydraulic and
mass transfer properties along the path taken by the tracer. However, such variations may significantly alter apparent
dispersion and create asymmetric tracer recovery curves. Even when flow and transport in the conduits and channels of the
aquifer are adequately characterized by average parameters, the effects resulting from the injection of tracer may be
confounded with those resulting from transport. Analytical models are presented here for one-dimensional transport
of tracer that undergoes mixing in a reservoir either before or after advective migration. Using the advection dispersion
equation with constant coefficients to approximate tracer transport in the advective mode, equations for tracer recovery
may be written explicitly in terms of dimensionless time and distance as well as a ratio of time constants. The models
presented here are used to develop some crude but simple criteria to evaluate the impact of mixing on apparent dispersion
both prior to or following transport by advection. Applications to tracer migration from a pooled source through conduits
of a karst aquifer or from karst channels dominated by advective transport into a pool are considered.

1. Introduction

models yield the evolution of solute concentration in terms
of familiar special functions, but may violate a mass balance
over the system as a whole or may be difficult to evaluate
(Novakowski 1992). For some combinations of transport
parameters and residence times in a mixed reservoir,
function arguments lie in the complex plane.

Tracer migration in conduits of karst aquifers is usually
thought to be advection dominated, and modeling of tracer
recovery with an advection-dispersion equation (ADE) has
been used with some success to determine representative
velocities and dispersion coefficients. In practice, tracer is
sometimes injected in flooded excavations or sinkholes or
in pools in cave streams where both tracer residence time
and local hydraulics are such that significant mixing occurs
prior to advective transport. Likewise, tracer may undergo
significant mixing in a pool some distance downstream of
the injection point. Theory and observations indicate that
either losses of tracer from the primary channels to adjacent
low velocity regions or migration of the main tracer mass
into pooled areas will result in increased dispersion and
tailing of tracer concentration in recovery curves (Jeannin
and Marèchal 1997; Field and Pinsky 2000).

Esling and Jones (1992) solved the one-dimensional
advection-dispersion equation with a mixed reservoir source
having a different media type to the downgradient dispersive
medium. Rather than prescribe concentration or flux at the
source boundary, the ADE was solved in conjunction with
the ordinary differential equation (ODE) that results from
a mass balance over the source. The model has been
simplified and adapted here to transport of a conservative
tracer initially restricted to the source. A similar mathematical
approach was used by Freijer et al. (1998) for modeling
pesticide transport in column tests, and the analytical
solution they present can also be directly simplified to the
model presented here.

Despite the extensive use of both mixing and advectiondispersion models to approximate mass transfer in unit
operations, analytical models of mass transfer dominated
by mixing in series with mass transfer dominated by
advection were not published in the process engineering
literature. There are, however, a number of analytical
solutions to the ADE that may be adapted from soil physics
and hydrogeology applications to simulate a finite mixed
source boundary condition. Considering a completely
mixed source separately from the downstream transport is
equivalent to prescribing exponential decay of the source
concentration. Depending on the description of mass
continuity at the transition to an advection-dispersion mode
of transport, the result may be a condition that stipulates
decay of tracer concentration at the boundary or a condition
that requires decay of the mass flux at the boundary.
Solutions to the one-dimensional advection-dispersion
equation for exponential decay of both concentration and
mass flux at the boundary of a semi-infinite domain have
been published (Marino 1974; van Genucthen 1981). These

Novakowski (1992) did not give formulae for the solution
to the ADE with a mixed source at the domain boundary,
but generated results by numerical inversion of the Laplace
transformed solution. The goal of his work was to evaluate
various boundary conditions used to interpret tracer tests
against laboratory data and to use the results to better inform
the choice of boundary conditions applied to field scale
tracer tests from wells. This is similar to the motivation for
this paper, which aims to identify some conditions where
mixing before or after advective transport may confound
the interpretation of tracer recovery. The ratio of time
constants that we find to be a controlling parameter on the
effects of mixing is generally equivalent to the “dispersion
parameter” of Novakowski or the dimensionless source
layer thickness in Freijer et al.
There is less in the way of prior work that may be readily
adapted to the description of tracer mixing downstream of
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transport dominated by advection. Mixing of solute at the
exit of columns of finite length has been described with
analytical models, but with the assumption of insignificant
storage so that concentration changes little between reservoir
inlet and outlet. This yields a Danckwerts boundary condition
at some finite distance from the source rather than a complete
mass balance over the reservoir, as would be more
appropriate for the purposes of this study.

When θ = 1,

Equation 4

Here, the upstream transport by advection and dispersion is
modeled as evolving from an instantaneous injection of
tracer into a one-dimensional uniform flow field in an
infinite medium. This crude treatment of upstream transport
is apt to be a more reasonable approximation in stream
channels or master conduits of karst aquifers where large
Peclet numbers may be anticipated. The differential mass
balance over the downstream reservoir is solved to predict
evolution of tracer concentration at the reservoir outlet
given the resulting Gaussian distribution of concentration
at the inlet. The ratio of dispersive to mixing time constants
appears again as the controlling parameter in this model,
and the resulting integral was evaluated either analytically
or numerically, depending on the time constant ratio.

Here

is dimensionless distance or Peclet number,

and

is dimensionless time. Exp(x) and erfc(x) are

the exponential and complementary error function,
respectively, and
a time constant equal to the residence time in
advection dominated transport,
a time constant that is a measure of the
strength of dispersive mechanisms,
a time constant equal to the residence time in
the mixed reservoir, and

2. Equations

the ratio of dispersion to mixing time constants.

In both cases considered here, the ordinary differential
equation describing the mass balance over a mixed reservoir
(given by equation 1 below) and the one-dimensional partial
differential equation to describe advection and dispersion
(equation 2) are solved. For mixing prior to advection, the
initial conditions are a reservoir filled with tracer at
concentration CS0 and tracer absent in a semi-infinite domain
(x = 0 to x = ∞) downstream. The concentration of tracer
entering the reservoir, CSI, is zero.

The dispersion time constant may be thought of as the time
taken for solute advecting at the average fluid velocity to
reach a distance where the Peclet number is unity.
The dispersion time constant is, in fact, related to the Peclet
number and advection time constants by τd = τa / xD. In the
limit of small θ, when the residence time in the source
is much larger than the dispersion time constant, Equation 3
takes the familiar form of Ogata and Banks (1961). As the
ratio of time constants becomes very large, equation 3
converges to the solution of the ADE (equation 2) for an
impulse source in a semi-infinite domain (Martinec et al.
1974).

Equation 1
Equation 2

For mixing after transport by advection, equation 2 is first
solved for an impulse function source in an infinite domain
yielding the Gaussian expression given in equation 5 below
for the evolution of tracer concentration downstream. Here
and in subsequent equations, the injected mass per unit
cross sectional area of flow is expressed as the total tracer
mass CS0VS divided by Q/U, which is, in a steady one
dimensional flow, equal to the cross sectional area of the
field of flow.

Here VS is the reservoir volume, and CS is tracer
concentration of the reservoir. Q is the discharge through
the reservoir, while U is the average velocity, D the
dispersion coefficient, and C the tracer concentration
through the advection dominated karst channels. The
analytical solution to equations 1 and 2 solved together with
these initial conditions and a condition that tracer
concentration goes to zero at large distances from the
reservoir (as x → ∞) is, for θ ≠ 1:

Equation 5
When equation 5 is substituted for the inlet reservoir
concentration CsI (xD,tD) in equation 1, the solution to the
resulting ordinary differential equation is:
Equation 3
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might contribute significantly to an increase in the apparent
dispersion coefficient and the asymmetry of the tracer
recovery curve shown in Figure 1.

Equation 6
Equation 6 can be integrated to arrive at the expression
given below in equation 7, which can be readily evaluated
for θ < ¼.

Figure 1. Tracer (uranine dye) recovery at Big Spring.

where μ = (1- 4θ)1/2.

Figure 2 shows that as the time constant ratio approaches
unity, the effects of the source diminish. For most Peclet
numbers of interest, tracer recovery curves should appear
similar to those generated by an impulse source when θ ≥ 1.
Computing an approximate value of θ for the trace will then
allow an estimate of the effects of the injection on the shape
of the tracer recovery curve.

Equation 7

3. Applications
The conceptual models that are used to describe transport
in this analysis are so simple that the equations presented
above are not apt to be very useful for accurate prediction
of transport in karst aquifers. Rather, the analytical
expressions provide a means to evaluate bounding scenarios
that may inform tracer test planning or interpretation of
tracer recovery data. Tracer recovery at Big Spring, a spring
used for municipal water supply near Elizabethton,
Tennessee, is shown in Figure 1. The intent of the trace was
to better determine travel times and mass attenuation from
the site of a proposed wastewater discharge to the spring,
so quantification of tracer recovery and dispersion were
of interest. The tracer recovery curve exhibits some
characteristics that might be due to either holdup of tracer
during injection or variability in flow and transport process
along the path taken by the tracer.

The mixing time constant, τm, or mean residence time of the
tracer in the sinkhole, may be estimated to be on the order
of 104 seconds and is, in any case, less than 105 seconds.
The average dispersion coefficient and velocity can be
estimated from the tracer recovery curve. Straight line
distance from the point of injection to the spring is about
2.2 kilometres and a reasonable estimate for the travel time
using the time to peak is about 8.5 days, so mean velocity
is around 0.003 meters per second. Dispersion coefficients
computed from tracer recovery data in karst aquifers vary
over several orders of magnitude, and vary considerably
even over the same path as a function of aquifer conditions
(Mull et al. 1988). Dispersion coefficients have been
estimated using the variance calculated from the recovery
data (Smart 1988) and by fitting the rising limb of the
recovery curve (Hauns et al. 2001). The latter method
should result in a smaller coefficient of dispersion for the
data shown above. A smaller dispersion coefficient would
decrease θ but increase the Peclet number. The dispersion
time constant thus obtained is between 10,000 and 20,000
seconds and θ is thus near unity. Since the Peclet number
computed with these data is about 50, the injection probably
had little effect on the shape of the recovery curve.

Uranine dye was introduced during recession of storm water
runoff into a flooded composite sinkhole. In this case, dye
was mixed with 100 and 200 cubic meters of runoff in three
areas of the sinkhole where water was pooled. At the time
of injection, the sinkhole was draining at the rate of a few
litres per second. The sinkhole was almost entirely drained
24 hours later, and minimal residual dye was observed.
Tracer recovery was only about 5 %, possibly due to storage
in the epikarst as the discharge from the sinkhole to the
conduits decreased. Unfortunately, loss of tracer into
epikarst or bedrock storage that becomes inactive
hydraulically as aquifer stage declines cannot be addressed
with steady flow models such as those presented here.

The author has recovered tracer at spring pools with mean
residence time of at least several hours. The larger pools
were typically due to constructed impoundments, created
by the activities of either Homo sapiens or Castor Canadensis.
However, better data to test the model of downstream
mixing is available in Hauns et al. (2001), since they present
tracer recovery data both before and after tracer traverses
a cave pool. A Gaussian fits the upstream recovery curve.
The authors report a dispersion coefficient of 0.0265 m2/s
and an average velocity of 0.047 m/s, yielding a dispersion
time constant of 12 seconds. Information on discharge and
pool dimensions indicates that discharge was a few tens
of litres per second and the pool volume was a few tens of

The tracer is thought to follow geologic strike through
Cambrian age limestones down the plunge of the Stony
Creek syncline to Big Spring. The karst features of the area,
which include a well-developed epikarst over an irregular
bedrock surface and pits that penetrate a few tens of meters
into bedrock, suggest complex conduit geometries for the
path taken by the tracer. Consequently, the variability of
hydraulic and transport characteristics in the karst aquifer
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Figure 2. Dimensionless concentration as a function of dimensionless time from Equation 3 and from an impulse source in a semiinfinite domain for various Peclet numbers and time constant ratios. Solid lines were generated using a finite, mixed reservoir source
(Equation 3) and dashed lines using the analytical solution for an impulse source.

cubic meters. Thus, the mixing time constant is on the order
of 1,000, and θ is about 0.01.

pool was computed from equation 7 assuming a time
constant ratio of 0.01. The equation predicts about a fivefold
decrease in peak concentration as tracer crosses the pool,
as reported by Hauns et al., but the recession following the
peak of the theoretical recovery curve exiting the pool is
much more gradual than the recession in the data.

Figure 3 shows the dimensionless tracer concentration
entering and exiting the pool. Entering concentration is
computed from equation 5 after 15 meters of travel from
an impulse injection using the reported values of dispersion
coefficient and mean velocity. Concentration exiting the
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IS THE HELMHOLTZ RESONATOR A SUITABLE MODEL FOR
PREDICTION OF THE VOLUMES OF HIDDEN CAVE SPACES?
Marek Lang, Jiří Faimon
Masaryk University, Department of Geological Sciences, Kotlářská 2, 611 37 Brno, Czech Republic,
309580@mail.muni.cz

An assumption exists that the Helmholtz resonator could be used as a suitable model for estimating the volume of hidden
cave spaces. This hypothesis was tested in the simple-shaped two-entranced Císařská Cave (Moravian Karst, Czech
Republic). Data (airflow and exterior/cave temperature) were monitored at the lower entrance of the cave. The observed
airflows oscillated at frequencies in the range from 1.7 to 16.1 mHz based on the temperature differences ΔT = Texterior - Tcave
from -9 to -1 °C. Furthemore, the oscillations varied with time. Both the multiple “fundamental” frequencies and the timevariability question the possibility that the oscillations (1) are a result of cave resonance and that (2) they can be described
using Helmholtz resonator.

1. Introduction

In last decades, some attempts have been made to use
the Helmholtz resonator in speleology for predicting volume
of hidden caverns (Rothman 1989). The goal of the presented
work is to verify whether it is correct to use the Helmholtz
resonator concept in such cases.

The air exchange between the exterior and the cave (1)
controls cave microclimate (temperature, humidity, and gas
levels) and (2) influences various karst processes, such as
speleothem growth (Fairchild et al. 2007) or speleothem
corrosion by condensed water (Dublyansky and Dublyansky
1998; de Freitas and Schmekal 2006). We can distinguish
(i) static caves and (ii) dynamic caves, based on number of
cave entrances at different levels (Geiger 1966; Bögli
1978). The dynamic caves ventilate during the whole season
by a chimney effect. The main driving forces of airflow are
triggered off by the differences in air densities (de Freitas
et al. 1982). The density is function of many variables, of
which the temperature is the most significant (Faimon et al.
2012). Therefore, driving forces of airflows may be
expressed as a function of ΔT = Texterior - Tcave (de Freitas et
al. 1982; Pflitsch and Piasecki 2003; Kowalczk and
Froelich 2010). The cave airflow typically oscillates at
relatively high frequency (Faimon et al. 2012). Cigna
(1968) explains airflow oscillations by Helmholtz resonator,
which is defined as an air reservoir of given volume with
rigid walls, that is vented through a neck (its cross section
area is smaller than the reservoir volume) (Fig. 1). Based
on French (2005), the resonator fundamental frequency
f [Hz], is given by
,

2. Methodology
2.1. Site characterization
The Císařská Cave was chosen as the site of this study. It is
situated in the northern part of Moravian Karst (Czech,
Republic) (Fig. 2a). The cave is formed in the Devonian
limestone of the Macocha Formation. It is 250 m long and
lays about 40 m under the surface. It consists of narrow
passages and relatively small chambers. Total volume of the
cave is about 11,500 m3. Part of the cave is flooded by
almost stagnant karst water. Concrete sidewalks pass
through the cave. Morphology of the cave and two entrances
at different altitudes, 460.7 and 470.7 m (Fig. 2b), a dynamic
character. The both entrances are closed by steel doors, in
which there are the windows 20 × 20 cm in size (total area
of 0.04 m2). Currently, the cave has been used for
speleotherapy by an organization Children Sanatorium with
Speleotherapy from Ostrov u Macochy.

(1)

2.2. Monitoring
Three time series of cave airflow and cave/external
temperatures were obtained in the period from November
2010 to November 2012 depending on ΔT. The airflow and
external/cave temperatures were monitored at a various
measuring intervals from 5 seconds to 1 minute. Airflows
were measured at the lower entrance in the door window by
thermo-anemometer FVA935 TH4 (measuring range from
0.05 to 2 m3 s-1 with precision ±0.04 m3 s-1) linked with
datalogger ALMENO 2590-4S (Ahlborn). The measured
linear airflow velocity in m s-1 was converted to a volume
velocity in m3 s-1 based on the cross section area of the
windows. The external and cave temperatures were measured
by the datalogger COMET S3120 (measuring range from
-30 to 70 °C with precision ±0.4 °C).

where c is speed of sound in air, A is the cross section area
of the resonator neck [m2], t is length of the resonator neck
[m] and V is the resonator total volume [m3].

Figure 1. Helmholtz resonator (French 2005).
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2.3. Data processing

3. Results and their discussion

Spectral analysis of the airflow time series were performed
using the STATISTICA code (Statistica 2012).

All data were obtained at upward airflow ventilation mode,
i.e. when external air flowed into the cave by the lower
entrance and blew by the upper entrance. The airflows
oscillated with the amplitudes of 0.021–0.051 m3s-1
(November 2010), 0.007–0.025 m3s-1 (October 2011) and
0.003–0.02 m3s-1 (November 2012). The temperature
differences ΔT changed between -4.6 and -4.0 °C (November
2010), -9.1 and -9.0 °C (October 2011), and -1.0 and 0.6 °C
(November 2012). One of the time series is shown in Fig. 3.
It oscillates with amplitude up to 0.08 m3s-1 and main period
about 40 min. Shorter data segments long ~0.5 hour at ΔT
~ -1, -4 and -9 °C) were selected from the airflow time
series for spectral analysis.
Fast Fourier Transformation (Brigham 1988) was applied
on these segments and the most significant frequencies were
identified (Tab. 1). The data in frequency domains are given
in Fig. 4. As shown in Tab. 1, the significant frequencies
ranged from 1.7 to 16.1 mHz. Similar values were measured
by Plummer (1969) or Badino (2010).
Table 1. Significant airflow frenquencies at different temperature
differences ΔT.
ΔT

Significant frequencies

-1 °C

2.2 mHz; 4.4 mHz; 6.11 mHz

-4 °C

1.7 mHz; 4.4 mHz; 6.7 mHz

-9 °C

8.3 mHz; 11.7 mHz; 16.1 mHz

Figure 2. Sketch map (a) and cross section (b) of the Císařská
Cave (LE means lower entrance, UE means upper entrance).

Figure 3. Selected time series of the airflows monitored at the lower entrance of Císařská Cave.

For application of the Helmholtz resonator model
(Equation 1) to the Císařská Cave, many uncertainties
exist. The windows cross section (0.04 m2) and total volume
of the cave (~ 11,500 m3) are well defined.

the Helmholtz resonator model. The calculation based
on Equation (1) gives the cave volumes in the ranges
of 70,430–6,317,056 m3 and 17,607–1,579,266 m3 for the
resonator length of 5 and 20 m, respectively. These values
are much higher than the actual volume of the cave.

However, problem is at definition of the resonator neck
length. Cigna (1968) divided resonator neck into two parts,
(1) one part before the entrance into exterior and (2) second
part in cave. We applied two extreme values, 5 and 20 m,
based on the narrow cave passage behind the lower
entrance. The frequencies from Tab. 1 were used to test

If the airflow oscillations were the result of a cave
resonance, just one frequency in the spectrum should be
dominant. However, the spectrum is complex and shows
different frequencies depending on the driving forces ΔT
(Tab. 1). Moreover, the spectral analysis of two different
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Figure 5. Spectral analysis of one-hours segments taken from sixhour airflow time serie: The initial segment (a) and final segment
(b) (Císařská Cave, lower entrance).
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OF CAVE LENGTHS
Stein-Erik Lauritzen1, Rannveig Øvrevik Skoglund2,3, Fernando Gázquez4, Johannes E.K. Lundberg5,
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becomes (“grows”) proportionally longer than shorter caves
that get less attention from cavers.

It is well known that in any cave region, there are a large
number of small caves and few large ones. The distributions
of cave lengths often display hyperbolic, or power-law
distributions witwh a negative exponent (Curl 1986; Badino
2001). A power-law distribution has no mean unless a lower
boundary is defined, this is usually the lower limit for what
is regarded as a “cave”, or the shortest cave that will
be mapped or registered. The scale-invariant properties
imply that the distribution of cave length should have
“fractal” behaviour, i.e. they have a fractional dimension,
D. Various, geologically conceivable, physical processes,
like fragmentation or exponential growth with random
“kills”, will result in fractal behaviour (Turcotte 1992).
A cumulative power-law distribution (or its ordered
statistic) will plot linearly in Log-Log space where the slope
is – (D +1). Physically, a fractal dimension of cave lengths
(1 < D < 2) would mean that the cave lengths (each of them
one-dimensional) on the population level are partially areafilling. The determination of the slope in Log-Log space is
normally done by curve-fitting. However, linear regression
by the least squares estimate (LSQ) may give erroneous
results, and the maximum likelihood estimate (MLE) is
recommended (Newman, 2005). The least squares technique
fails mainly because cave lengths are not normally
distributed in the interval to be analysed, especially for long
caves the statistics are poor (few caves), and the distribution
is “fat-tailed” (the “King Effect”). If a limited interval is
used, avoiding the longest caves, the two methods give
consistent results. In practice, D varies from region to
region and also seems sensitive to the size of the cave
database in question. Here, we have investigated a number
of national cave length databases, varying in number from
several hundred to more than 104 caves, using both LSQ
and MLE methods. A Matlab procedure published by
(Clauset et al. 2009) was modified to analyze the same data
sets by both methods and estimate errors through the
jackknife method and by Monte-Carlo simulation of similar
populations with the observed constants.

Secondly, we have found that LSQ and MLE methods give
consistent results within error when LSQ is done on
subpopulations where the 5 % upper and lower lengths are
rejected, Figure 1.
Comparison of LSQ and MLE
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Figure 1. Comparison of the fractal dimension determined through
least squares (LSQ) and maximum likelihood estimare (MLE). The
regression line slope is unity and it has no y-intercept.

Thirdly, the MLE method and Matlab algorithm yields the
minimum length (Lmin) for which the distribution L > Lmin
obeys the (log-log linear) power law. Assuming that the real
cave population is “fractal” over the entire length range
greater that some minimum cave length (say unity,), or L1,
The observed number of caves at L ³ Lmin, N(Lmin), divided
with the estimated total number of caves longer than unity,
Ll, N(L1) provide a measure of the “completeness” of the
cave database, i.e. R = N(Lmin) / N(L1). The index R may
also be regarded as an (inverse) measure of the explorational
bias or deficiency in the cave kadaster. In Figure 2, the
observed D is plotted as a function of R. The closer R is to
unity, the closer D is to -1, i.e. the distribution approach the
simple hyperbola 1/x. Samples which display large R also
tend to represent small countries with huge cave databases,
like Slovenia and Great Britain. Here, the cave populations

First, it was found that some regions display knick-points
in the distributions at about. We think that this is an
anthropogenic (psychological) bias towards “long” caves;
when a cave exceeds a certain length, it becomes more
attractive for exploration and surveying and hence it
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Figure 2. Fractal dimension of cave length populations as a
function of the “completeness” (log R) of the observed power-law
distributions. “Complete” distributions tend to have a low D,
approaching unity.

In conclusion, most cave databases are immature and suffer
from anthropogenic bias, only the very largest samples may
approach a “true” distribution, if attainable.
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DOCUMENTING SWISS KARST AQUIFERS USING KARSYS APPROACH
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SISKA – Swiss Institute for Speleology and Karst Studies – La-Chaux-de-Fonds, CH/2300 SWITZERLAND,
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Karst hydrological systems are characterized by a highly heterogeneous structure including quick- and slow flow
components (conduit network, phreatic and epikarstic storage). It induces an important hydrodynamic variability and
complex flow dynamics. In Switzerland, regional characteristics of karsts aquifers are poorly documented and a synthetic
overview of the karst water resources and reserves does not exist yet. This situation is not satisfactory and the management
of these precious resources is far from being optimal. These are the reasons why SISKA (Swiss Institute for Speleology
and Karst Studies) has developed a specific approach so-called “KARSYS” for (i) characterizing these particular media,
(ii) understanding its hydrological functioning at a regional scale and (iii) improving a suitable and sustainable management
of karst water. In the frame of the SWISSKARST Project – part of the 61th Swiss National Research Program – SISKA
is progressively covering the Swiss territory by using the approach with the objective to provide a systematic, consistent,
comparable and reproducible documentation of the karst aquifers. Three examples of recent application of the KARSYS
approach are here presented: the first one is dedicated to the assessment of groundwater resources and reserves in the
Bernese Jura (BE), the second one deals with the characterization of karst flood hazards in the Jura (JU) and the last one
briefly exhibits the results of the hydroelectric potential characterization in karst systems in the Vaud canton (VD). Results
are provided online through a specific www.swisskarst.ch website. In addition to these “home” applications, collaborations
are ongoing with Slovenian partners in the Kanin and the Trnov regions of Slovenia and with Spanish partners in the Picos
de Europa massif to test and improve the approach on their sites.

1. Introduction
Facing to the lack of documentation related to karst media
and karst resources in Switzerland, SISKA (Swiss Institute
for Speleology and Karst Studies) submitted a project in
2010 aiming to characterize karst aquifers by the use of a
systematic and iterative approach. The objective of SISKA
was to provide a relevant and comparable documentation
of these particular media which may be understandable by
the wider audience – leading to enhance the consideration
of this media involved in various topics (groundwater
supply, civil construction, geothermic, etc.). Thanks to the
initial fund provided by the Swiss National Fund in the
frame of the 61st National Research Program and additional
funds provided by cantons and/or local authorities, SISKA
expands progressively the documentation of these aquifers
and improves the approach and its application for various
topics in which the karst is usually involved.

The approach formally combines all existing data of the
geology and hydrology into a 3D conceptual model of flows
within the investigated karst system.
The approach is organized in 6 steps:
1) The first step is to define the lithological boundaries
in which the investigated karst aquifer has developed
(hydrostratigraphical units).
2) Then, a 3D model of the aquifer geometry is constructed
(Figure 1). The model should cover an area sufficiently
large to enclose the whole catchment area of the
investigated spring(s). Ideally the area should also cover
the catchment area of the neighboring springs.

2. Principles of the KARSYS approach
Fundamentals of the KARSYS approach have been recently
published (Jeannin et al. 2012). It aims at building up
a descriptive hydrogeological model of karst systems
behavior. This synthetic approach is very effective in order
to get a first picture of the karst aquifers distribution and
their organization into systems. Kiraly 1973, Jeannin 1996,
and Butscher and Huggenberger 2007 are the main
background of the approach. Issue provides a 3D model of
the system, as well as a map and hydrogeological profiles
which are really useful documents to assist the management
of these systems (groundwater resources assessment,
definition of protection areas, flood hazards, hydroelectrical
potential, and effects of civil constructions…).

Figure 1. 3D geological model of the Brunnmuehle karst system
(Jura, BE). Starting from the left low corner, the displayed surfaces
are respectively the bottom of the Dogger (Middle Jurassic) and
the bottom of the Malm (Upper Jurassic) aquifers.

3) In this step all hydrological information are included
in the 3D model. Usually only karst springs are well
known. Their approximate discharge must be evaluated
(even roughly) and their elevation must be established as
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precisely as possible. Any piezometer, borehole, cave or
point where the water has been (or could be) identified
and measured have to be incorporated within the model
with an indication of the water table elevation.

sketch the saturated part. This provides a first idea of
the extension of the phreatic zone at low water stage.
Slight gradients (usually between 0 and 0.5 % max) may
be assumed and introduced in the model. If water levels
data are available it is very important to assess their
pertinence: values in caves usually indicate more
directly heads in the karst conduit network. However
they can be perched and disconnected from the main
aquifer (as pictured in Figure 7). Values in boreholes are
precisely measured, but may be meters above the water
level in the karst conduit network. Using such
information as exclusive to draw the elevation of the
hydraulic gradient within the aquifer may reveal
uncertain.

4) This step includes the modeling of the water table
(Figure 2) flooding the aquifer. Knowing that karst
networks are usually well drained, the elevation of the
hydraulic gradient upstream of the main perennial
springs is very low, at least less than 0,1 % (Bögli 1980,
Worthington 1991). If no indication about the gradient
of the water table is available, a flat water table can then
be assumed upstream from the springs. It can be
extrapolated throughout the aquifer volume (in 3D) to

Figure 2. Extension of groundwater bodies (distinguished if they are unconfined or confined) and location of the main perennial springs
integrated within the geological model.

5) Once the groundwater bodies are considered as
reasonably consistent, the catchment area can be
delineated by considering the organization of the flows.
Flow paths or “drainage axes” are constructed assuming
the following principles:

iii) A pseudo horizontal flow path towards the
spring(s) in the phreatic zone, along the slope of
the hydraulic gradient.
The schematic model for the flow paths construction is
displayed Figure 3. Flow paths from various parts of the
catchment can be constructed following these rules. The
result for the Brunnmuehle karst system is displayed in
Figure 4.

i) A vertical flow path through the unsaturated zone;
ii) A down-dip flow path on top of aquicludes;

Figure 3. Schematisation of the flow paths or “drainage axes” in karst system: EVv = vertical vadose flow path, EVc =down-dip vadose flow
path, EPbe = pseudo horizontal phreatic flow path, EPhe = high water phreatic flow path. imp. refers to impervious formation (= aquiclude).
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• A 3D interactive and ready-to-use model which includes
predefined views focusing on the significant aspects or
specificities of the systems. The model is viewable using
a simple and free .pdf viewer;
• A list of attachments (typically literature) which refer to
the materials used for the model establishment (references
of the geological maps, cross-sections, etc.)
Another extension of the SWISSKARST project is
dedicated to the development of a pragmatic hydrological
modeling tool for the simulation of karst spring discharge
based on recharge simulation and conduits flow processes.
This becomes possible once the first approach has been
accomplished. This is not discussed in the following paper
but a complete presentation of this tool is described by
Weber et al. 2011.

Figure 4. Hydrogeological model of the Brunnmuehle karst
aquifer including the extension of the GW-body, the estimated
catchment area and the main flow paths. Light arrows refer to
vadose flow paths, dark ones to phreatic flow paths.

Up to now, only low water conditions have been
considered. This model can be validated using all
existing data concerning low water situation: (i) results
of tracing experiments (if any at low water conditions),
(ii) minimum and average discharge flowing out of the
system compared to the estimated catchment area must
be in the same range as those of nearby karst systems,
(iii) all other data such as hydrographs, chemical or
microbiological analyses, etc. must be checked to be
consistent with the proposed model.

4. Application to the Swiss territory (2012
statement)
The KARSYS approach is currently applied to the Swiss
territory. Depending on the karst significance and the local
interest from the canton or other administration, particular
topics (groundwater resources assessment, karst flood
hazards evaluation, etc.) have been in focus. These various
applications are capitalized and contribute to expand
coverage of the territory. Examples of such recent
applications and related references are here succinctly
discussed.

6) The next step of the approach is to consider data at high
water conditions. The elevation of overflow springs as
well as any data on heads in the karst network at high
water should be implemented in the 3D model and used
for inter/extrapolating the hydraulic gradient at high
water conditions. The groundwater body usually enlarges
significantly with the raise of water and the catchment
area analysis can then be applied again. This usually
leads to an enlargement of the catchment boundaries
during high water conditions. Results of existing tracer
tests (high water) can be compared for a validation.

4.1. Characterization of regional karst aquifer
organization and assessment of the karst groundwater
resources and reserves (BE).
The application of the KARSYS approach (Malard et al.
2012) to the entire Bernese Jura (540 km2) documented and
delineated 17 main karst systems draining the Malm aquifer
(Upper Jurassic) which are harvested by communities for
supplying water. KARSYS made it possible to identify and
delineate the extension of seven major groundwater bodies
and (locate) their discharge outlets. The main underground
flow paths have been sketched for all systems, as well as
interactions occurring between the regional groundwater
bodies (Figure 5).

The application of this approach to many systems clearly
evidenced that parts of the catchment area feed one spring
at low water conditions, and another, or several springs at
high water conditions. A new definition of catchment areas
in karst regions is therefore proposed to take this
particularity into consideration. It can be implemented
iteratively, starting with a very approximate model, which
is refined along the investigations and with the collection
of new data.

The total capacity of karst groundwater reserves in the
Bernese Jura was estimated about 2.2 km3 assuming an
average porosity value of 2% which refers to the total
porosity (value of efficient is closer to 0,5%, Burger and
Pasquier 1984, Kiraly 2003) and without considering the
foothill aquifer. This suspected volume is twice the water
volume of Lake Biel (“Bielersee”).

3. Outputs of the approach application
Results of this approach are presented as a set of various
formats:
• An hydrogeological karst map based on a new mapping
process focused on the system of interest as well as on
smaller scale;

4.2. Karst flood hazard mapping using the KARSYS
approach (JU)

• An identification card for each main karst system which
gathers the main characteristics of the systems (size of the
catchments, discharge rates of the associated spring(s),
lithological description of the aquifer, etc.). Details of the
identification cards were presented in a separate paper
(Demary et al. 2011);

Facing the risk of flooding in the city of Porrentruy
(Ajoie, JU) the KARSYS approach was applied to the karst
systems of the Beuchire-Creugenat, Creux des Prés and
Bonnefontaine in order to (i) assess places where
groundwater is expected to reach the surface first and (ii)
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Figure 5. Organization of the regional groundwater bodies of the Malm karst aquifer in the Bernese Jura and their main water flows.
Arrows 1, 2 and 3 represents overflow of the TAVANNES groundwater body which over passes towards other downstream groundwater
bodies. Segments refer to geometry of the aquifer in depth (a. synform, b. simple faulted, c. double faulted).

provide order of magnitude of potential discharge
rates according to the considered return-period event,
multiannual, 30 years and 300 years (Vouillamoz et al.
In press). Although the situation is quite complex (due to
changing hydraulic connections between two or more
adjacent groundwater bodies depending on hydrological
conditions), the step by step application of KARSYS (see
Figure 5) provides a consistent conceptual model from
which heads and discharge rates at high-water stage could
be extrapolated. Mapping results (Figure 5) makes it
possible to clearly show sectors which are sensitive to
flooding depending on the considered event.

3.

1.

4.

2.

5.
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power plant feasibility in karst media and evaluation
elements of the profitability of such projects have been
synthetized for the Vaud canton (Jeannin et al. 2010).

6.

The KARSYS approach was applied to karst systems of
the Vaud Canton (~600 km2) to assess their potential for
hydropower production and to classify them according to
various criteria: production, financial risks, profitability,
etc. The first step of the study was to select the most
favorable sites which present a significant annual discharge
(up to 30 L/s) and a significant elevation difference from
the highest locations of the flows in the systems and the
outlets. The higher these factors are the more favorable the
site. Around 39 sites were retained and – in a second step
– a more detailed 3D model was established for each
system showing the geometry of the aquifer and the
location of the most likely flow path. Based on these
models and various capture scenarios (perched spring
capture, fetching an underground stream or water from a
phreatic groundwater body, underground power plant, etc.
see on Figure 7) a possible production value has been
estimated for each of them. It appears that the potential of
all investigated springs (means the combination of a
significant discharge and elevation) is in the same order of
magnitude as a typical dam (total potential of 40 Gwh
compared to the 100 Gwh produced by the Chatelôt dam
(NE)). In detail 7 sites have been recognized as
economically feasible within the short term. Another series
of 5 projects are more risky and would require more
investigation.

7.

Figure 6. The hydrogeological functioning of the BeuchireCreugenat Karst system: 1. Construction of the 3D geological
model; 2. Implementation of the hydraulic features, sketch of the
groundwater table at low water stage and the main suspected flow
paths (vadose and phreatic ones); 3. Reconstitution of the hydraulic
gradient for a multiannual flood event, exchanges do appear
between the groundwater bodies A and B; 4. Reconstitution of the
hydraulic gradient for a 30-year return event; 5. Delineation of
the spring catchment; 6. Characterization of the flooded areas
depending on the considered event (multinannual, etc.); 7. Mapping
results.

The delineation of the main suspected flow paths allowed
the estimation of the maximal discharge drained by the
underground streams (Figure 6.2.). Such estimation provides
locally the maximal expected discharges emerging at the
overflow springs as indication of the risk.
Here, the KARSYS approach offers a consistent alternative
in mapping the flood hazards in a region where the
increasing hydraulic gradient within the karst network leads
to a strong extension of the flooded area and the activation
of successive overflow springs.

Figure 7. Scenarios of hydroelectric devices in karst media (red
= capture point, green = turbine). In the second case a precise
location of the perched ground water body is required.

4.3. Assessment of the hydroelectric potential of karst
systems (VD)

5. Conclusions and perspectives

Some karst environments offer a structured conduit network
and an interesting hydraulic potential which could be
exploited for electric production. Improvements have been
made in the field of micro turbine devices and such
installations already exist in karst media (e.g., La Verna
Chamber, FR, Viguier and Bertuola 2006). Principles of

Since the SWISSKARST project started, real improvements
have been made in the formulation and the process of the
so-called “KARSYS” approach. These three examples
show that KARSYS provides a pragmatic approach to a
variety of applications such as resources-assessment, flood
hazard mapping, evaluation of hydroelectric potential in
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karst media. Further applications are still in progress and
will be presented in the future (waste deposits management
in karst environment, prescription for geothermal probes,
etc.). Collaborations with others countries on the topic
(Slovenia and Spain) show the wide applicability of the
approach and the interest from other practitioners in the
field. The SWISSKARST project is still working in 2013
and all the references and papers related to the project are
available through the website www.swisskarst.ch. Feedback
is welcome regarding this work.

Jeannin PY, Eichenberger U, Sinreich M, Vouillamoz J, Malard A
et al., 2012. KARSYS: a pragmatic approach to karst
hydrogeological system conceptualisation. Assessment of
groundwater reserves and resources in Switzerland.
Environmental Earth Sciences DOI 10.1007/s12665-012-1983-6.
Jeannin PY, Heller P, Jordan F, Tissot N, 2010. Hydropower
potential of karst groundwater in Vaud Canton (Switzerland).
Abstracts of Congress Papers – International Congress and
Exhibition on Small Hydropower Hydroenergenia. 16–19 June
2010.
Kiraly L, 1973. Notice explicative de la carte Hydrogéologique
du Canton de Neuchâtel. Bulletin de la Société neuchâteloise
des sciences naturelles 96, 1–15.
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1

Hydrogeochemical parameters of cave dripwater contain information about the processes related to the water flow path.
One of the processes that may occur is the prior calcite precipitation on hidden upper-lying cave levels. For prediction
of such spaces, it was proposed a simplified criterion, UCL = 1/(ECnorm x ΔQn), where ECnorm is a dimensionless
“normalised” water conductivity defined as EC/ECusual and ΔQ is a dimensionless drip rate variation defined as σQ/Q.
The symbol EC represents the mean conductivity of given drip [mS/m], ECusual is the mean conductivity of ordinary
dripwaters in the cave [mS/m], σQ is the standard deviation of given drip rate [drops/min], and Q is the mean drip rate of
given drip [drops/min]. The empirical coefficient n is used to correct a “weight” of the ΔQ variable. The criterion was
tested on a real data set collected in Punkva Caves (Moravian Karst, Czech Republic). The UCL values ranged from 1.06
to 1.42 in case of the “usual drips” without prior calcite precipitation and reached up to 2.74 in case of an “anomalous
drip” that are demonstrably associated with a prior calcite precipitation at the upper cave level. The UCL behavior is
consistent with further hydrogeochemical indices as saturation index or Mg/Ca and Sr/Ca ratios.

1. Introduction

the atmosphere, PCO2(g), the water degasses. As a result, pH
of such water increases and water becomes supersaturated
with respect to calcite (Fairchild et al. 2000). A crucial
condition for degassing is a free atmosphere with gaseous
CO2 at PCO2(g)<PCO2(w). The PCO2(g) in pores and small air
pockets quickly reaches PCO2(w), stopping further degassing.
Whereas most effective degassing occurs in voluminous
and well-ventilated caverns – the spaces of speleological
interest. In such spaces, prior calcite precipitation (PCP)
is expected.

Speleology focuses on scientific study of caves and other
karst features. It is often connected with caving, physical
exploration of caves in situ. In general, cave exploring is a
tiring and demanding process. It usually involves tracking
the known caverns and subsequent digging and extraction
of sediments. Alternative approaches are based on indirect
methods, e.g., water tracing or various geophysical methods.
Any new method providing more guidance to the exploration
is welcome.

During PCP, the hydrogeochemical parameters of water
change: Ca concentration decreases, whereas Mg/Ca ratio
(or/and Sr/Ca ratio) increases (Fairchild et al. 2000). The
saturation index with respect to calcite approaches zero.
Overall mineralisation and electric conductivity (EC)
decreases. To distinguish PCP waters from the waters of
low mineralization/EC due to their extremely rapid passing
karst profile, we will assume the waters associated with
PCP to be of low variation in drip rate in contrast to more
variable flow regime of the rapidly moving waters.

It is well-known that dripwater hydrogeochemistry permits
determination of the processes occurring on reaction/flow
paths in karst systems such as dissolution, water dilution/
mixing, CO2 production, prior calcite precipitation, etc.
(Tooth and Fairchild 2003). In this study, we focus on the
possibility of using the indices resulting from drip water
hydrogeochemistry in search for hidden upper cave levels.
Water path through a karst vertical profile may be simplified
as follows: Atmospheric precipitations infiltrate soils and
underlying rocks. The water is stored in soil or epikarst
and continuously feeds the vadose zone by infiltrating water.
This water appears in the cave as dripwater. Eventually,
the water gets into phreatic zone and flows out of the
karst. On its path, water interacts with the surrounding
environment, atmosphere and rocks. The water usually
achieves equilibrium with calcite and gaseous CO2 before
reaching the cave (Tooth and Fairchild 2003). However,
another scenario is conceivable: Some waters might be
drained through wide fissures so rapidly that they come to
a cave without achieving equilibrium. Such flow paths are
characterized by a tight contact with surface and by a high
variability in drip rate. Calcite precipitation (speleothem
growth) is conditioned by water supersaturation with
respect to calcite. It is reached when the water is exposed
to conditions different from the conditions, under which
it was formed, usually at reduced PCO2(g). If CO2 partial
pressure in water, PCO2(w) (activity of aqueous CO2
corresponding to ambient gaseous PCO2) is less than that in

The aim of this study is (1) to propose hydrogeochemical
parameters indicating hidden upper cave floors and (2) to
test such parameters using both real and synthetic data.

2. Methods and situation
Dripwater hydrogeochemistry was studied in the Punkva
Caves. These show caves have been formed in Devonian
limestone of Macocha Group of strata in the central part of
the Moravian Karst (Czech Republic). Water samples were
collected twice per month in the period between February
and November 2012 in the passage behind Přední Chamber
(three drips labelled B) and in Tunnel Corridor (two drips
labelled A). Dripwaters B come from small straw stalactites.
The dripwater A1 comes from a drapery about 30 cm in
length. Drip A2 falls from a straw stalactite. Whereas
the waters B1-B3 and A2 represent ordinary dripwaters in
the given cave, the water A1 represents an anomalous drip.
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Immediately in the cave, pH, electrical conductivity,
alkalinity (acidimetric microtitration), and calcium
(complexometric microtitration) were determined. Complete
chemical analyses were done subsequently in laboratory
(ICP, AAS). Saturation indices for calcite (SI) were
calculated by using PHREEQC modelling software (Appelo
and Parkhurst 1999). Climatic variables (T, PCO2) were
measured by using data logger Almemo 2594-4S linked
with the sensors FTA104PH (T) and FYA600CO2 or
FYA600-CO2H (CO2) (all the devices by Ahlborn).

where ECnorm is a “normalised” dripwater conductivity defined
as ECnorm = EC/ECusual (EC is mean water conductivity of
given drip [mS/m], ECusual is mean conductivity of “usual
dripwaters” in the cave [mS/m]) and ΔQ is a drip rate
variability defined as ΔQ = σQ/Q (σQ is standard deviation
of given drip rate [drops/minute], Q is mean rate of given
drip [drops/minute]). The empirical coefficient n (chosen to
be 0.2 for this study) takes into consideration lesser
importance of the ΔQ variable for the prediction by
introducing strong nonlinearity to the variable. The UCL
criterion was derived in such manner so that the low values
of both ECnorm and ΔQ contribute to the higher UCL,
indicating the PCP and upper-lying hidden space possibility.

Table 1. Data on dripwater hydrogeochemistry (mean values of 18
measurements for each drip).
B1

usual
B2
B3

A2

anomal
A1

Q [drops/min]

38.8

17.7

19.5

6.1

32.1

σQ [drops/min]

24.2

2.9

6.3

1.7

5.84

ΔQ = σQ/Q

0.62

0.16

0.32

0.28

0.18

EC [mS/m]

62.9

62.1

62

55.1

31.1

Dripwater

d.c.

4. Discussion
The cave anomalous drip, notably drip A1, shows many
atypical hydrogeochemical parameters. It shows (1)
reduced mean conductivity indicating lower mineralization
in comparison to drips B1-3 and A2, (2) low variability in
drip rate, (3) almost equilibrium with calcite, and (4)
enhanced Mg/Ca and Sr/Ca ratios. Low variations in Mg
and Sr concentration indicate that the ratio is controlled by
calcium concentration. High and stable flow of drip A1
indicates a voluminous water source and long residence
times. This contradicts origin of the dripwater by mixing
with influx of unsaturated water after rainfall. All the
indices suggest prior calcite precipitation. This process
signalizes a hidden cavity lying on water reaction/transport
path. Indeed, such a cavity was confirmed by speleologists
in the past. It is a spacious chimney about 25 meters long,
partially filled with flowstone and clay (Glozar 1984).

us > an

ECusual [mS/m]

60.5

60.5

60.5

60.5

60.5

ECnorm= EC /ECusual

1.04

1.03

1.02

0.91

0.51

us > an

(Sr/Ca)x1000

0.31

0.31

0.31

0.31

0.65

us < an

(Mg/Ca)x1000

16.5

15.8

16

19.1

44.1

us < an

SIcalcite

0.99

1.03

1.04

0.85

0.14

us > an

n

0.2

0.2

0.2

0.2

0.2

UCF

1.06

1.40

1.22

1.42

2.74

anomal – anomalous; d.c. – drip comparison; us – usual; an – anomalous;
Q – mean rate of given drip; σQ – standard deviation of given drip rate;
EC – mean conductivity of given drip; ECusual – mean conductivity of
ordinary dripwaters in the cave; n – empirical coefficient.

Potential anomalous drips can be sought out by a simple
method. Whereas regular drips are marked by white
flowstone accumulations on the floor and/or by stalactite
on the ceiling, low-saturation index drips leave no flowstone
patches on the floor or in dripping holes. Such drips require
further atention. Both conductivity and drip rate are easily
measured and can be used in UCL criterion.

3. Results and data analysis
Hydrogeochemical parameters of five drips from Punkva
Caves based on 18 monitoring campaigns are given in
Table. 1. The anomalous drip A1 is almost at equilibrium
with calcite, whereas the drips B1-3 and A2 show
supersaturation to calcite. Electrical conductivity of A1 is
31.1 mS/m, whereas drips B1-3 and A2 have almost twice
as high conductivity. The drip A2 shows slightly lower EC
compared to drips B1-3. The mean EC for “usual drips” in
cave system (B1-3 and A2) is 60.5 mS/m. The Mg/Ca ratio
of A1 is more than two times higher than that of other drips.
The Sr/Ca ratio of A1 is enhanced as well. Drips A1 and B2
show low drip rate variability, whereas drip B1 shows high
drip rate variability and very wide drip rate range. The drip
A2 shows low drip rate and medium variability and drip B3
shows medium drip rate and medium variability.

The results of the data analysis based on UCL are
summarized in Table 1. The supersaturated, highly variable
dripwater B1 shows UCL = 1.06. Wide drip rate range and
variations in flow document its strongly seasonal regime.
The dripwater B2 shows supersaturation with respect to
calcite, very stable drip rate and UCL = 1.40. It is indicated
to be a usual flow regime drip. The dripwater B3 is
supersaturated with medium drip rate variability and shows
UCL = 1.22. The dripwater A2 is quite similar with lower
EC and medium drip rate variability and shows UCL value
of 1.42. For the anomalous drip A1, the UCL value is 2.74.
Such high value for A1 implies PCP occurrence and
indicates hidden cavity. This conclusion is consistent with
further hydrogeochemical parameters discussed before.

Considering somewhat limited geochemical capability of
ordinary speleologist, we propose a simplistic empirical
criterion for the distinguishing PCP and predicting upperlying cave level. It is based on two well accessible variables,
electrical conductivity EC (as a measure of mineralisation)
and drip rate Q (as a measure of flow dynamics). The
criterion labelled UCL is
,

The UCL criterion is enhanced in case of anomalous drip,
i.e. in case of prior calcite precipitation in upper-lying
spaces. The UCL criterion does not give any sharp dividing
line between the waters with and without PCP. Instead,
it offers some indices for speleologists about a possibility
of occurring hidden upper lying spaces – the higher UCL
criterion the more likely is the space occurrence.

(1)
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1

The paper describes exploration conducted in Rašpor Cave (“Jama kod Rašpora”), lying in the immediate vicinity of the
village of Rašpor in the north-eastern part of the Istrian Peninsula in Croatia. The cave has during earlier exploration been
known under the names of Žankana jama and Abisso Bertarelli. With its depth of 358 m and length of 4,996 m, it is the
deepest and the longest cave explored in Istria. In over 90 years of exploration, the cave was first made famous by
speleologists from Trieste, Italy, in the mid-1920s, when it held the record of being the world’s deepest cave. The explorers
of that time had in several large actions reached the then bottom of the cave and had drawn a map, stating a depth of
450 m, which was at the time the greatest depth ever reached worldwide. The paper addresses the results of more recent
cave explorations carried out during 2008–2012, led by the Speleological Society Spelunka. During that period, many by
that time unknown passages were explored and a new map with a 3D model of the cave was prepared. The explored length
of the cave thus extended from the earlier known 1,106 m to 4,996 m, noting that there was no time to explore and survey
many other passages. The so called Croatian sump had inhibited explorations for a long time. In 2011 the hydrological
conditions allowed exploration of the whole cave without cave diving. On that occasion, data loggers were placed in the
passage linked with the Croatian sump, with the purpose of monitoring the water level and temperature in the passage
in order to obtain information about correlation between water oscillations in the passage and external hydrological
conditions – rainfall and air temperatures in the wider impact area. A hydrological model was also prepared using the shell
script of the machine learning software Weka, i.e. M5Base classifier (Implements base routines for generating M5 Model
trees and rules). Very good results were obtained (with a correlation coefficient of 0.956), which makes it possible to assess
whether passages are passable based on the monitoring of climatological conditions outside the cave, and largely facilitates
decision-making about the timing of going down into the cave in order to continue with its exploration through the Croatian
sump under dry conditions. The paper shows that when cave explorations are planned, the application of consistent
monitoring is very useful, as well as the application of its results in mathematical modelling of hydrological conditions in
the underground. This gives not only very valuable information about the characteristics of the function of karst aquifers
in the underground, but also information based on which speleological activities in a certain period can be planned.

1. Introduction

explored it down to 192 m depth. This led to a dispute
between the two societies as to which one had priority in
exploration. Competition among explorers and parallel
exploration of the cave ensued, resulting in the members of
CGSAG taking a five-year lease of the terrain around the
cave in order to be able to freely explore the cave. During
an action undertaken on 1st and 2nd November 1924, they
reached a depth of 381 m, which was a world record at
the time. The next, thoroughly planned and organized
expedition was made on 24th August 1925. According to
their measurements they reached a depth of 450 m. Later
measurements revealed an error of over 100 m. In honour
of their deserving member, they then named the cave Abisso
Bertarelli. With the record set, a tragedy happened, as the
storm that hit a considerable part of Europe that night didn’t
spare them either. Due to heavy rainfall, otherwise dry
brooks that discharge into the cave suddenly gushed forth,
surprising the explorers. Water rushed in suddenly, with a
wave fatal for Karlo and Blaž Božić, who were part of a
five-member team of Rašpor locals who were assisting the
explorers in the upper parts of the cave. The remaining
team, positioned in other parts of the cave, managed to
survive, but they felt strong fear and witnessed the cave
during a hydrological regime that has never been witnessed
before or after that event.

Rašpor Cave (“Jama kod Rašpora” in Croatian) has been
attracting speleologists’ attention for a long time (Bertarelli
and Boegan 1926; Pirnat 1970; Medeot 1974; Jalžić 1976;
Šušterić 1981; Kuhta 1992; Lacković 1993; Glavaš 2011).
Initial information about Rašpor Cave dates from 16 April
1922, when Italian speleologists from a Trieste society
called “Commissione grotte della Societa alpina delle
Giulie” (CGSAG) were on their way back from days-long
exploration across Istria. When their van broke down in the
neighbourhood of the village of Rašpor on Mount Ćićarija,
they then learned from the locals that there was a sink with
an entrance of large dimensions near the village. Once they
passed the first horizontal part of the cave and stopped in
front of a large-sized vertical drop, assuming that the
geological composition of the terrain was not suitable for
the formation of a deep cave, they decided on exploring
other caves. Around the same time, in between different
explorations in the Istria area, speleologists from another
big Trieste society, Asocciazione XXX Ottobre (AXXXO),
came across the entrance into Rašpor Cave on 20 July 1924.
They visited its first horizontal part and, unlike the first
team, came to the conclusion that the cave was very
promising. Less than two months later, they came back and
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After that the cave had been visited by many speleological
teams, but mostly with the aim of conquering its bottom
and with no exploration ambitions. In 1968 Slovenian
speleologists from the speleological society Ljubljana
Matica (later renamed into Društvo za raziskovanje jam
Ljubljana) started re-exploring the cave. They discovered
new secondary passages and drafted a new map of the cave
all the way to the Italian sump, the place where Italian
speleologists had previously set the world depth record.
New and more precise measurements showed that the cave
was “only” 345 m deep. Even though they then found
continuation of the cave, they surveyed the newly explored
parts only during an expedition in the following year.
Approaching the sump, a strong draught promised that the
passage would continue, but the draught suddenly ceased
and the disappointed explorers realized that the sump was
submerged. They named it “Slovenian sump”. Their mood
soon improved, as the map-based calculations showed that
they were at 361 meters’ depth, which was a new Yugoslav
depth record (Pirnat 1970; Šušteršič 1981). According
to their map, which was until recently considered the
most complete and precise, the cave was 361 m deep and
1106 m long.

2012, there was another summer drought, which made
it possible to explore the main passage further, resulting in
the length of 4996 m explored so far and the depth of 358 m.
The paper presents the above-mentioned results of the latest
survey of Rašpor Cave, the results of meteorological and
hydrological monitoring collected during recent explorations
of 2011–2012, as well as the results of the conducted
mathematical modelling – assessment of water levels in the
part of the cave near the Croatian sump based on the data
obtained from the monitoring of rainfall and air temperature
on the surface.

2. General characteristics of the studied area
The wider area of Rašpor Cave belongs to thrust structures
of the Ćićarija massif. According to (Urumović and Rubinić
2000), this is a heavily faulted area characterized by a series
of reverse faults thrusting. The basic characteristic of
Ćićarija is step-like morphology of terrain and flake
structure with alternating permeable limestone and confined
impermeable flysch deposits, on which short surface water
courses are formed which sink into closed depressions.
There are also significant underground karst formations,
particularly a number of very deep sinks and caves.

In 1974, organized by the Speleological Commission of the
Croatian Mountaineering Association (KSPSH), speleologists
from the Speleological Section of the Mountaineering Club
Željezničar and speleologists from the Speleological Section
of the Mountaineering Club (SO PDS) Velebit explored the
cave and drafted a new version of the map according to
which the cave was 365 m deep down to the Italian sump
(Jalžić 1976). Following a later survey of the lower parts
of the cave, the depth was revised to -355m (Kuhta 1992).

The cave is in the north-eastern, highest part of the Istrian
Peninsula. Its entrance is at an elevation of 665 m above sea
level (ASL). In the broader area there are mountain peaks
reaching as high as 1,060 m ASL (Figure 1.). In the last 100
years, the Ćićarija area has belonged to the administration
of four countries, and it is now crossed by a state border
which was until 1991 only a border between federal
republics. The cave has thus been explored by teams
of speleologists and explorers from Croatia, Italy and
neighbouring Slovenia.

During a dry spell of 1993, the members of the SO PDS
Velebit visited the cave and instead of the Slovenian sump
come across a passage ending after some 15 m with a new
low air space through which a narrow continuation was
visible. A promising continuation of the passage was also
indicated by an air draught (Lacković 1993).
The latest explorations of the cave started in early 2000. They
were at first led by speleologists from the Speleological
Society Had, later by the Speleological Society Spelunka,
and by numerous speleologists from Croatia. Since then, the
greatest attention has been given to exploration and technical
climbing through incoming passages, and to air circulation
monitoring (Glavaš 2011).
In 2008, the preparation of a new map of Rašpor Cave
started, including resurvey of all earlier known passages.
Members of the Speleological Society Estavela, of the
Speleological Section of the Croatian Mountaineering Club
Željezničar and many other speleologists joined in this
exercise. A big step forward in exploring the cave was
achieved by successfully passing through the Croatian
sump, which turned into a small lake during a heavy drought
in the summer of 2011 (Kukuljan and Glavaš 2012). A probe
was then sited there to monitor the water level and water
temperature. As the passages behind the sump widened, the
progress and surveying were made much easier. In addition
to the main part, explorations in several other, less attractive,
narrower parts of the cave also continued. Over a short
period, the length of surveyed passages in the cave increased
to nearly 4 km and the depth was revised to -338 m. In

Figure 1. Location of Rašpor Cave, including the locations
of measuring stations (1 – Rašpor Cave, 2 – Lanišće rain gauging
station, 3 – Gradišče – Brkini weather station, 4 – State border).

The cave is an intermittent sink and it is only at time of
heavy rainfall or immediately after such event that water
discharges into the sink. The surface basin covers an area
of only 0.24 km2 and it is mostly composed of impermeable
flysch deposits.
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logger of the same manufacturer, but of Baro-Diver type,
was sited at a depth of 292 m and at a traverse distance
of 613 m from the entrance (Figure 2 – location 1) for the
purpose of compensating for air pressure changes. It recorded
air pressure and temperature at 24-minute intervals, with
a measuring precision of ± 0.5 cm H2O and ± 0.1 °C.
The measurement activities took place from 29th August
2011 to 8th September 2012, i.e. for 376 days.

The average annual air temperature in the area ranges
between 8 and 9 °C and the average rainfall ranges between
1750 and 2000 mm (Croatian Hydrological and
Meteorological Service, 2008). The nearest rain gauging
station is 4.5 km away from the cave entrance; it is situated
in the settlement of Lanišće at an elevation of 560 m ASL
and is managed by the Croatian Hydrological and
Meteorological Service from Zagreb. The nearest weather
station is Gradišče – Brkini at an elevation of 590 m ASL,
13 km away from the sink. It lies in Slovenia and belongs
to the system of amateur automatic monitoring stations of
the organization Vremensko društvo ZEVS.

The modelling/forecasting of the water level in the cave was
done using a model from the domain of Data Mining (DM)
models, i.e. a model in the development of which the
artificial intelligence application methods are used. The
basic objective of this modelling/forecasting is to learn
whether the sump to which the modelling refers is
submerged or whether it is passable. In that process a
classifier approach was used; it generates decisions in
the form of regression trees, with each generated leaf
representing a numerical prediction defined by the
regression equation in the function of analyzed impact
factors. The model itself was formed with the help of
machine learning software Weka 3.6 (Mark Hall et al.
2009). Classifier M5Base (Implements base routines for
generating M5 Model trees and rules) was used. Input data
was the following: daily rainfall at the Lanišće station and
the average daily temperature at the Gradišče – Brkini
station, and the data derived therefrom and which
characterizes the earlier status: rainfall in the preceding day,
average 3-day rainfall, average 3-day air temperature,
average 9-day rainfall, average 9-day temperature, average
rainfall in the preceding 21 days, average air temperature
in the preceding 21 days, average rainfall in the preceding
42–21 days, average temperature in the preceding 42–21
days, and the number of days without rainfall of more than
3 mm. The model was trained on 66 % of available data,
and tested on 33 %, using standard statistical tests which
define deviations between the measured and modelled
values – Correlation coefficient, Mean absolute error, Root
mean squared error, as well as Relative absolute error (Hall
2001).

3. Methods
The cave was surveyed using standard speleological
instruments for measuring azimuth and inclination, a Suunto
tandem, a Leica disto A3 distance meter and a DistoX
instrument. Data from earlier surveys has not been used.
There are 1,250 measuring points and the average length of
a survey traverse is 3.98 m.
A 3D model of how the cave spreads was prepared with the
help of Speleoliti software (Dular 2006) which is used for
cave representations of that type.
Climatological measurements on the surface refer to the data
collected at the standard rain gauging station Lanišće, with
daily readings of rainfall at 7 a.m., and at the automatic
weather station Gradišče with hourly readings of rainfall and
water temperature. Data from the latter were, for comparison
purposes, also reduced to daily readings at 7 a.m.
Hydrological measurements of the water level and
temperature in the cave were taken at a depth of 327 m at
a traverse distance of 1,111 m from the entrance (Figure 2
– location 2). A Micro-Diver-type data logger manufactured
by Schlumberger Water Services, which records pressure
and water temperature each 12 minutes with a reading
precision of ±5 cm and 0.1 °C, was used. Another data

Figure 2. 3D model of Rašpor Cave with delineated positions of: 1 – Data logger for compensation of pressure and air temperature
monitoring, 2 – Data logger monitoring water level and temperature.
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4. Results and discussion

It is assumed that the majority of the water found along the
horizontal part of the cave comes from the entrance.
However many tributary channels and meanders contribute
water as well (Figure 4.). Individual incoming meanders
lead to bigger halls which branch out further into
meandering passages. Many of these are left unexplored
due to their small widths. The main water flow, intensified
by water from the incoming flows, flows further through
the main meander and discharges into the first, Italian sump.
Not far away from this sump a dry link has been discovered
to the passages behind the sump, thus making exploration
of those parts of the cave much easier. The passages behind
the sump become slightly larger and eventually lead to
another two sumps, the Slovenian sump, and the Croatian
sump close behind it (Figure 5). No dry bypass has been
found above these two sumps. For that reason, exploration
in the passages behind these sumps depends to a large
extent on their water levels. Speleologists can easily pass
through the sumps if the level of water in the sumps is
below 75 cm in relation to the initial level defined upon
the establishment of a measuring station at the site of the
Croatian sump (location 2 in Figure 2). The passages behind
the sumps become wider and their ends have not yet been
found.

4.1. Survey results
The results of the cave survey are presented in the form of
a 3D model that depicts the positions of the data loggers
(Figure 2). At location 1, a data logger was placed in the air
to monitor air temperature and barometric pressure. At
location 2, a data logger was placed in the Croatian Sump,
to monitor fluctuations in water level and temperature.
The cave is 4,996 meters long and 358 meters deep. A steep
funnel-shaped entrance turns into a mostly horizontal passage
10 m wide and 7 m high. The passage slopes gently, with a
small step down to 60 m depth, followed by a big vertical
drop (Figure 3) of 125 m. From the bottom of the vertical
drop in Božićeva Hall, the cave continues with another
45 m vertical drop and a narrow meander with no visible
ceiling and bottom. The meander opens into a wider vertical
drop, followed by several smaller steps leading to a modestsized hall at a depth of 280 m. This hall is the starting point
of the main meander-shaped passage which continues with
a very mild slope down to the deepest parts of the cave. The
dimensions of this passage or meander are mostly up to 1 m
in width and most often over 10 m in height.

Figure 4. Not easily passable incoming meander, photo D. Reš.

Figure 3. Big vertical drop, photo I. Glavaš.

Figure 5. Location of the so called Croatian sump, measuring
point 2, photo A. Rubinić.
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4.2. Results of analysis of hydrometeorological data

The results of monitoring of water and air temperatures in
the cave show relatively stable temperature conditions with
relatively low oscillations, with air temperature oscillating
much less (a range of 0.5 °C) than water temperature (1.3 °C).
It is evident that water temperature is under a stronger
impact of external factors – inflow of water into the sink,
which is manifested by short-term and weak drop in water
temperature during increased levels of water in the cave.
On the other hand, the higher average water temperature of
9.0 °C in relation to the average air temperature in the cave
of 7.6 °C indicates potential longer retention of cooled air
which intrudes from the surface into the underground.

The results of the monitoring of fluctuations in the water
level and of water and air temperature in the cave are
presented in Table 1 as well as in Figure 6. The results
indicate that water in the sump has dropped below water
level 0, i.e. that there is very little water and that it is below
the measuring instrument.
Table 1. Basic characteristics of the results of hydrological
monitoring undertaken in Rašpor Cave (29th August 2011 – 8th
September 2012).
Water level
(cm)

Water temperature
(°C)

Air temperature
(°C)

Average

73.7

9.0

7.6

Max

176.3

9.2

7.8

Min

0.0

7.9

7.3

Stdev

41.1

0.2

0.1

Likewise, the obtained data, partly presented in Figure 5.
showing daily rainfall at the Lanišće station, indicates that
the water level in the underground responds very quickly
to the rainfall – water level peaks generally occur with a lag
time of only one day and less.
4.3. Modelling results
The modelling of water level in the Croatian sump,
performed on the basis of hydrological data measured in the
cave as well as on the basis of data on rainfall and
temperatures in the wider impact area above the cave, has
resulted in a regression tree prepared using WEKA
software, as presented in Figure 8. The results are also
presented in Figure 9.

Figure 6. Presentation of data measured in Rašpor Cave (29th
August 2011 – 8th September 2012): 1 – Water level in the Croatian
sump (measuring point 2) (cm), 2 – Water level 75 cm, 3 – Water
temperature in the sump (ºC), 4 – Air temperature in the hall at
(measuring point 1) (ºC).

It was identified that during the analyzed monitoring period
(29th August 2011 – 8th September 2012) the level of water
in the Croatian sump was below 75 cm (i.e. the sump was
passable) for 37 % of the time. This was a very dry period,
which is best illustrated (Figure 7) by comparing the
registered monthly rainfall during that period with the
average rainfall for the preceding multi-annual period
(1953–2011).

Figure 9. Comparison of measured and modelled data in Rašpor
Cave: 1 – Rainfall at the Lanišće station (mm); 2 – Measured
average daily water level (cm); 3 – Model-calculated average
daily water level (cm); 4 – Average daily temperatures at the
Gradišče-Brkini station (ºC).

It is evident that very good adjustment of the modelled data
on water levels in the Croatian sump to the observed values
has been achieved. Testing was also performed using an
independent series – the model was generated at 66 % of
available data, and testing was performed at the remaining
33 % of data series. Very good indicators of adjustment were
obtained (Table 2). Of 139 days with registered water levels
lower than 75 cm, the model predicted 130 days with this
situation (2.4 % of false predictions in relation to the total
period of observation), and only 6 days (1.6 %) had false
predictions that the water level is lower than 75 cm, and it
was slightly higher.
Figure 7. Monthly rainfall registered at the Lanišće rain gauging
station: 1 – Average monthly rainfall for the 1952–2011 series; 2
– Rainfall registered in the period September 2011 – September
2012.
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Figure 8. Regression tree of the model forecasting water levels in the Croatian Sump.

The model can successfully predict the state of Croatian
sump (dry/full) and thus help efficient exploration of the
deepest part of the cave.

Table 2. Results of tests modelled in relation to observed water
level values.
Evaluation method

Value

Correlation coefficient

0.956

Mean absolute error

7.456

Root mean squared error

11.334

Relative absolute error

25.118 %

Root relative squared error

30.031 %

References
Bertarelli LV, Boegan E., 1926. Duemila Grotte, Tovring Clvb
Italiano, Milano.
Pirnat J, 1970. Žankana jama (maj 1969), Glas podzemlja, broj 2,
1–4 (in Slovenian).

Consequently, the forecasting of water levels in the Croatian
sump as a critical spot for continued speleological exploration
of the continuation of the main passage of Rašpor Cave has
been exceptional. This provides an appropriate tool for
planning the timing for going down into the cave in order
to continue exploring the cave spaces lying behind that sump.

Medeot LS, 1974. Una tragedia speleologica di 50 anni fa:
L’abisso Bertarelli (1925–1975), Trieste (in Italian).
Jalžić B, 1976. Vijesti: Zagrebački speleolozi u najdubljem ponoru
Hrvatske, Speleolog, godište 1974–75, broj 18, 19 (in Croatian).
Šušteršič F, 1981. Žankana jama – akcija 361 je uspela, Glas
podzemlja, godište XI, broj 1, 74–83 (in Slovenian).

5. Conclusions

Kuhta M, 1992. Novija speleološka istraživanja u Istri, Speleolog,
godište 1990–91, broj 26, 31 (in Croatian).

The results of cave explorations carried out in the period
2008–2012 and of hydrological measurements taken in the
period 2011–2012, as presented in this paper, show that
Rašpor Cave is still an extremely valuable speleological site
offering great potential for continued exploration. By
passing through the so called Croatian sump which was for
the first time done in 2011, a very dry year, the explored
length of the cave was extended by more than 1.5 km, thus
proving that this is only a rather short suspended sump.
A depth of 358 m or an elevation of 307 m ALS was reached.
The 3D model of the cave made shows that after the initial
predominantly vertical part of the cave it continues to spread
in a gentle slope even after the Croatian sump is passed.

Lacković D, 1993. Rašpor – Iza slovenskog sifona, Velebiten,
godšte 1993, broj 14, 16–18 (in Croatian).
Urumović K, Rubinić J, 2000. Vodoopskrbni sustav Istre knjiga 1
– Idejno rješenje sustava izvorišta vode u regionalnom
prostoru. Hidroprojekt-ing, Zagreb (in Croatian).
Dular M, 2006. Speleoliti 4.1, Glas podzemlja, 49–56 (in Slovenian).
Hall M, Eibe F, Holmes G, Pfahringer B, Reutemann P, Witten
IH., 2009. The WEKA data mining software: an update.
SIGKDD Explorations, 11(1): 10–18.
Hall MJ, 2001. How well does your model fit the data. Journal of
Hydroinformaric 3/2001, 49–55.
Glavaš I, 2011. Jama kod Rašpora (Žankanja jama, Abisso
Bertarelli), Zbornik općine Lanišće 2010 (in Croatian).

The results of climatological and hydrological monitoring
showed very interesting interrelations both in terms of
interrelations between air temperature on the surface and in
the cave and water temperature, and in terms of reactions
to rainfall. The results of this monitoring also provided very
valuable supporting data for the preparation of a forecasting
model for water levels in the Croatian sump depending on
air temperatures and rainfall recorded in the wider impact
area on the surface of the cave. A very well adapted model
has been obtained based on a machine learning approach.

Kukuljan L, Glavaš I, 2012. Rezultati najnovijih istraživanja u
Jami kod Rašpora, Subterranea Croatica, br. 14, 42–46
(in Croatian).
Zaninović K, Tadić MP, et al., 2008, Klimatski atlas Hrvatske
Croatian climate atlas: 1961–1990: 1971–2000. Zagreb (in
Croatian).
Vzpon nove tehnike. URL: http://www.dzrjl.si/content/1961-1974
(08. 12. 2012) (in Slovenian).

374

Modelling in Karst and Cave Environments – poster

2013 ICS Proceedings

TEMPERATURE AND KINETIC CONTROL OF CAVE GEOMETRY
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Network or maze geometry dominates among the longest caves in Norway, where karst caves are initiated or developed
in a cold climate. Laboratory experiments of calcite kinetics demonstrate that under low temperature conditions the capacity
of dissolution increases while the initial dissolution rate decreases. Through modeling experiments the influence of water
temperature and kinetics on cave geometry is investigated suggesting that the cold setting may enhance network
development.

1. Introduction

A) A tropical climate scenario with temperature of 25 °C
and the first order kinetic constant k1 = 8×10-11 mol cm-2
s-1, the second order kinetic constant k2 = 1×10-8 mol cm-2
s-1 and n = 4 for higher order kinetics.
B) A cold climate scenario with temperature of 0 °C and the
kinetic constants k1 = 1×10 11 mol cm-2 s-1 and k2 = 8×10-8
mol cm-2 s-1, and n = 4.
C) A temperate scenario with temperature of 10 °C and the
kinetic constants k1 = 4×10-11 mol cm-2 s-1 and k2 = 4×10 -8
mol cm-2 s-1, and n = 4.

Karst caves in Norway are initiated or developed in a cold
climate. Network or maze geometry (Skoglund and
Lauritzen 2011) dominate among the longest caves in the
country. The Norwegian stripe karst setting (Lauritzen
2001) (with marble interbedded with schist layers), and
caves situated in a hanging position in glacially sculptured
valleys, rule out intra-stratal diffuse recharge (Klimchouk
2009) and the flood water (Palmer 1975) as the maze
developing mechanism. This presentation investigates the
relation between temperature, kinetics and cave geometry.

3. Results

Laboratory experiments of calcite kinetics demonstrate that
under higher temperature conditions the initial dissolution
rate increases while the capacity of dissolution decreases.
Under low temperature conditions the opposite is true, the
capacity at thermodynamic equilibrium increases, whilst the
Arrhenius effect decrease the initial dissolution rate
(Lauritzen and Skoglund 2013). High initial dissolution
rates indicate a relatively high first order kinetic constant,
and a rapid exhaustion of the low capacity of dissolution.
Since the time for the solution to reach equilibrium is still
long, the higher order kinetic constant must be reduced.
In the opposite case, low temperature leads to slow initial
dissolution rate and high solution capacity. We suggest that
the second order kinetic constant in this case may be higher
than in the first case. This initiates the question: Does water
temperature influences cave geometry?

When the feeder tube penetrates into the fracture net, the
high head of the inflow boundary is shifted far into the net
and a steep hydraulic gradient forms radially around the tip
of the feeder tube towards the outflow boundary (Fig. 1).
At breakthrough, the dissolution rate in the feeder tube
(discharge segment) increases rapidly towards the rapid first
order dissolution rate. Under the tropical scenario (A) the
feeder tube widens rapidly and becomes a very efficient
water conveyer and few other fractures dissolve and widen
before the model is stoped at a discharge of 50 l/s
(Fig. 1 upper). This contrasts the evolution in the cold
climate scenario (B) where a network or maze develops in
the outflow zone. This may be the result of the smaller
difference between the first and second order dissolution
rates or the longer penetration lengths at the tip of the main
channel. The temperate scenario C shows an intermediate
evolution with a smaller network (Fig. 1 lower).

2. Methods
In order to evaluate the influence of water temperature and
kinetic control on cave geometry we use the modeling
program for evolution of karst aquifers from the Bremen
group (Dreybrodt et al. 2005). To represent the marble karst
setting, a confined, dual fracture network is applied where
a coarse net of prominent fractures is embedded into a fine
fracture network. Simulations run under constant head
conditions and are stopped when the discharge exceeds
50 l/s. Breakthrough occurs when a feeder tube establishes
an efficient flow path through the net between the recharge
and discharge zone.

4. Concluding remarks
As a concluding remark, these preliminary results indicate
that slower first order kinetics with lower dissolution rates
restrict the positive feedback at breakthrough which
prevents accelerated flow rates in the feeder tube. If this is
true, it may suggest that cold climate settings enhance
network development. Although several other factors affect
the speleogenetic conditions under the glacier ice-contact
regime (Skoglund and Lauritzen 2011; Lauritzen and
Skoglund 2013), the temperature effect in it self might be
sufficient to affect cave geometry towards the network or
maze cases. However, these are still tentaive ideas which
need further elaboration.

In accordance with the results from the laboratory
experiments three simulation scenarios are applied.
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Figure 1. Network developed under the different scenarios. Upper:
Tropical scenario A at T = 25 °C. Middle: Cold climate scenario
B at T = 0 °C. Lower: Temperate scenario A at T = 10 °C. Line
thickness shows aperture, while grey scale shows dissolution rate:
dark grey is Fmax decreasing towards light grey which is 10-4Fmax
and black shows no dissolution.
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1

Calcite speleothem folia in Devil’s Hole mark former positions of water table of the regional Ash Meadows groundwater
flow system, southern Great Basin, USA. Previous studies identified fluctuations of the water table over the last 120,000
yr (Szabo et al. 1994). In this study we extend the record of water-table elevation back to 332,000 yr. Low water-table
stands correlate with warm Marine Isotope Stages 5.5, 7.3, 7.5 and 9. Water table elevations at earlier times may have
been controlled by the local extensional tectonic regime rather than by climate.

1. Introduction
The regional Ash Meadows groundwater flow system in
southern Nevada is hosted in Paleozoic carbonate rocks
(Winograd and Thordarson 1975). Discharge from this large
(ca. 12,000 km2) basin occurs along a prominent spring line
at the Ash Meadows oasis. Adjacent to the central part of
this lineament, there are two prominent tectonic caves,
Devils Hole and Devils Hole II (Fig. 1). The caves are open
extentional fractures which extend to a depth exceeding
130 m underwater. The water in the discharge area of this
flow system is slightly supersaturated with respect to
calcite. Along with the extensional tectonic regime, this led
to the development of thick, dense mammillary calcite
crusts (cave clouds) coating the walls of the fractures below
the water table. Crusts were depositing continuously from
566,000 ±20,000 yr to as recently as 4,500 yr (Ludwig et
al. 1992; Winograd et al. 2006).
Mammillary crusts were also reported from air-filled
chambers of the caves up to 9 m above the present water
level, implying that the latter occupied higher positions in
the past (Szabo et al. 1994). In addition, calcite deposits
indicative of paleo-phreatic water flow (veins) and former
springs (tufa/travertine), respectively, were found in
Quaternary alluvium and lakebeds. These deposits indicate
that the Pleistocene water table in the area could have been
tens to hundreds of meters higher than it is today (Winograd
and Doty 1980).

Figure 1. Location of Devils Hole at the discharge end of the Ash
Meadows flow system (from Riggs and Deakon 2002).

On the basis of hydrogeologic, neotectonic, and
paleoclimatologic information available at that time
Winograd and Szabo (1988) concluded that “the water table
in the south-central Great Basin progressively lowered
throughout the Quaternary” and, on the basis of U-series
dating calculated a rate of apparent watertable decline of
0.02 to 0.08 m/ka for the area of Ash Meadows during the
middle and late Pleistocene.

2. Folia as an indicator of the paleo-water-table
in Devils Hole
According to Davis (2012) “Folia are relatively rare
speleothems that manifest as fields of overlapping, downwardslanting, interleaved shelf-like structures that are best
developed on overhanging cave walls. They are generally
restricted to a limited vertical range in the host caves”. Folia
have most commonly been interpreted to grow in association
with fluctuating water tables of large subterranean water
bodies. Although other mechanisms of folia growth have been
proposed (e.g., Audra et al. 2009; Queen 2009) the
fluctuating-water origin is clearly the most feasible
explanation for this type of speleothem in Devil’s Hole.

This simple water table decline model has been revised in
1990s, after studies of the folia deposits in Browns Room –
an air-filled chamber of Devil’s Hole. There, a specific type
of speleothem, folia, forming at the (fluctuating) water-air
interface, was dated from different positions ranging up to
9 m above the present water level.
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Figure 2. Core from hanging wall of Devils Hole II featuring mammillary calcite deposition (phreatic growth) interrupted by four
episodes of folia deposition (water-table growth).

4. Possible causes of water-table fluctuations
The Ash Meadows groundwater flow system is ca.
12,000 km2 in extent. The transmissivity of this fractured
carbonate aquifer is very high, resulting in hydraulic gradients
as low as 0.06 m/km (Winograd and Thordarson 1975). For
this reason, the documented water-table fluctuations are likely
to have been of regional significance (Szabo et al. 1994).
The idea that such large water-table fluctuations were
related to climate was previously considered unlikely (e.g.,
Winograd and Doty 1980). Winograd and Szabo (1988)
suggested that displacements of the paleo-water table reflect
a combination of (1) tectonic uplift of the area, (2) lowering
of water-table elevation in response to tectonic subsidence
of an adjacent region, and (3) lowering of water-table
altitude in response to increasing aridity, or to erosion.

Figure 3. Dense folia on the hanging wall above the water table
in Devils Hole II. The figure is c. 1.5 m across.

Szabo et al. (1994) observed that in Browns Room folia are
ubiquitous from the ceiling (+9 m) to 1 m below the
present-day water table, but disappear rapidly below this
level. Only mammillary (i.e. phreatic) calcite is present in
cores drilled to bedrock at depths of 12 and 30 m below the
water table. These authors were the first to use this
information along with U-series dating to reconstruct a
history of past water-level fluctuations within this cave.
They have found that the water table fluctuated around +6
m between 116,000 and 53,000 yr ago and did not drop
below +5 m between about 98,000 and 53,000 yr ago. The
water level rose to +9 m ca. 44,000 yr ago, and fluctuated
from +9 to <+6 m from about 44,000 to 20,000 yr ago. After
ca. 18,000 yr ago the water level experienced a rather rapid
and uninterrupted drop at a rate of ca. 0.35 m/1,000 yr.

Figure 4. Summary of the data on the paleo-elevation of the
groundwater table in the Devils Hole cave system during the Late
Pleistocene (this study).

3. Episodes of low groundwater levels during
the Pleistocene

Szabo et al. (1994) compared the 120,000 yr-long history
of water table fluctuations with paleoclimatic and
paleoenvironmental data from the Great Basin and
suggested that the Browns Room fluctuations were
controlled primarily by changes in climate. Our new data
provide further support for this model.

In 2010–2011 we drilled several cores across calcite
deposits +1.8 m above the water table in Devils Hole II
(Figs. 2 and 3). The 66 cm-thick deposits from the hanging
wall of the cave featured four episodes of folia growth,
indicating that the water table fell to a level similar or only
slightly higher than today at least four times during the last
ca. 590 ka (Fig. 4).

All four newly identified low stands correspond to warm,
interglacial Marine Isotope Stages (MIS): 5.5, 7.3, 7.5 and
9, respectively.
During pre-MIS 9 times the water table elevation in the Ash
Meadows groundwater flow system, as recorded by calcite
deposits, appears to have been unrelated to climate. This
may indicate a more prominent role of extensional tectonics
in controlling the flow of the groundwater system.

By dating the mammillary calcite underlying and overlying
folia using the U-Th disequilibrium method and
interpolation using the previously established rather
uniform average growth rate of the mammillary calcite in
Browns Room (0.86 mm/1,000 yr; Szabo et al. 1994) these
low groundwater levels are dated to ca. 332,000, 244,000,
214,000 and 121,000 yr before present (Fig. 4).
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Turkey is located on a north-south transect at the middle latitudes of the northern hemisphere where atmospheric pressure
centers like the North Atlantic Oscillation at the west, eastern Atlantic-western Russia in the north and Indian monsoon
and the eastern Mediterranean oscillation determine the climate. Turkey is also close to and apparently affected by changes
in the Intertropical Convergence Zone (ITCZ). Hence, information on paleoclimate in Turkey may help to understand how
ITCZ has changed temporally its position in this part of the earth. Turkey and surrounding seas are abound with
paleoclimate archive records such as lake and marine sediments (e.g., pollen, foraminifera, diatoms etc.), tree rings and
speleothems. Many of the previous paleoclimate studies in Turkey are based on lake or sea sediment records. Among
them, those carried out in the two paleolakes of the central Anatolia closed basin (also called the Konya Closed Basin) are
most remarkable. Those studies revealed the existence of two large fresh/brackish water lakes that formed during the late
Quaternary as a result of cooler temperatures which resulted in a positive water balance. Lake studies also reveal that a
warmer climate started to become dominant after the Last Glacial Maximum (LGM). The arid climate of early Holocene
later on turned out to be today’s more wetter climate. Speleothem-based paleoclimate studies in Turkey have increased
remarkably during the last 5 years. The results of these studies are in agreement with the findings of previous work.
However, the high temporal resolution of speleothem signals allowed for better characterization of the paleoclimate. The
paleoclimate signals of the speleothems collected from northern and southern caves in Turkey have different trends before
and after LGM. The Holocene paleoclimate in southern Turkey were found to resemble the concurrent eastern
Mediterranean climate.

1. Introduction

This paper provides a list of the paleoclimate studies in and
around the Turkey and gives a brief summary only of those
limited to Holocene due to space limitation. Studies based
on cosmogenic moraine ages (e.g., Zreda et al. 2011) have
been kept outside the scope of this paper.

Climate in Turkey, located on a north-south transect at the
middle latitudes of northern hemisphere, is determined by
the North Atlantic Oscillation in the west, eastern Atlanticwestern Russia to the north and the Indian monsoon and
eastern Mediterranean oscillation. Turkey is close to and
apparently affected by shifts in the Intertropical
Convergence Zone (ITCZ). Thus, paleoclimate changes in
Turkey indicate also changes in the position of the ITCZ.
Turkey has regionally varying temperature and precipitation
regimes as most of the land is surrounded by the northern,
western and southern seas and has a mountainous
topography. These features make Turkey a remarkable
region from the perspective of paleoclimate research.

2. Paleoclimate studies in Turkey
2.1. Lake and sea sediments and tree ring studies
Many of paleoclimate and paleoenvironment studies in
Turkey has been conducted on lake sediments collected
from locations listed in Table 1 (Fig. 1). These studies are
focused on the temporal variation of diatom and pollen
species, stable isotope composition of fossils and/or
carbonate precipitates, mineralogy and geochemistry as
proxies of paleoclimate and paleoenvironment. The age of
the lake sediments have been determined by varve counting
between cores points dated by the radiocarbon technique.
Paleolake studies in Turkey concentrates in the central
Anatolia (i.e. Asia Minor) where the Konya Closed Basin
(KCB) has hosted many lakes since the beginning of the
Tertiary. Roberts et al. (1999) utilized the pollens, diatom,
stable isotope data combined with radiocarbon ages to
determine the late Quaternary paleoenvironmental
conditions in the KCB. They revealed that two paleolakes
(paleo Salt Lake at the north and paleo Konya Lake at the
south) existed in the KCB during the last 60 ka BP (before
present, 1950) and their extent has been controlled mostly
by climatic oscillations. The Konya paleolake reached its
maximum extent (4500 km2) and depth (~20 m) during the
Last Glacial Maximum (LGM) but shrank and dried out in
the early Holocene. Another study aiming to explain the late
Pleistocene climate in the KCB was done by Kuzucuoğlu

Many of the previous paleoclimate studies conducted in
Turkey have been based on core samples from lakes and
surrounding seas and on tree rings (e.g., Reed et al. 1999;
Marino et al 2009; Touchan et al. 2007). These studies
resulted in low resolution past climate data mainly because
of the poor age dating of samples. During the last decade,
paleoclimate studies in Turkey have concentrated on cave
sediments because of the vast extent of the karst areas that
abound with numerous caves.
Cave sediments, stalagmites in particular, have gained a
special role in paleoclimate studies as they can be dated
precisely, be found in most of the caves and, their stable
isotope contents better reflect the conditions of the
paleoenvironment. Studies on cave sediments help to
understand the paleoclimate, particularly during the late
Quaternary when combined with other paleo archive data
obtained from tree rings and lake/sea sediments.
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Figure 1. Locations of the sites of paleoclimate studies based on tree ring, lake and sea sediments in and around Turkey (numbers are
keyed to Table 1).

Table 1. Paleoclimate studies based on lake-sea sediments and tree rings in Turkey.
Key No
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.

Study Area
Konya and Salt Lake
Konya Closed Basin
Akgöl
Akgöl
Pınarbaşı
Konya Closed Basin
Konya Closed Basin
Süleymanhacı
Salt Lake
Göçü
Eski Acıgöl
Eski Acıgöl
Eski Acıgöl, Nar Lake
Southern Aegean Sea
Aegean Sea
Van Lake
Western Black Sea
Northern Aegean Sea
Mengen, Simavi Alanya
Gölhisar Lake
Gölhisar Lake
Elmalı, Mersin around
Eskişehir, Ankara, Bolu
Tecer Lake
Black Sea
Black Sea
Güvem Basin
Çatalhöyük
Çatalhöyük
Nar Lake
Konya Closed Basin

Location
Konya
Konya
Ereğli, Konya
Ereğli, Konya
Konya
Konya
Konya
Karaman
Aksaray
Göçü, Konya
Nevşehir
Nevşehir
Nevşehir
Aegean Sea
Aegean Sea
Van
Black Sea
Aegean Sea
Bolu, Kütahya, Antalya
Burdur
Burdur
Antalya, Mersin
Eskişehir, Ankara, Bolu
Sivas
Black Sea
Black Sea
Ankara
Konya
Konya
Nevşehir
Konya
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Archive Type
Lake sediment core
Lake sediment core
Lake sediment core
Lake sediment core
Lake sediment core
Lake sediment core
Lake sediment core
Lake sediment core
Lake sediment core
Lake sediment core
Lake sediment core
Lake sediment core
Lake sediment core
Sea core
Sea core
Lake sediment core
Sea core
Sea core
Tree rings
Lake sediment core
Lake sediment core
Tree rings
Tree rings
Lake sediment core
Sea core
Sea core
Pollen
Lake sediment core
Lake sediment core
Lake sediment core
Lake sediment core

Reference
Erol, 1985
Roberts et al. 1999
Kuzucuoglu et al. 1999
Leng et al. 1999
Leng et al. 2001
Roberts et al. 1979
Katsuhiro et al. 1997
Reed et al. 1999
Kashima 2002
Karabıyıkoğlu et al. 1999
Roberts et al. 2001
Jones et al. 2007
Turner et al. 2008
Rohling et al. 2002
Marino et al, 2009
Wick et al. 2003
Bahr et al. 2006
Kotthoff et al. 2008
Mutlu et al. 2011
Eastwood et al. 1999
Jones et al. 2002
Touchan et al. 2007
Akkemik et al. 2008
Kuzucuoglu et al. 2011
Kweicen et al. 2009
Baderschter et al. 2011
Yavuz 2008
Weninger et al. 2006
Bar-Yosef Mayer et al. 2012
Woodbridge and Roberts 2011
Inoue et al. 1998
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fluctuations during the Greenland interstadials of the last
glacial period. In another study based on the same
stalagmite sample from Sofular Cave Göktürk et al. (2011)
compared the speleothem signal with the concurrent Black
Sea core records (Bahr et al. 2006) (Fig. 2) and other cave
(Soreq, Qunf, Jeita caves) records that reflects the late
Quaternary paleoclimate in the eastern Mediterranean Sea.
The effect of regional and global climate dynamics upon
the paleoclimate of central Anatolia was studied by Özbakır
(2010), Erkan (2012) on stalagmites obtained from Incesu
Cave. The authors compared the temporal δ18O and δ13C
signals obtained from Incesu Cave samples with those of
obtained from lake-sea sediments and speleothems from
locations in the eastern Mediterranean Sea, central Anatolia,
Aegean Sea and Black Sea regions. They found that the
isotopic signal of precipitation over the Black Sea and
eastern Mediterranean Sea regions had different trends
before and after the LGM. They found evidences of a cooler
and more arid climate than the present between the LGM
and early Holocene while after the early Holocene a warmer
and more humid period existed. Moreover, they found also
that the Younger Dryas, 8.2 ka event, 4.2. ka event and
some of the Heinrich events affected the central Anatolia.

et al. (1999). They found that a large sinkhole located along
the flank of Taurus carbonate rock massif at the south acted
as a spillway when the paleolake reached its maximum
level.
In another important study based on analyses of micro
charcoal samples from paleo Acıgöl and Nar crater lake
(Turner et al. 2008), lower than modern precipitation and
temperature values is inferred for the period just before that
LGM. Besides, a wetter than early Holocene is inferred for
the modern climate.
In a study conducted in Lake Van, (largest lake in Turkey,
located in the east) it was determined that the aridity started
to increase and the modern climate conditions started to
develop after 4 ka BP (Wick et al. 2003). Kuzucuoğlu et al.
(2011) determined the variation of Mediterranean climate
and its effect on Anatolia during the last 6 ka based on
records obtained from Tecer Lake.
Several paleoclimate studies based on marine sediment and
tree ring records have also been conducted in and around
Turkey. These studies concentrate mainly in the Black Sea
and Aegean Sea regions where δ18O content of planktonic
foraminifera and ostracoda have been used to infer the
temporal variation of sea surface temperature and hence the
paleoclimate. Studies in the northern (Kothoff et al.,2008)
and southern Aegean Sea (Rohling et al. 2002) suggested
the Holocene climate in the Aegean Sea was determined by
the low latitude monsoons and by the temporal variations
of the solar insolation. Bahr et al. (2006) determined an
isotopic depletion in Black Sea water after the LGM based
on oxygen-18 data obtained from ostracoda.

The paleoclimate records of Sofular Cave was also used by
Baderschter et al. (2011) to explain the paleo precipitation
regime and water mass flux in Black Sea and Mediterranean
Sea during the late Quaternary. Kweicen et al. (2009)
conducted a study for a similar purpose.

Despite their limited temporal extent, dendrochronological
studies conducted in Turkey helped to determine past
environmental variations based on δ13C and δ18O signals
obtained from tree rings. Mutlu et al. (2011) determined the
effect of industrial development on precipitation and
atmosphere chemistry during ca. last 200 years based on the
tree ring δ13C and δ18O data obtained from black pine.
2.2. Speleothem-based studies
While paleoclimate studies based on the lake and marine
sediments provide useful long-term paleoclimate data, they
also suffer from the large age uncertainty. Data obtained
from well-dated tree rings has limited spatio-temporal
extent. Under these circumstances, speleothems which can
be dated precisely appear to be indispensable archives of
the late Quaternary paleoclimate. Hence, the number of
paleoclimate studies based on speleothems has increased
substantially during the last 5 years. Several caves
developed in carbonate rocks along the northern, southern
and central-west Turkey were studied for speleothem-based
paleoclimate records during this period (Fig. 3, Table 2).
Data obtained from caves in central-west and southern
Turkey caves revealed a paleoclimate similar to that
inferred for the eastern Mediterranean region. Moreover,
the data obtained from these caves is found to be in
agreement with those obtained from lake and sea sediments.

Figure 2. Comparison of isotope signals obtained from Sofular Cave
and western Black Sea core (Göktürk et al. 2011).

In another study conducted by Şenoğlu (2006) in Yelini
Cave, LA-ICP-MS technique was used to determine the
temporal variation of trace element composition along the
growth axis of a stalagmite that formed during the last
0.6 ka. She used trace element (Sr, B, Mg, Al) signal
intensity variations, changes in laminae color and thickness,
and the variations of stalagmite diameter from bottom to
top as proxies of paleoclimate. The laminae were found to

Fleitmann et al. (2009) evaluated the δ18O and δ13C signals
of precisely 230Th dated, 50 ka old stalagmite obtained from
Sofular Cave. They found evidences of the rapid climate
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Figure 3. Locations of speleothem-based paleoclimate studies in Turkey (numbers are keyed to Table 2).

Table 2. Speleothem-based paleoclimate studies in Turkey.
Key No
1.
2.
3.
3.
4.
5a.
5b.
5c.
5d.
5e.
6.

Study Area
Incesu Cave
Yelini Cave
Karaca Cave
Akçakale Cave
Sofular Cave
Sofular Cave
Kocain Cave
Uzuntarla Cave
Ovacık Cave
Yenesu Cave
Incesu Cave

Location
Karaman
Eskişehir
Gümüşhane
Gümüşhane
Zonguldak
Zonguldak
Antalya
Trakya
Zonguldak
Trakya
Karaman

Archive Type
Stalagmite
Stalagmite
Stalagmite
Stalagmite
Stalagmite
Stalagmite
Stalagmite
Stalagmite
Stalagmite
Stalagmite
Stalagmite

Reference
Özbakır Msc thesis 2010
Şenoğlu Msc thesis 2006
Jex PhD thesis 2008
Jex PhD thesis 2008
Fleitmann et al. 2009
Göktürk PhD thesis 2011
Göktürk PhD thesis 2011
Göktürk PhD thesis 2011
Göktürk PhD thesis 2011
Göktürk PhD thesis 2011
Erkan PhD thesis 2012

signals of paleoprecipitation and paleobiogenic activity in
the soil zone have different trends in the northern and
southern parts of Turkey. In general, a cooler and drier
climate is inferred for the period before LGM while a
warmer and more humid climate is inferred for the late
Holocene. Early Holocene is relatively drier and cooler.
Global events like Younger Dryas, 8.2 ka event, 4.2 ka event
and some of the Heinrich events have recorded also in
speleothem samples in Turkey.

be relatively thin and white in color and the diameter of
stalagmite is relatively narrow during the relatively cool
periods. It was also found that laminae color changes to
brownish during the relatively warm-humid periods as a
result of the increased biogenic activity in the soil zone. The
signals obtained from this stalagmite were found to be in
agreement with the historical records of famine, flood and
cooling events in central Anatolia.

The studies conducted to determine the paleoclimate and
paleoenvironment of Turkey concentrate mainly on the
western part of the country. Studies in the eastern part are
limited to Black Sea mountains at the northeast. Though
central-eastern Anatolia suffers from a lack of cave-hosting
carbonate rock formations, the geology of southeastern
Turkey is very promising. Thus, part of the future studies
can be carried out in this region. Another challenging study
area is the coastal and submarine caves. Some of the
submarine caves may host speleothems formed during the

3. Conclusions and Outlook
Many studies have been conducted in Turkey to determine
the paleoclimate/environment conditions during the late
Quaternary based on data from lake and sea sediments, tree
rings and speleothems. Studies based on speleothems have
increased during the last 5 years. The data obtained indicate
several important conclusions as summarized below. The
paleoclimate of central Anatolia during the late Quaternary
resembles that of the eastern Mediterranean. The isotopic
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LGM. Studying these samples would help to better
understand the eastern Mediterranean climate during that
period.

in relation to climatic change, Geomorphology 23, 229–243.
Jex CN, 2008. Speleothem Paleoclimate Reconstruction from
Northern East Turkey, PhD Thesis, School of Geography, Earth
and Environmental Sciences The University of Birmingham,
England, 410.
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ISOTOPES OF GYPSUM HYDRATION WATER IN SELENITE CRYSTALS
FROM THE CAVES OF THE NAICA MINE (CHIHUAHUA, MEXICO)
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We examined the isotopic composition of gypsum hydration water (δ18O and δD) in several selenite speleothems from the
caves of the Naica Mine (Chihuahua, Mexico). The gypsum samples were collected from depths of -120 m (“Sword Cave”)
and -290 m below the surface (“Crystales Cave” and “Ojo de la Reina Cave”). δ18O ranged between -4.66 and -3.26‰,
whilst δD varied between -81.78 and -71.43‰, relative to V-SMOW. The isotopic composition of the Naica aquifer was
calculated using known isotopic fractionation factors for δD and δ18O during gypsum precipitation (αDgyp – H2O= 0.980 and
α18Ogyp – H2O= 1.004), which are independent of temperature (at low values). Our results reveal that δ18O of the Naica aquifer
water ranged between -8.62 and -7.23‰, whilst δD was between -63.04 and -52.48‰ during the period in which the
gypsum crystals precipitated under subaqueous conditions from a hydrothermal solution. The data are described by a line
(δD= 7.97 δ18O + 5.81) that is close to the current meteoric water line at the setting of Naica. Furthermore, the current
water of the deep aquifer shows isotopic values that also fit with the inferred values of the aquifer palaeogroundwater.
The differences observed between gypsum at -120 m and -290 m deep could be explained by selenite crystals formed
under different climatic conditions, as revealed by previous geochronological studies on these speleothems. Changes in
the main moisture source of precipitation (Pacific Ocean/Gulf of Mexico) affected the isotopic composition of the meteoric
water in this area during the Quaternary. Alternatively, δ18O and δD of gypsum precipitated during the Holocene at -120
m show that evaporation of the shallower aquifer affected the isotopic composition of the groundwater during that period.
In conclusion, we confirm that the huge gypsum speleothems of the Naica caves precipitated from water of meteoric origin
that infiltrated in the hydrothermal aquifer of Naica, with indication of evaporation during the Holocene. Our preliminary
results suggest that phreatic gypsum speleothems constitute a potentially promesing archive for palaeogroundwater and
palaeoclimate reconstruction.

1. Introduction

palaeoclimate indicators (Garofalo et al. 2010; Gázquez et
al. 2011; Gázquez et al. 2012a,b). Nevertheless, some
questions remain about the characteristics of the
hydrothermal water that gave rise to gypsum speleothems
precipitation in the Naica system.

The caves of the Naica Mine (Chihuahua, Mexico) host
some of the largest hydrothermal gypsum speleothems
worldwide (García-Ruiz et al. 1997; Forti 2010). In the
Cueva de los Cristales (“Crystals Cave”), at at depth of
-290 m, huge selenite crystals up to 11 m in length are found
(Badino et al. 2009).
In addition, other smaller caves hosting selenite
speleothems were discovered at -290 m below surface when
in 2000, the mining galleries intercepted the natural cavities.
For instance, Ojo de la Reina Cave, which consists of a
narrow sub-vertical fracture parallel to a fault, is totally
filled with giant prismatic selenite crystals (Badino et al.
2011). Cueva de las Espadas (“Sword Cave”) at -120 m
below the surface was discovered in the 20th century. This
small cave is home of the “espada” speleothems, consisting
of prismatic selenite crystals covered by a layer of carbonate
(aragonite and calcite) and gypsum (Gázquez et al. 2012a).
Over the past decade, the mineralogy, and some
geochemical characteristics of these striking speleothems
have been studied (García-Ruiz et al. 2007; Sanna et al.
2010; Garofalo et al. 2010; Badino et al. 2011; Gázquez et
al. 2012a,b), as well as the mechanism of formation
(García-Ruíz et al. 2007; Forti 2010). In some of this work,
the speleothems of Naica caves have been proposed as

Figure 1. Location of the main caves in the Naica Mine in which
gypsum speleothems have been studied as part of this study.
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Hydration water of gypsum has been demonstrated to be a
powerful tool for studying the isotopic composition of the
water from which gypsum precipitates. Applications
include pedogenic gypsum (Farpoor et al. 2004; Bruck and
Van Hoesen 2005) and gypsiferous sediments from lakes
(Hodell et al. 2012).
In this study, we have measured the isotopic ratios (δ18O
and δD) of gypsum hydration water in selenite speleothems
from the Cueva de los Cristales, Cueva de las Espadas and
Ojo de la Reina Cave. The objective is to reconstruct the
isotopic composition of the palaeogroundwater of the Naica
aquifer from which the gypsum precipitated as well as the
possible causes of isotopic variations.

2. Geological setting
The Naica mining district, located in Chihuahua State,
Northern Mexico, has been one of the most important areas
for lead and silver production in the world since the middle
of the nineteenth century (Fig. 1). At the Naica Mine, the
mining activities are centred around extracting zinc and lead
sulphides enriched in silver (Ruiz et al. 1985). Up to 1
million tons of material are extracted each year from the
mine resulting in 150 tons of silver and 50,000 tons of lead
(Giulivo et al. 2007).
The current climate of the Naica region is typical of the
Chihuahua desert with temperatures greater than 35–50 ºC
in summer but slightly colder than in the neighbouring
deserts of Sonora and Mojave. Annual precipitation is less
than 250 mm with most rainfall occurring in the monsoon
season during late summer (Hoy and Gross 1982).
The entrance to the mine lies at 1385 m.a.s.l. on the
southern face of an anticline structure called Sierra de
Naica. The regional stratigraphy comprises limestone and
dolostone with interbedded clays and silts (Albian and
Cenomanian) (Franco-Rubio 1978). Intrusive magmatic
activity during the Tertiary is evidenced by acid dikes in the
carbonate series (Alva-Valdivia et al. 2003) (Fig. 1A). The
contact between the groundwater and these igneous bodies
created a hydrothermal system containing brines, which
flowed along lines of weakness that follow the alignment
of the dikes and faults (Ruiz et al. 1985). These brines
interacted with felsic materials and limestone, giving rise
to new minerals (Megaw et al. 1988). In fact, the
development of the natural cavities in the Sierra de Naica
Mountain is closely related to the main faults in this system,
the Naica Fault and the Montaña Fault (Fig. 1) (Forti 2010).

Figure 2. Gypsum speleothems studied in this work. A. Cueva de
los Cristales, where the gypsum sample was taken from the inner
central part of a huge selenite crystal; B. Ojo de la Reina Cave.
The sample were collected from basal part of a gypsum wall; C.
Cueva de las Espadas. Samples were extracted from different
gypsum layers of an “espada” speleothem (see main text and
Gázquez et al. 2012a).

The gradual cooling of the aquifer water resulted in
precipitation of low-temperature hydrothermal minerals
such as quartz, calcite, aragonite, anhydrite, and eventually
gypsum (Erwood et al. 1979). Oxidation of metal sulphides
enriched the groundwater in sulphates and led to
precipitation of anhydrite at high temperature. Later,
gradual cooling of the system caused dissolution of
anhydrite, slightly supersaturating the water in gypsum
below 58 ºC (García-Ruiz et al. 2007).

3. Methods
Five gypsum samples were examined in this work coming
from Cueva de los Cristales (CRI-01), Ojo de la Reina Cave
(OJO-01), and Cueva de las Espadas (ESP-01, ESP-02,
ESP-03).
Powdered subsamples were extracted by using a Dremel®
drill. Sample CRI-01 comes from the inner central part of a
fragment of a huge selenite crystal that rested on the floor of
the Cueva de los Cristales (-290 m level). Sample OJO-01
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was collected from the basal part of the selenite deposits
that cover the walls of Ojo de la Reina Cave (-290 m level).
Finally, samples ESP-01, ESP-02 and ESP-03 were
extracted from an “espada” speleothem of the Cueva de las
Espadas (-120 m level). ESP-01 was taken from the selenite
core of the speleothem, while ESP-02 and ESP-03 were
extracted from two layers composed of microcrystalline
gypsum that are separated by aragonite laminae (Fig. 2C),
as previously identified by Raman spectroscopy (Gázquez
et al. 2012a).

from the Cueva de las Espadas (at the -120 level) are more
enriched in the heavier isotopes of hydrogen and oxygen,
showing values around -3.35‰ ±0.13 and -72.01‰ ±0.63
(n=3) for δ18O and δD, respectively.
In the Cueva de las Espadas speleothem, the hydration
water of the selenite core of the “espada” speleothem is
marginally isotopically lighter (-3.50‰ and -72.68‰ for
δ18O and δD, respectively) than the external gypsum layers
(-3.27‰ ±0.01 and -71.67‰ ± 0.34 (n=2) for δ18O and δD,
respectively).

The isotopic analyses of gypsum hydration water were
carried out in the Godwin Laboratory for Palaeoclimate
Research (Department of Earth Science) at the University
of Cambridge (UK) following the method of Hodell et al.
(2012). About 300–400 mg of gypsum was gently ground,
loaded into glass boats, and placed in a vacuum extraction
line and evacuated to a pressure of 10-3 mbars. Samples
were pumped on for 3 hours at room temperature with a
liquid nitrogen trap fitted on the pumping line to remove
absorbed water and fluid inclusions from the ground
gypsum. This low-vacuum pumping was found to be
effective at removing absorbed water with no detectable
loss of hydration water (Playa et al. 2005).

Table 1. Isotopic composition of the gypsum samples analyzed in
this study (δ18Ogyp and δDgyp) and the inferred values for the
palaeogroundwater of the Naica aquifer (δ18Ow and δDw) utilizing
the fractionation coefficients obtained by Hodell et al. (2012).
Sample
OJO-01

Cave
Reina

δ18Ogyp
-4.42

δDgyp
-79.61

δ18Ow
-8.39

δDw
-60.83

CRI-01

Cristales

-4.66

-81.78

-8.62

-63.04

ESP01

Espadas

-3.50

-72.68

-7.47

-53.75

ESP02

Espadas

-3.26

-71.43

-7.23

-52.48

ESP03

Espadas

-3.28

-71.92

-7.25

-52.98

By studying the the isotopes of hydration water of gypsum
in the speleothems of the Naica Mine, it has been possible
to infer the isotopic characteristics of the deep aquifer of
Naica during gypsum precipitation.

Crystallization water in gypsum was released by slowly
heating the sample to 450 ºC in vacuo and freezing the
hydration water in a 6-mm-OD breakseal tube, immersed
in liquid nitrogen for at least 45 minutes. Non-condensable
gases were pumped for 30 seconds before flame sealing the
tube. Samples were weighed before and after heating to
determine weight loss as a measure of the mass of hydration
water extracted.

Classic studies of light isotopes in gypsum demonstrate that
the δD of gypsum is around 19‰ lower than the solution
from which it derives, whilst δ18O of hydration water is
enriched by about 4‰ (Fontes and Gonfiantini 1967; Sofer
1978; Pradhananga and Matsuo 1985). Isotope
fractionations of hydrogen (αDgyp – H2O=0.985) and oxygen
isotopes (α18Ogyp – H2O=1.004) are virtually independent of
temperature below 58 ºC (Gonfiantini and Fontes 1963;
Fontes and Gonfiantini 1967; Hodell et al. 2012).

The 6-mm-OD tube containing 60–80 µl of hydration water
was scored and broken to a fixed height and inserted into a
2-ml septum-capped vial and placed in the autosampler of
the water isotope analyzer. Water oxygen and hydrogen
isotopes were measured simultaneously by cavity ringdown
laser spectroscopy (CRDS) using a L1102-i Picarro water
isotope analyzer and A0211 high-precision vaporizer. Each
sample was injected nine times into the vaporizer.

By using this fractionation factor we found that the δD of
the aquifer water during the formation of the gypsum
speleothems of Naica ranged between -63.04‰ and
-52.48‰ for δD and between -8.62‰ and -7.23 for δ18O
(Table 1). Regarding differences between crystals
precipitated at -120 m and -290 m below the mine entrance,
gypsum precipitated in Cueva de las Espadas is enriched in
heavier isotopes with respect to the speleothems of Cueva
de los Cristales and Ojo de la Reina by around 10‰ and
1‰ for δD and δ18O, respectively. (Table 1 and Fig. 3).

Memory effects from previous samples were avoided by
rejecting the first three analyses. Values for the final six
injections were averaged with in-run precision of less than
±0.1 for δ18O and ±1 for δD (1-standard deviation).
Calibration of results to V-SMOW was achieved by
analyzing internal standards before and after each set of 7
or 8 samples. Internal standards were calibrated against VSMOW, GISP, and SLAP. All results are reported in parts
per thousand (‰) relative to V-SMOW. External precision
was estimated by repeated analysis of the internal gypsum
standard, Cambridge Gypsum (CamGyp), with δ18O = -5.0
±0.1‰ and δD = -71 ±1.4‰ (n=9).

Regarding only the samples from the Cueva de las Espadas,
the isotopic differences observed between them suggests
that the selenite core of the “espada” speleothems (ESP-01)
precipitated from water slightly depleted in the heavier
isotopes compared to the external gypsum layers (ESP-02
and ESP-03).

4. Results

5. Discussion

On the basis of the δ18O and δD (Table 1), the gypsum
samples examined in this work can be split into two groups.
First, the selenite samples from the caves at -290 m deep
(CRI-01 and OJO-01) show the lowest δ18O and δD values
of the whole sample set, around -4.54‰ ±0.16 and -80.70‰
±1.54 (n=2), respectively. Meanwhile, the gypsum samples

The isotopic composition of the Naica aquifer inferred from
the gypsum hydration water of selenite speleothems from
Cueva de los Cristales, Ojo de la Reina and the selenite
crystals of Cueva de las Espadas fall on a line expressed by:
δD = 7.97 δ18O + 5.81
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Figure 3. Isotopic composition (δ18O and δD) of the palaeogroundwater of the Naica aquifer inferred from gypsum hydration water of
selenite speleothems. Data from the huge crystals from Cueva de los Cristales, Ojo de la Reina and Cueva de las Espadas (core of the
“espada” speleothem) fit a line that is close to the local meteoric water line (LMWL) at the Chihuahua setting (Cortés et al. 19971).
Data from the external gypsum layers of the”espada” speleothems of Cueva de las Espadas suggest that gypsum precipitated from
evaporated water during Holocene. The isotopic values of the current groundwater have been also represented, after Dames and More
(1977)2 and García-Ruíz et al. (2007)3. The age of the samples obtained by Sanna et al. (2010)4 have been also indicated.

Such a relationship between δD and δ18O is typical of
meteoric water (Craig 1961) and is close to the local
meteoric water line of the Chihuahua setting (Cortés et al.
1997) (Fig. 3). This fact points to the aqueous solution that
gave rise to gypsum precipitation in the Naica caves
consisted of meteoric water that infiltrated in the Naica
aquifer and underwent changes in chemical composition
and temperature (Fig. 4).

In Cueva de las Espadas, gypsum precipitated around 57
± 1.7 ka BP (Sanna et al. 2010; sample ESP-01 in this work)
and during some periods of the Holocene (Sanna et al.
2010; Gázquez et al. 2012a), giving rise to the “espada”
speleothems.
The solution that generated the external gypsum layer of
the “espada” speleothems during the Holocene had isotopic
values that below the δ18O-δD line of the Naica aquifer
palaeogroundwater. These data follow an evaporation line,
indicating that these gypsum layers came from solutions
that had previously evaporated in the shallower level of the
aquifer when the water table was near the Cueva de las
Espadas level (Fig. 4). This interpretation is supported by
earlier studies of fluid inclusions that determined that the
external gypsum layers of the “espada” speleothems are
considerably more saline than the fluid inclusions of the
selenite core, and also than those of the crystals at -290 m
deep (Garofalo et al. 2010).

The isotopic values of the current aquifer water also fit this
line. Dames and More (1977), and later García-Ruíz et al.
(2007) reported values of -57.0‰ ±0.1 and -7.80‰, for δD
and δ18O respectively, in the thermal water around the
deepest level of the mine, at -430 m and -640 m in 1976 and
2002, respectively (Fig. 3). However, the isotopic
composition of the samples collected at the shallower levels
of the mine (-290 and -530 in 1976 and 2003, respectively)
fall slightly off this trend. This observation suggests that
gypsum speleothems in the Naica caves was formed from
deep-aquifer water, which represents the mean regional
isotopic composition of the meteoric water in the
Chihuahua setting (regional recharge). Meanwhile, samples
taken at the shallower levels could represent vadose water;
therefore, the isotopic composition of the local meteoric
water at the location of the Sierra de Naica Mountain (local
recharge) was probably affected by evaporation (Fig. 4).

Considering the wide period of time along which gypsum
precipitated in the Naica system, the differences observed
in δD and δ18O are undoubtedly linked to changes in the
isotopic composition of the hydrothermal water of the
aquifer, probably as a consequence of palaeoclimate
changes that affected the isotopes of the meteoric water in
northern Mexico.

The age of several gypsum speleothems of the Naica caves
were reported by Sanna et al. (2010). According to these
authors, the oldest selenite crystals in the Naica mine are
located at the -290 m level, where gypsum started to
precipitate before 191 ± 16 ka BP (Sanna et al. 2011) as
indicated by the age of the basal gypsum crystal of Ojo de
la Reina Cave (sample OJO-01 in this work). Nevertheless,
regarding the imprecise age of the inner central part of the
huge crystals of Cueva de los Cristales (158 +101/-52 ka
BP, CRI-01 in this work), gypsum precipitation in the Naica
Mine could have started even before that date.

Isotopic variability in meteoric water in northern Mexico
has been demonstrated to be dependent of moisture source
changes at seasonal (Hoy and Gross 1982; Yapp 1985) and
palaeoclimate scales (Harmon et al. 1979; Asmerom et al.
2010). In this area, recharge responds most strongly to
changing precipitation delivered by the North American
summer monsoon. Currently the region receives
precipitation from Pacific winter cyclones, but the majority
(>50 %) is derived from the summer monsoon system in the
Gulf of Mexico (Hoy and Gross 1982).
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Figure 4. Hydrogeological sketch of the Naica aquifer. The hydrothermal system is fed by the regional groundwater flow from the vicinity
of the Sierra de Naica mountain range (regional recharge) and the seepage of meteoric water in the Naica karst (local recharge).
Evaporation in the aquifer surface led to precipitation of gypsum isotopically enriched (δ18O and δD of hydration water) and with highsaline fluid inclusion in Cueva de las Espadas (-120 m level) during the Holocene, when the water table was near the cave level.

The proportional contributions to the regional precipitations
from these two areas have changed on palaeoclimatic time
scales (Harmon et al. 1979; Asmerom et al. 2010). When
moisture comes mainly from the Pacific Ocean, the rainfall
is isotopically depleted compared to reainfall derived during
the summer monsoon from the Gulf of Mexico rainfall.
Considering that the gypsum crystals of the Naica caves
grew during a period of at least 200 ka, the isotopic
composition of the aquifer water could be affected by
isotopic changes in the recharge as a response to climate
cycles over the Quaternary.

stage 7 (MIS 7), whereas the first stage of gypsum
precipitation at the -120 m level occurred during MIS 3.
Our data reveal that the recharge of the aquifer was
considerably depleted in heavier isotopes around 200 ka BP
with respect to 60 ka BP and the Holocene. Thus, moisture
contribution from the Pacific Ocean was more relevant in
this area during MIS 7 compared to MIS 3 and the
Holocene. Finally, the external gypsum layers of the
“espada” speleothems of the Cueva de las Espadas grew
during the Holocene from water isotopically heavier than
in previous stages. Nevertheless, in this case evaporation
could play a main role during its crystallization, so more
data will be necessary to estimate the isotopic composition
of the solution prior to evaporation.

Thus, it is possible to track changes in the moisture source
through time. Our data obtained from the gypsum
speleothems of Naica show that δD of the thermal water
could range by around 10‰, whilst δ18O oscillated up to
1.5‰ during the different stages of gypsum precipitation.

6. Conclusions

During the Holocene, evaporation enriched the shallower
aquifer in the heavier isotopes by around 0.25‰ for δ18O
and by 1‰ for δD as observed in the external gypsum layer
of the “espada” speleothems. In contrast, the expected
isotopic variations due to changes in the main moisture
source of precipitation would be around 9‰ and 1.25‰ for
δD and δ18O, respectively.

1) The isotopic values of the Naica aquifer inferred from
gypsum speleothems all on a line that is close to the
current meteoric water line for the Naica region. In
addition, the isotopic composition of the current aquifer
water fits this line. Consequently, we conclude that the
huge gypsum speleothems of the Naica caves
precipitated from water of meteoric origin that changed
in temperature and chemical composition along its
flowpath through the Naica aquifer.

Asmerom et al. (2010) determined that δ18O of rainfall in
New Mexico (USA) changed by 6‰ during the
Pleistocene-Holocene transition by analyzing a calcite
stalagmite from Fort Stanton Cave. In addition, other
studies showed that during the Last Glacial stage, meteoric
water was depleted in deuterium by 12‰ relative to the
Eemian Interglacial (Harmon et al. 1979).

2) Variations in the isotopic value of the Naica aquifer
changed over the past 200 ka BP as a result of regional
palaeoclimate changes, and particularly in response to
changes of the main moisture source (Pacific Ocean/Gulf
of Mexico).

These earlier studies revealed that displacements of both
the intertropical convergence zone and the polar jet casued
changes in the main moisture source of precipitation in this
area.

3) Evaporation affected the isotopic composition of the
hydrothermal solution when the water table was near the
Cueva de las Espadas level, as recorded by the Holocene
gypsum layers of the “espada” speleothems.

From a palaeoclimatic point of view, and considering the
ages of the crystals at -290 m deep, these speleothems
precipitated from themal water during the marine isotopic

4) According to these preliminary data, phreatic gypsum
speleothems are potential archives for future study of
palaeogroundwater and palaeoclimate.
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The littoral caves of southeastern Mallorca have formed by the mixing of freshwater and seawater in the coastal phreatic
zone, and are extensively decorated with speleothems that formed during Quaternary times when the caves become airfilled chambers. Throughout the Middle and Upper Pleistocene the caves were repeatedly flooded by glacio-eustatic sea
level oscillations. The water level of each flooding event was recorded by a distinct encrustation (a Phreatic Overgrowth
on Speleothems, POS) of calcite or aragonite over existing speleothems and along cave walls. These carbonate precipitates,
which appear as horizontal alignments of crystallizations delimiting the tidal fluctuation range of the coastal water-table,
are excellent recorders of sea level changes, being readily datable by U-series methods. Through the last four decades, a
new approach to the Mediterranean sea level history has arisen from the interdisciplinary study of such particular type of
speleothems in the littoral caves of Mallorca Island. More than 50 POS, collected from 17 littoral caves, have provided 97
U-series ages in the range from 0.6 ka to >350 ka BP. On the basis of these data, accurate elevations of sea level stands
both during the Holocene and over the MIS 5 and 4 can be determined.

1. Introduction: Phreatic Overgrowths on
Speleothems (POS) from Mallorca Island

Generally speaking, the POS from Mallorcan littoral caves
are crystalline coatings that define strictly horizontal bands.
These carbonate encrustations develop along the cave walls,
or over any suitable support (for example, common vadose
speleothems) penetrating below the surface of the
subterranean pools (Figure 2). The morphology of these
coatings is bulky and its maximum thickness corresponds
to the mean position of the water table. As a rule, the
thickest part of the overgrowth is located in the middle of
the crystallizations belt, gradually decreasing upward and
downward. The belt-like form of POS deposits has a rather
simple statistical explanation that relates to the position of
the water table, where the maximum thickness occurs at the
mean sea level during its growth period (Pomar et al. 1979).

Karst landforms are abundant along the southern and
eastern coasts of Mallorca, particularly in the Upper
Miocene post-orogenic carbonate rocks (Ginés 2000; Ginés
et al. 2012a). One of the most distinctive features of the
coastal caves on Mallorca Island is the presence of
extensive subterranean brackish pools. These ponds are
currently flooding the lower parts of the caves, in
elevational and hydrodynamic correspondence with
present-day Mediterranean sea level (Pomar et al. 1979;
Ginés and Ginés 2007). The sea level control over the
littoral cave pools is evident since their surface undergoes
daily fluctuations, related to minor tidal and/or barometric
sea level oscillations.

The morphological variety of phreatic speleothems is
enormous (Ginés and Ginés 1974; Ginés et al. 2005). Very
abundant and conspicuous are those globular forms
described above. At the same time, some other forms are
represented, but to a lesser extent, as for example the
deposits of floating calcite and/or aragonite rafts, as well as
cave cones produced by the accumulation of sunken
floating rafts (Pomar et al. 1976; Ginés et al. 2005). These
variegated phreatic crystallizations constrain (in a very
noticeable manner) fully horizontal belts of encrustations,
whose elevation correspondence with contemporaneous sea
level is the central to the present investigations, as earlier
postulated by Ginés and Ginés (1974) and Ginés et al.
(1981a).

In this particular microenvironment, geochemically
characterized by relatively elevated contents of chloride,
sulfate, magnesium, and calcium, it is possible to observe
freshly precipitated carbonates (phreatic overgrowths
forming horizontal bands, floating calcite rafts, etc.) linked
to the surface of these subterranean ponds (Pomar et al
1976, 1979; Tuccimei et al. 2010; Ginés et al. 2012b; Onac
et al. 2012). Just as these POS record the current sea level
position, ancient crystallizations of the same type – situated
both above and below the present-day ±0 elevation datum
– prove to be an excellent register of past sea level
(Figure 1), a fact documented in a number of papers (Vesica
et al. 2000; Fornós et al. 2002; Tuccimei et al. 2006; Dorale
et al. 2010).

The present publication is an abridged version of the chapter Phreatic overgrowths on speleothems (POS) from Mallorca, Spain:
Updating forty years of research published with the occasion of the Sea-level changes into MIS 5: from observation to prediction
Workshop, held in Palma de Mallorca between April 10–14, 2012. The full text is available at: http://www.shnb.org/monografies/
monografia18/Mon_Soc_Hist_Nat_Balears_18_2012.pdf

*
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Currently up to 30 paleolevels of POS (ranging from +46 m
ASL to -23 m below the current ±0 datum) have been
recognized in Mallorcan caves (Ginés 2000). Overall, the
POS alignments that are localized at positive elevations
record transgressive high-stands associated with interglacial
or interstadial periods, whereas the speleothem bands or
overgrowths situated below the current sea level may
correspond to regressive pulsations linked to glacial or
stadial conditions.

Congress of Speleology held in Bowling Green (USA), in
two papers dealing with the morphology and mineralogy of
POS and, especially, to their potential as records of past sea
levels (Ginés et al. 1981a, 1981b). These investigations, that
started from the Mallorcan speleological scene owing to the
already cited works by A. Ginés and J. Ginés, very early
were developed as a collaborative project within the
Universitat de les Illes Balears (UIB), particularly with L.
Pomar and subsequently with J.J. Fornós.
During the 1980s, a programme of U-series datings was
commenced due to the interest and dedication of the late
G.J. Hennig. Up to 16 U/Th ages on POS were performed
at the Niedersächsisches Landesamt für Bodenforschung
(Köln, Germany) by means of alpha-spectrometry
techniques. The obtained ages range from Holocene to older
than 350 ka BP, including samples that clearly corresponded
to the Last Interglacial (Hennig et al. 1981). During these
years, electron spin resonance (ESR) measurements were
also conducted in order to obtain additional
geochronological data on Mallorcan POS (Grün 1985,
1986).

Figure 1. Sketch of a karstic littoral cave of Mallorca hosting
present-day as well as ancient POS deposits. Broken lines
represent the mean elevation attained by the ground water table
during each recorded sea stand.

Referring briefly to the mineralogy of POS, it is possible to
assess how calcite and (in a lesser extent) aragonite are
predominant in these deposits. Aragonite crystallizations
occur particularly in some paleolevels located above the
current sea level, as well as Holocene POS in the Cova des
Pas de Vallgornera. The aragonitic mineralogy likely has
paleoclimatic significance (Pomar et al. 1976; Ginés et al.
1981b; Vesica et al. 2000; Csoma et al. 2006), being present
in samples belonging to warmer substages of MIS 5.
Aragonite encrustations originate characteristic smooth
coatings, whereas calcite POS show macrocrystalline
textures with rough surfaces.

2. Investigations of Mallorcan POS: a four
decades story
Examination of phreatic speleothems in littoral caves of
Mallorca Island started in 1972, when striking bands of
subaqueous crystallizations were observed in Cova de sa
Bassa Blanca (Alcúdia) being tentatively credited to
represent past Pleistocene sea stands. The first research on
Mallorcan POS focused on correlating their elevation with
the fossil beach sequences, abundant along the coasts of the
island. Using this approach, the phreatic speleothems bands,
distributed from the current sea level to +35 m ASL, were
correlated to ancient coast lines encompassing the time span
from the Last Interglacial to the Middle Pleistocene for the
highest observed POS (Ginés and Ginés 1974).
Furthermore, early mineralogical and crystallographical
studies on POS identified the presence of aragonite
deposits, pointing out their potential paleoclimatic
significance (Pomar et al. 1976). All these aspects were
internationally disseminated during the 8th International

Between 1995 and 2000, a second U-series dating
programme was conducted in collaborative research with
the Università Roma Tre (Rome, Italy), under the leadership
of Paola Tuccimei. More than 30 U/Th ages were published
during this period, corresponding to POS paleolevels
situated both above and below the current sea level
(Tuccimei et al. 1997, 2000). The tasks of sampling the
submerged phreatic speleothems were accomplished during
important underwater exploration carried out by an
extremely active and dedicated team of Mallorcan speleodivers. Most of the U-series analyses resulting from this
dating campaign were performed by means of alphacounting techniques, with only a few obtained by thermal
ionisation mass spectrometry (TIMS). The ages range
between 67 ka and >350 ka BP, with over 16 dates
corresponding to different substages of MIS 5. These
allowed our team to reconstruct, for the first time, a detailed
sea level curve for Western Mediterranean basin between
150 and 60 ka BP (Tuccimei et al. 2000; Ginés et al. 2002).
The geochronological investigations carried out along this
period were complemented with a few stable isotopes data
on POS, meant to provide some preliminary paleoclimate
information (Vesica et al. 2000). Furthermore, research on
Mallorca’s recent tectonics was evaluated in a paper that
highlights the potential use of POS in structural geology
studies (Fornós et al. 2002).
During the most recent decade, a third programme of
radiometric investigation commenced on POS with a twofold purpose: first, to obtain accurate U/Th ages by means
of multi-collector inductively coupled plasma massspectrometry technique (MC-ICPMS) and second, to study
in detail the Holocene POS. Over 47 mass-spectrometry
datings were performed mainly at the laboratory of the
Institute of Geology from the University of Bern
(Switzerland) – owing to the collaboration of Jan Kramers
and Igor M. Villa – as well as 12 additional dates completed
by Bogdan P. Onac (University of South Florida) and
Jeffrey A. Dorale (University of Iowa) who in the last years
joined this research project. The recent research on
subactual POS have supplied new data on Holocene
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samples from Mallorca (Tuccimei et al. 2010, 2011)
allowing to the generation of an accurate sea level curve
(for the Last Interglacial to Holocene times) based on the
available U-series data on POS. Some of the new dates,
especially those falling between 150 and 60 ka BP, provide
reliable information about sea level history during MIS 5
in Mallorca (Tuccimei et al. 2006), novel data on the MIS
5a high sea stand (Onac et al. 2006; Dorale et al. 2010), and
on the Glacial Isostatic Adjustment (GIA) in the Western
Mediterranean area (Tuccimei et al. 2012).

3. Phreatic Overgrowths on Speleothems:
a useful tool for Quaternary sea level studies
During the last decades, a new approach to the
Mediterranean sea level history has arisen from the
interdisciplinary study of the Phreatic Overgrowths on
Speleothems (POS) found in the littoral caves of Mallorca.
A comprehensive bibliographic revision on this topic is
provided by Ginés (2000), whereas recent updated data sets
are available in Tuccimei et al. (2006, 2010) and Dorale et
al. (2010). The geomorphological approach to these karst
deposits has been fully supported by chronological
information obtained from U-series datings of the POS
samples. The data gathered altogether represent a very
precise archive of glacioeustatic fluctuations during the
Quaternary in the studied area. The sea level curve for the
time span between 150 and 60 ka BP is especially detailed
(Figure 3).

Figure 2. Photos of Phreatic Overgrowths on Speleothems (POS)
from two Mallorcan caves. A: nice aragonite encrustations
growing at the current water table in Cova des Pas de Vallgornera,
Llucmajor. (Photo: A. Merino). B: group of POS crystallizations
that record an ancient sea stand in Coves del Drac (Manacor), at
an elevation of +4 m above the present-day sea level. (Photo: J.
Ginés).

The early U/Th dating programmes conducted by means of
alpha-spectrometry on phreatic speleothems from Mallorca
– collected both above and below the current sea level –
yielded ages from about 63 ka to >350 ka BP (Hennig et al.
1981; Tuccimei et al. 1997, 2000). Apart from a few POS
samples presumably corresponding to MIS 7 or even earlier
(MIS 9 or 11), the vast majority of ages were in the range
150–60 ka BP providing valuable information on sea level
history during MIS 5. Additional research, taking advantage
of recent mass-spectrometry techniques, have allowed lately
constraining a more detailed and accurate Upper
Pleistocene sea level curve for the Western Mediterranean
basin (Tuccimei et al. 2006; Dorale et al. 2010). In total,
more than 50 phreatic speleothems collected in 17 littoral
caves of Mallorca were investigated over the last four
decades. From such a background of 97 U-series ages
ranging from 0.6 ka to >350 ka BP (44 based on alphacounting techniques and 53 obtained by means of massspectrometry measurements), up to 55 dates cluster between
60 and 150 ka BP (Ginés et al. 2012b). On the basis of these
data accurate elevations of sea level high- and low-stands
both during the Holocene and over the MIS 5 and 4 can be
determined.

samples, in light of other regional geomorphological,
structural, and stratigraphical evidence. This approach has
outlined a general tectonic tilting of the eastern part of
Mallorca, with a maximum displacement of 1.5 m, which
results in a progressive lowering of the southern end of the
island. The proposed tilting has occurred, at least partially,
after MIS 5a, because the deposits of that age also seem to
be affected. The rate of tectonic lowering was evaluated at
0.02 mm/year (Fornós et al. 2002).
These small tectonic disturbances can be considered
negligible with respect to the fluctuation amplitudes
existing between the high and low stands recorded in the
studied caves; therefore, the Mallorcan POS arise as
valuable and accurate proxies of sea level in the Western
Mediterranean basin, at least during Holocene and Upper
Pleistocene times. Within this context, and taking into
account the fact that MIS 5e POS deposits are located at a
mean height of +2 m ASL – hence, not substantially uplifted
by tectonic movements –, the presence of MIS 5a
encrustations between +1.3 and +1.9 m ASL, clearly
indicate a sea stand higher than the current one that is not,
by any means, the result of tectonic uplifting of deposits
precipitated at lower elevations. In other words, it is
implausible that MIS 5a deposits could have been
significantly elevated by tectonics while MIS 5e deposits
were not.

The eastern littoral area of Mallorca has proven to be
suitable for sea level change studies because it is considered
tectonically stable, although affected by some recent minor
tectonic activity. U-series dating of emerged POS
demonstrated a maximum of 1 m vertical displacement
among encrustations formed during MIS 5e and 5a in
several caves (Fornós et al. 2002). These authors have
discussed the slightly different elevations of coeval POS
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The rates of sea level changes that can be deduced from our
data range from a minimum of 2.9 mm/year to a maximum
of 20 mm/year, with average figures of 5.9 mm/year
(Tuccimei et al. 2006; Dorale et al. 2010). These values
have been inferred by taking into account the age calculated
for each sample, without considering the quoted errors of
the datings. The sea level drop that occurred during MIS 5e
was presumably very fast; especially rapid was the rising
trend associated with the onset of MIS 5e1. In the same
manner, the rise from MIS 5b to MIS 5a happened at the
highest rate (>8 mm/year) throughout MIS 5. Such
tendencies agree with quicker sea level shifts during
transgressions as discussed in the available literature.

A significant background of ages of phreatic overgrowths,
dated by means of TIMS and MC-ICPMS techniques, range
from 143.6 to 77.8 ka BP, covering the entire Last
Interglacial interval. If chronological data from emerged
and submerged POS are plotted versus their elevation with
respect to present sea level, a tentative sea level curve
(Figure 3) for the Last Interglacial in Mallorca can be
generated (Tuccimei et al. 2006) with accuracy greater than
other approaches based on conventional geomorphological
records (i.e. fossil beaches with diagnostic faunal content).
According to our findings, Western Mediterranean sea level
reached approximately the same elevations (~+1.5/+2.5 m
ASL) during the past high stands recorded in
correspondence with MIS 5a and 5e (5e1 and 5e2). Sea level
fluctuations during the Last Interglacial seem to occur in
the following pattern: periods of sea stands (long enough to
allow the formation of POS at a given elevation) alternate
with rapid sea level changes (positive and negative), greater
than 18 m in amplitude, occurring within intervals shorter
than 5 ka. An approximation of the duration of sea stand
episodes can be deduced from the dates obtained from
Holocene POS (Tuccimei et al. 2010), now growing at the
present sea level in numerous littoral caves of the island;
these U-series age determinations suggest that at least more
than 1 ka of sea level stabilization may be necessary for the
formation of a significant POS encrustation. It is worth to
outline that the duration of the high stands 5e2 and 5e1 has
been estimated on the order of 10 ka, on the basis of several
high precision dates (Tuccimei et al. 2006).

Recently, new insights on the ~81 ka BP high stand (MIS
5a) recorded in Mallorca have been provided by Dorale et
al. (2010). These authors study POS encrustations collected
from +1.3 to +1.6 m ASL in five different caves of southern
and eastern coasts of the island, obtaining TIMS U/Th ages
ranging from 82.0 to 80.1 ka BP. These geochronological
data undoubtedly confirm the existence of a sea level stand
higher than the current one during MIS 5a, as was
previously recognized by Tuccimei et al. (2006). The
suggestion that MIS 5a sea level was higher than present,
and only slightly lower than the MIS 5e sea level, implies
that most of the ice built up during MIS 5b would have
melted during the onset of MIS 5a. From the data on
Mallorcan POS supplied by Tuccimei et al. (2006), Onac et
al. (2006), and Dorale et al. (2010), it seems well-

Figure 3. Sea level curve during MIS 5 deduced on the basis of U/Th ages of Phreatic Overgrowths on Speleothems (POS) from Mallorca
Island. Circles refer to datings from Tuccimei et al. (2006); squares correspond to data from Dorale et al. (2010). Errors are quoted as 2 σ.
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constrained that MIS 5a sea level high stand involved a very
rapid ice melting leading up to this event, which had an
estimated maximum duration of 4 ka, from 84 to 80 ka BP.
Therefore, Dorale et al. (2010) have elaborated on a rather
alternative view that argues that this substage was as icefree as the present, challenging the conventional view of
MIS 5 sea level history and certain facets of ice-age theory.
Furthermore, they propose that the Glacial Isostatic
Adjustment (GIA) effects have been overestimated for the
Mediterranean region, suggesting the possibility that
Mallorca occupies a narrow transition zone between regions
of emergence and submergence in the Mediterranean Basin,
where sea level nearly follows the eustatic curve. This point
of view was recently substantiated by Tuccimei et al.
(2012).

present sea level (i.e. corresponding to regressive events).
It seems reasonable to predict that the prolonged and
repeated immersion of these POS in the coastal mixing zone
caused, in some cases, the partial dissolution of these
deposits (i.e. open geochemical system), triggering all the
dating problems that this process entails. To minimize such
problems, several age determinations were conducted on
each speleothem. Doing so, the lack of samples out of
stratigraphic order gives support to the assumption that the
geochemical system remained closed.
Regarding the paleoclimatic data that POS can provide, it
is necessary to recognize some important limitations related
to the fragmentary nature of this record. This is because
both in time and space, each marine sea-stand is only
documented by the period of stabilization of the coastal
water table at a given elevation. Obviously, this means that
there is not a continuous record of POS over the last 500
ka. Therefore, stable isotope data obtained are scarce and
poorly illustrative. However, this does not diminish the
possibility of obtaining detailed paleoclimatic data,
particularly in what concerns specific geochronological
events such as the Holocene sea level or the high sea stands
related to the Last Interglacial, for instance.

Additional studies were directed towards the 14C dating of
Holocene POS. The aim of these investigations was to
compare the 14C and U/Th ages previously obtained and
determine whether incorporation of dead carbon inherited
from the dissolution of 14C-free limestone poses any
problems. Generally speaking, the 14C ages are consistent
with those generated by U/Th dating (Tuccimei et al. 2011),
although some of the results prove to be site dependent and
linked to the local residence time of waters. It seems that
the use of radiocarbon dating in POS geochronological
studies is promising, but in some situations might be
problematic due to the so-called reservoir effect. Obviously,
its use is restricted to the investigation of Last Glaciation
and post-glacial samples.

So far, the geomorphological and chronological data set
accumulated during the last four decades, has allowed the
reconstruction of a fairly detailed sea level curve in the
Western Mediterranean basin for the time span between 150
and 60 ka BP (Tuccimei et al. 2006). This curve (Figure 3)
highlights the existence of a high sea level stand ~81 ka ago,
during MIS 5a (Dorale et al. 2010), a finding that is
criticized by some scientists, because GIA was not used to
reconcile this high stand.

4. Conclusions: state-of-the-art and future
perspectives

In the current state of knowledge, it becomes increasingly
clear that the study of coastal phreatic speleothems (POS)
constitutes a new tool with established validity for the study
of sea level history in limestone coastal areas. This
particular kind of speleothem encrustations favorably
complements the conventional littoral records (beaches,
ancient shorelines, coastal fossil deposits, etc.), providing
even more accurate data on the elevation of the coastlines
and the magnitude of tidal fluctuation. In addition, the
geographic setting (karst caves) of this type of phreatic
crystallizations protects them against the dynamics that
marine erosion imposes to the evolution of the coastline.
Undoubtedly, the data supplied by the POS deposits existing
in coastal caves from other parts of the world could
contribute important data to the global sea level history,
effectively complementing other proxy records. With over
one third of the world’s population living within coastline
regions, understanding the history and future impacts of
global sea level change ranks as a top priority in the Earth
Sciences.

The time span elapsed since the beginning of our studies on
POS of Mallorcan caves – about 40 years – allowed us to
gain a proper perspective on the geochronological relevance
and possible limitations concerning this particular record of
the sea level history (Ginés et al. 2012b). Based on a
remarkable set of geomorphological and U/Th data
produced since 1972, today is possible to emphasize the
reliability of this special proxy for Quaternary sea level
reconstruction (Onac et al. 2012). The radiometric dating
programmes confirmed the Holocene age for the POS
deposited around the current sea level (Tuccimei et al. 2010,
2011), as well as the general stratigraphic consistency of
the U/Th dates on all the other samples covering the Upper
Pleistocene (Tuccimei et al. 2006).
The analytical results also pointed out the possibility that
neomorphic processes affecting the POS might be
responsible for some of the inconsistent ages obtained by
means of U/Th dating method. In this respect, the
recrystallization processes that affect certain speleothems
are relatively more frequent among the samples that are
older; especially those of Middle Pleistocene age (Ginés
2000).
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To the above-mentioned problems, post-depositional
diagenesis of the isotopic content of some POS samples also
need to be considered. These processes seem to be relatively
common for most of the speleothems collected below the
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The Comblain-au-Pont Cave is located in Belgium, 25 km south of Liège, at 180 m altitude, in a temperate oceanic climate.
Our measurements of CO2 in the cave and different surrounding soils show the relationships between cave climate, outer
atmosphere meteorology and CO2 production in the soils.
Carbon dioxide (thought to come in the main from plant root and biomass respiration) displays seasonal variations related
to outside temperature, but some oscillations of the CO2 content of cave air are related to surface barometric variations
(i.e. when the barometric pressure falls, a certain amount of air trapped in the remote parts of the system leaks outside and
vice versa).
A sudden drop of temperature, inducing a chimney effect may cause a drop of the air-CO2 content of a deep pit from 4,000
to 1,300 ppm.
Most of our recent findings are due to the use of continuous loggers, whereas our old methods were based on sporadic
measurements, only made at the time of our visits to the cave.

1. Introduction

The Gastec pump uses a hydrazine cell. Hydrazine reacts
with CO2 and a scale on the cell indicates the amount of
reagent used, hence the quantity of CO2.

Caves usually display a very stable, uniform, climate.
Temperature and humidity are generally very constant.
However, closer investigation shows important variations
in some climatic parameters. We have studied some of them
over many years, and particularly the CO2 content of the air
(Ek 1960a, 1979, 1990; Ek et al. 1968; Ek and Gewelt 1985;
Ek and Godissart 2007, 2009; Ek et al. 1969; Delecour
1968; Godissart 1994; Godissart and Ek 2009; Godissart
and Ek 2011; Godissart and Delvenne 1975).

The Draeger X-am 7000 is a practical and fast infrared CO2meter. It provides an instantaneous reading on a LCD
screen.
Both devices have been described in previous papers, and
particularly in Ek C, Godissart J, 2009. We still use them.
A new device at our disposal is the Vaisala Carbocap carbon
dioxide meter GM70, which includes a data logger. Its CO2
sensor works by IR absorption. The reading accuracy is
10 ppm, and the measurement repeatability around 20 ppm.
We got three of them.

We are presently improving our knowledge of the climate
of the Comblain-au-Pont Cave, a little touristic cave located
25 km south of Liège (Belgium).
The Comblain-au-Pont Cave lies in a syncline of
Carboniferous Limestone, specifically Visean Limestone,
in a brecciated formation, folded by variscian orogenesis.
The entrance lies at an altitude of 180 m. The region has an
oceanic temperate climate. Land use over the cave includes
forest, meadows and cultivation. Tourist frequentation is
weak, about 6,000 persons a year.

3. Results and discussion
We will deal here with the Comblain-au-Pont Cave only,
and we will give a few examples of the relationships
between cave atmosphere and meteorological events
outside.

The cave morphology is simple (Fig. 1). The only natural
entrance is a 22 m shaft. A tunnel was drilled to allow entry.
The cave consists of a string of chambers connected by
narrow passages; most of these lie at a low level, at the
bottom of the chambers.

3.1. Seasonal variations (Figs. 1 and 2)
Temperature and humidity are quite constant in the cave
throughout the year, at least in the most remote half of the
cave. Humidity is about 100 % and temperature 10,4 °C.

We were able to deepen our knowledge of the cave thanks
to monitoring devices provided by the Service public de
Wallonie (S.P.W., Walloon Region Administration).

But it is very different with CO2, as is already well known
in other caves (Ek 1990; Ek and Gewelt 1985; Baldini et al.
2006; Mitchell and Mitchell 2009; Mattey et al. 2010; etc.).

2. Technical procedures

In the Comblain-au-Pont Cave, there is much more CO2 in
the air at the end of summer than at the end of winter. At
the end of winter, the maximum content of cave air is about
1,600 ppm at the far end (Fig. 1). This is approximately four
times the CO2 concentration in open air.

We measure CO2 content of the air with two hand-held
devices.
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Figure 1. CO2 content of the air in the Comblain-au-Pont Cave in winter (February 8, 2012).

Figure 2. CO2 content of the air in the Comblain-au-Pont Cave in summer (August 27, 2012).
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Figure 3. CO2 seasonal variation in the cave, at the Little Pond Chamber (far end of the cave) and at the lower part of the Marvellous
Chamber (a low-level site), from July 2011 to November 2012.

Figure 4. Barometric pressure at Soumagne “Phitofa” meteo station, January 2 to 8, 2012. A noticeable low occurs on January 5.

Figure 5. Barometric pressure at Soumagne “Phitofa” meteo station, June 4 to 10, 2012. A noticeable low occurs on June 7.
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At the end of summer, in August, the amount of CO2, rises
to 21,000 ppm, i.e. 2.1 % (Fig. 2), more than fifty times the
figure in outer atmosphere.
This maximum is highly variable. In this cave, we have
registered summer maximums between 17,600 ppm
(September, 2011) and 26,500 ppm (September, 2009).
The minimum always occurs just after the coldest period of
the year, and the maximum at the end of the summer. We
think that this is related to temperature, but also to
vegetation, which also depends on temperature. We had
noticed in another cave (Ek and Gewelt 1985) that the
maximum CO2 content in cave air was sometimes earlier in
the upper levels of a cave than in the lower chambers.
In Comblain-au-Pont, we also measure the CO2 content of
soil air. And we have sometimes noted that the soil
maximum occurs in May or June, much earlier than in the
cave; air descends slowly from the soil to the caves. But
this year, we observed a maximum CO2 content in the soil
in August. It is thus important not to infer too fast a
conclusion from a correlation observed once.
However, it is clear that the CO2 levels observed in the
caves are more similar to soil CO2 levels than to open air
CO2 amounts (Latte 2010). And the rhythm is somewhat
parallel to the one of the soils.
3.2. A barometric low can influence the cave atmosphere
(Figs. 3 to 5)
Cave air contains high levels of CO2 in August and
September and much less in winter, from December to
March: this is confirmed by figure 3, which shows the
annual cycle of 2012 in two different places: the Little Pond
Chamber, at the very end of the cave, and the lower passage
near the Marvellous Chamber. However, there are two
moments where the “Marvellous” curve shows a sharp and
temporary peak: about January 5 and June 7, 2012. Looking
at a meteo station nearby (at Soumagne, 20 km NE of
Comblain-au-Pont), we observe a strong barometric low on
January 5, and another on June 7 (Fig. 4 and 5). We think
that the explanation lies in the cave morphology and
hydrology.

Figure 6. Draught occurring in cold weather in the entrance
tunnel and in the GRSC shaft. A chimney effect is due to the
difference of level of the two entrances.

3.3. Influence of some changes in outside temperature
3.3.1. Circadian CO2 oscillations (Figs. 6 and 7)
We placed a data logger in the Crib, a small chamber, not
far from the entrance tunnel, and about 50 m away from the
entrance.
As previously noted, the cave has two entrances at different
levels: the shaft mouth is about 10 m higher than the tunnel
entrance. A draught sometimes blows in the galleries
connecting these two entrances (Fig. 6). Although not in
this circuit, the Crib lies nearby (about 15 m).

The low-level gallery below the Marvellous Chamber is
more than 10 meters lower than Pond Lake. It is thus closer
to the underground drainage below the accessible passages
of the cave. When atmospheric pressure drops outside, cave
air leaks out, sucking air from the remote parts of the
system. This air, confined for a long time, is richer in CO2,
hence the peaks observed on Figure 3.

A data logger set in the Crib from April 12 to April 26,
2012, registered the air CO2 concentration every three hours
for 15 days. We computed the average CO2 concentrations
and the graph clearly shows a statistical trend to a morning
minimum, between 6 and 9 a.m., and an afternoon
maximum, between 3 and 6 p.m.

On January 5 and June 7, we observed a slight flood in the
low level gallery beneath the Marvellous Chamber: water
was invading the deepest cave passages because of the rains
accompanying the barometric lows. Similar relationships
between barometric changes and CO2 level variations have
also been observed by Baldini et al. (2006) and by Mitchell
and Mitchell (2009).

Early in the morning, CO2-poor cold air from outside flows
into the cave, whereas in the afternoon, when the outside
atmosphere is warmer, air does not flow into the cave.
This data logging shows that daily oscillations of
temperature induce a circadian rhythm in the CO2
concentration of some parts of the cave.

It is thus clear that changes in outside air pressure induce
changes in the cave.
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Figure 8. CO2 in the GRSC shaft from May 25 to June 6, 2012, and surface temperature during the same period. Air temperature falls
below +5 °C on June 5 (at dawn).

Figure 7. Mean CO2 content of the air in the Crib from April 12 to April 26, 2012. CO2 was measured every three hours during these
two weeks. Mean values only are presented here.

3.3.2. A sharp fall of CO2 concentration in a pit (Fig. 8)

We logged the CO2 content of the pit air about 5 m below
its top from May 21 to June 7, 2012. In the spring, the CO2
concentration in the cave increased the log displaying a
serrated rise. But on June 5, early in the morning, the CO2
curve rose abruptly and, immediately after, collapsed to less
than one half of its previous value: from 4,000 to
1,300 ppm! (Fig. 8).

Because of the existence of two entrances at different levels,
the cave is sometimes subjected to a chimney effect: when
the outer temperature drops below +5 °C, cold air enters in
the tunnel entrance – the lower one – and cave air (at
+10,4 °C) gets out through the shaft (Fig. 5).
We have observed that there is no draught when the
temperature at the surface is +5 °C or more. Near the
entrances, in a low-level zone, there is a deep pit in the cave
floor. The water filling the bottom of this 35 m-deep shaft
is the only indication of the underground drainage of the
cave (Fig. 6).

The cause of this sharp drop in CO2 concentration is the fall
in outside temperature to below 5 °C (Fig. 8) – allowing
cold and dense air to rush down into the pit and replace the
stale air at the bottom.
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4. Conclusions

Ek C, 1969a. Abondance du gaz carbonique dans des fissures de
grottes. V. Internationaler Kongress für Speläologie, Stuttgart,
2 (14), 1–3.

With the previous methods we could only perform sporadic
measurements, at the time of our visits to the caves. Data
logging allows continuous tracking of several physical
parameters. Simultaneous logging of several parameters
leads to correlations between various phenomena.

Ek C, 1969b. Facteurs, processus et morphologie karstiques dans
les calcaires paléozoïques de la Belgique, thèse de doctorat,
Faculté des Sciences, Université de Liège, 3 volumes.
Ek C, 1979. Variations saisonnières des teneurs en CO2 du trou
Jonay, Annales de la Société géologique de Belgique, 102,
71–75.

Surface barometric variations induce noticeable movements
underground. When pressure is low, air trapped in the
interconnected parts of the limestone is carried from the
most remote voids to the cave by advection and conversely
by highs.

Ek C, 1990. La Merveilleuse, nouvelle grotte de Dinant. Liège,
Imprimerie Lesire, 64.
Ek C, Delecour F, Weissen F, 1968. Teneur en CO2, de l’air de
quelques grottes belges, Technique employée et premiers
résultats. Annales de Spéléologie, 23, 243–257.

A deep pit, the GRSC shaft, going down to the watertable,
is filled with CO2 rich air. In winter, when the temperature
is below 5°C and the chimney effect is working, cold air
flows into the cave and invades the pit, driving out the CO2
rich air from the shaft and replacing it with fresh air.

Ek C, Gewelt M, 1985. Carbon dioxide in cave atmospheres. New
results in Belgium and comparison with some other countries.
Earth Surface Processes and Landforms, 10, 173–187.

Monthly surveys of the cave show the close relationship of
its CO2 content with outside climate, and particularly
pedoclimate.

Ek C, Gilewska S, Kaszowski L, Kobylecki A, Oleksynowa K,
Oleksynowna B, 1969. Some analyses of the CO2 content of
the air in five Polish caves. Zeitschrift für Geomorphologie,
Neue Folge, 13: 267–286.
Ek C, Godissart J, 2007. La grotte et l’abîme de Comblain-auPont. Découverte géologique de Comblain-au-Pont et environs,
88.
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CLIMATIC AND ENVIRONMENTAL CHANGES BETWEEN 130–230 KA
RECORDED IN AN ALPINE STALAGMITE FROM SWITZERLAND
Anamaria Häuselmann1, Daniel Tabersky2, Detlef Günther2, Hai Cheng3,4, Lawrence R. Edwards4,
Dominik Fleitmann1,5
1
Institute of Geological Sciences, University of Bern and Oeschger Centre for Climate Change Research, Baltzerstrasse
1+3, CH-3012 Bern, haeuselmann@geo.unibe.ch
2
Department of Chemistry and Applied Biosciences, Laboratory of Inorganic Chemistry, ETH Zürich, Wolfgang-PauliStrasse 10, CH-8093 Zürich
3
Institute of Global Environmental Change, Xi`an Jiaotong University, Xi`an, Shaanxi 710049, China
4
Department of Geology and Geophysics, University of Minnesota, 310 Pillsbury Dr. SE, Minneapolis 55455, USA
5
Department of Archaeology, School of Human and Environmental Sciences, University of Reading, Whiteknights, PO
Box 227, Reading RG6 6AB, Great Britain

Here we report new high-resolution stable isotope (i.e. δ18O and δ 13C) and trace element profiles from stalagmite MF3
that cover the 230 to 130 ka time interval. The MF3 is currently one of the few absolutely-dated temperature-dependent
δ18O records from the northern side of the Alps, an area that is highly sensible to the North Atlantic climatic variations. In
addition, environmental insides in a region where other terrestrial evidences were eroded by later glacial erosion can be
given.
Stalagmite MF3 was collected in Schafsloch Cave, located in the Appenzell Alps, eastern Switzerland (47°14’N, 9°23’E,
1,890 m asl), a mountain range slightly detached from the main alpine body. The cave is located in the pure planktonic
limestone of Seewerkalk Formation, approximately 20 m below the surface.
The high U content of the sample (between 0.8 and 9 ppm), allowed the analysis of very small sample (1 mg calcite) with
the MC ICPMS technique, and determination of very precise 230Th/U-ages. Stable isotopes measurements (730 samples)
were performed at a resolution of 0.1 to 0.5 mm interval, corresponding to 38–120 year resolution.
Rainfall/snow water is suggested to be the drip water supply in the Schafsloch Cave. Based on this, cave air temperatures
above 0°C allowed the (slow) precipitation of calcite in the cave during eight individual growth phases: ~225.6 ka,
204.8–219.2 ka, ~198.7 ka, 188.4–189.0 ka, 181.2–182.5 ka, ~159.2 ka, 136.5–132.6 ka, and 131.6–130.2 ka. These
growth phases coincide with the warmer phases of the MIS 7.3 and MIS 7.5, the MIS 6 and the transition into the MIS 5.
Laser ablation ICP MS trace elements analysis were carried on selected areas of the sample attributed to the MIS 7
interglacial, MIS 6 glacial period and the transition into MIS 5 interglacial (Termination II). Chemical changes in the
stalagmite were observed particularly during the Termination II, coupled with temperature and precipitation water
availability.
We will compare our stalagmite record with precisely dated climate records on a regional and on a global scale.
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SPURIOUS THERMOLUMINESCENCE IN SPELEOTHEM:
IMPLICATION FOR PALEOCLIAMTE
Chaoyong Hu1, Qing Li2, Jin Liao1, Quanqing Yang1
State Key Laboratory of Geobiology and Environmental Geology, China University of Geosciences, Wuhan, 430074,
People’s Republic of China, chyhu@cug.edu.cn
2
Key Laboratory of Cenozoic Geology and Environment, Institute of Geology and Geophysics, Chinese Academy of
Sciences, Beijing 100029, China

1

Spurious thermoluminescence (TL) is an intrinsic non-dose-dependent emission, which is common in natural calcite, such
as speleothem. Previous studies explain the spurious TL as triboluminescence due to grinding, charge transfer from deeper
traps due to light exposure and chemiluminescence produced by surface oxidation during TL readout. Spurious TL has
been widely investigated for avoiding the interference of the dating of calcite, but less has the purpose of the paleoclimatic
reconstruction. In this paper we first investigate the thermoluminesence of the calcite in two absolute-dated speleothems
(HS2 and HS4) from Heshang cave, Qingjiang valley, China, and interpret the spurious TL as the indicator of East Asian
Monsoon. We heat the calcite powder (~200 mesh) from 50 to 400 °C at a heating rate of 5 °C /s in an air atmosphere to
measure the natural thermoluminescence intensity of the speleothems. It is observed that speleothems produce the typical
natural TL of calcite with a glow peak at ~370 °C. TL signal can be reduced or even eliminated by using an CO2 atmosphere
during TL readout, which suggests that a spurious TL originated from the chemiluminesence by oxidation of these organic
matter exists in speleothem. TL intensity was lower in the last deglaciation, but increased in the early Holocence and
decreased in the late Holocence (Fig. 1). Speleothem TL variation coincides with the speleothem δ18O during the last
20 ka, implying the spurious TL can be a proxy for East Asian monsoon. When East Asian summer monsoon prevails, the
warm and humid climate results in strong microbiological processes in the soil, which contributes to abundant organic
matter (mainly humus) in dripping water, and thus in formed speleothem. Therefore, the spurious thermoluminescence in
speleothem is a new proxy for monsoon. The correlation of TL to the organic matter should be investigated in the future.

Figure 1. Variation in speleothem TL in last 20ka and comparison
to δ18O record. Red line – TL of speleothem HS2, purple line – TL
of speleothem HS4 and green line is oxygen isotope record from
the same speleothem.
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PRESENTATION OF A WATER INJECTION SYSTEM TO CONTROL THE
GROWTH OF SPELEOTHEMS AT THE MILANDRE TEST-SITE, JU,
SWITZERLAND
Pierre-Yves Jeannin1, Philipp Häuselmann1, Marc Lütscher2, Denis Blant1, Pierre-Xavier Meury3
1
Swiss Institute of Speleology and Karst-Research, CH-2301 La Chaux-de-Fonds, Switzerland,
pierre-yves.jeannin@isska.ch
2
Innsbruck Quaternary Research Group, University of Innsbruck, Innrain 52, A-6020 Innsbruck, Austria
3
Géo & environnement Sàrl., Rue des Prés, 9, CH-2800 Delémont, Switzerland
Speleothems in the Milandre Cave are threatened by the construction of a motorway above it. The sealing of land-surface
would stop groundwater recharge feeding the speleothems, which would dry up and cease growing. Since the cave was
recognized as a geotope of national significance, several protection measures have been taken in order to reduce the impact
of the road construction on the cave environment. An artificial infiltration system of CO2-enriched water has been designed
and implemented. This paper mainly describes the design process and the characteristics of the infiltration system.
Investigations for designing the system, as well as monitoring during the construction and the first period of injection
provide interesting results on water infiltration from the land surface to cave, which are sketched here and will be presented
in future papers.

1. Introduction

and will lead to the drying up of many speleothems in the
cave. The solution suggested to the engineers in charge of
the road construction was to inject water artificially below
the road. This solution was accepted taking into
consideration the high patrimonial value of the cave passage
and the reasonable cost of the proposed protection measure
(when compared to the total cost of the road construction).

1.1. The site and its context
Milandre Cave (total length of 10.5 km) is situated in
Northwestern Switzerland (Figure 1), close to the French
border at the eastern edge of the Jura mountains. The cave
is one of the longest and mostly decorated cave of this region
and is recognized as a geotope of national significance. The
cave was first explored in the early nineteen-sixties, with an
inventory of 5 km of stream passage developed 40 to 70
meters below ground, from the spring upwards. The cave
ends in breakdown below a large doline. An artificial shaft
of 21 meters was dug at this location giving an easy access
to the upstream part of the cave.
The presence of a long and accessible underground stream
made the site attractive for academic research and a large
number of investigations on karst hydrology,
hydrochemistry, particle transport and geophysics have been
conducted during the past 30 years (see reference list). In
the late nineteen eighties it was decided to build a motorway
over the cave and a large monitoring network was set up
accordingly. A series of measures have been applied in order
to restrict the impact of the road construction on the cave
and groundwater (see reference list).
1.2. Reasons behind the injection system
The part of the cave stretching 45 m below the motorway
is particularly rich in active speleothems. At this place the
motorway is also wider than usual because it enters a tunnel
immediately to the North. As the water of the cave stream
is used for drinking water supply, it was decided to collect
all road runoff waters and to direct them outside of the karst
catchment in order to prevent any pollution spills from the
motorway. Therefore, a 50 m large band of land directly
stretching over about 200 m of profusely decorated cave
passage is being strongly reshaped and mostly sealed.

Figure 1. Map of the cave network showing the position of the
newly built motorway (A16). In the lower right corner, the star
shows the location of the site on a map of Switzerland.

The first studies, carried out in 2000–2001, found that the
road construction will seal most of groundwater recharge
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2. Design of the injection system
Once the set up had been decided, the water infiltration
system had to be designed. Constraints were mainly the
following: 1) Define the quantity, quality and origin of the
water to be injected; 2) Define the best location for feeding
the cave; 3) Define characteristics of the infiltration device;
4) Define the best location with respect to technical
constraints of the motorway.
2.1. Water quantity, quality and origin
The assessment of water quantity flowing in the cave, as
well as the rate of groundwater recharge determined from
hydrological modeling in this region provided an insight
into the necessary injection rate. A rate of 1 to 5 m3/day is
necessary for the compensation of the missing infiltration.
Concerning water quality, the injection is supposed to
replace (or reproduce) processes taking place in the soil and
the epikarst subsystems which lie over the cave (recharge
is strictly diffuse in this region). The main characteristics
of these two subsystems are significant storage, significant
enrichment in CO2, as well as significant increase in
dissolved calcium and carbonates in the water. After having
considered various options, it was decided to inject water
from the drinking water distribution network (water which
is largely oversaturated in dissolved calcite) and to enrich
it with CO2 in order to prevent calcite deposition in the
infiltration plant. CO2 concentration of the infiltrated water
should therefore be slightly above CO2 concentration in the
cave, in order to guarantee some degassing and the
possibility of calcite deposition on speleothems in the cave.
Figure 2. Detailed map of the injection systems, with the
catchment areas determined by tracer tests. The motorway, the
injection system and the cave network are drawn in brown, black
and blue, respectively.

2.2. Best location for feeding the cave and its speleothems
The catchment areas of the speleothems observed in the
cave were delineated in order to make sure that the injection
system would effectively feed the speleothems. The
catchment size was assessed from discharge rates observed
in the cave and a catchment area was delineated almost
vertically above the cave. The position was then verified by
a series of tracer tests (Figure 2). Tracers where first injected
by sprinkling the tagged water on top of the soil cover. This
produced significant retardation (requiring several months
for a flow of 40–50 meters down to the cave). A second
series of tracing experiments was conducted by injecting
tagged water directly into the epikarst after removal of the
soil. Responses were then much quicker. Catchment areas
could be delineated from these experiments with a
reasonable degree of confidence. It must be mentioned here
that the pluviometer “pluvio 1” (“Tôle ondulée” station) has
its catchment West of the trench and partly outside the
perimeter of the road (between the motorway and a minor
road to the West. It should therefore not be too much
influenced by injections in the trench.

several fissures of the bedrock, it was decided to make a
trench at the top of the limestone and to bring water to 16
points along the trench with a series of pipes. Walls and
ceiling of the trench were sealed with a PVC-foil in order
to limit CO2 degassing.
2.4. Conditions related to the motorway
In order to keep costs at a reasonable level the trench could
only be placed between the two traffic lanes. The vicinity
of the tunnel portal required dividing the trench into two
branches in its Northern part because supports of the tunnel
gate had to be placed in the centre. The trench was filled
with quartz gravels in order to avoid any dissolution in the
infilling material and prevent any possible subsidence.
The resulting trench design is presented in Figure 3.

3. Results
2.3. Characterization of the infiltration device

Two main results are presented here: 1) the evolution of the
drip rates in the cave during the road construction, and 2)
the effect of the infiltrations.

The soil and most of the epikarst was removed by the
construction. In order to spill water over a large surface into
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Figure 3. Three-dimensional model of the injection system below the motorway (in blue) and above the cave. Cross-section and planview of the injection system: 16 pipes deliver water at 16 locations along the trench. Pictures of the constrution of the injection system
(left) and of a tracer injection.

3.1. Evolution of drip rates after soil/epikarst removal
and impermeable sealing of the road

during the period. It worked again at the end of the period
and clearly has a more jagged behavior than before. The
soil removal clearly decreased the storage capacity of the
upper part of the vadose zone, inducing a more jagged
(“flashy”) behavior in all three stations.

The drip rate has been recorded at three stations in the cave
since the end of 2002 (Figure 4). The first period of time
(up to Sept 2006) was not influenced by any roadwork and
the land was used for agriculture. The two thin peaks visible
in April and June 2004 are related to artificial injections into
trenches dug in the soil down to the top of the epikarst. Year
2003 was extremely dry. During this period of time the
behavior of all three stations is broadly similar with one or
two main peaks in winter and a steady but slow decrease
during the spring, summer and early autumn.

The motorway was covered by asphalt and runoff waters
drained away at the beginning of 2010. All three stations are
obviously still fed by rain events, as evidenced by the peaks.
However, their discharge rate decreased significantly,
especially in 2011, which was a very dry year (although not
as dry as 2003). All three stations displayed their lowest ever
measured discharge rate in the summer of 2011.

In August 2005 the soil and part of the epikarst were
removed for the construction, and the remaining epikarst
and bedrock were exposed to rain events. Station 1 (red
curve) displays an increased variability with many more
peaks exceeding the the measurement capacity than before.
Station 2 (pink curve) shows an increased variability and a
general decrease of the average discharge rate.
Unfortunately station 3 (Plafond) was mainly out of order

3.2. The effect of the infiltration
Artificial infiltration started in October 2011. The effect is
clearly visible in “goutte à goutte” (pink curve) and
“Plafond” (violet curve) stations. This highlights the
efficiency of the infiltration system and show that the
speleothems are indeed fed by the infiltrating water. The
410

Cave Climate and Paleoclimate Record – oral

2013 ICS Proceedings

Figure 4. Precipitation and dripping rates in the cave before and during construction, and after setup of the injection system.

effect is less clear in “Tôle ondulée” station. Very high rates
are observed in December 2011, but could be related to a
strong recharge. It was however expected that injections
should mainly feed the other two stations. Longer
monitoring and adjustments in the injected rates will show
if the natural behavior of the system can be approached.

4. Discussion and conclusions
The removal of soil and epikarst clearly changed the regime
of drip rates measured at the three stations in the cave.
Storage was obviously reduced, inducing a smoother
regime. The impermeable sealingtorway reduced the
infiltration of rain events, but all three stations still receive
water from natural rain. This shows that horizontal transfer
in the epikarst can be at least as great as 20 to 30 meters.
The injection system does react as expected by feeding
mainly speleothems measured in stations 2 and 3. However,
the CO2 content in the injection-trench does not correspond
to what was expected, and further investigations are being
made to better understand this aspect.
A detailed model of the infiltration in this site is being
constructed using all the acquired data. It will provide
interesting information on the respective effects of flow
processes in soil, in the epikarst and in the vadose zone.
This site gives a unique opportunity to carry out dedicated
experiments on flow and transport within the unsaturated
zone of a karst system. It will also allow observation of the
effect of the induced regime variations that have been
observed on the growth of speleothems. The first
experiments are already ongoing.

Figure 5. Precipitation, dripping rates in the cave and artificial
recharge at the injection site during the first weeks of injections.
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HIGH RESOLUTION TEMPERATURE SAMPLING OF CAVE CLIMATE
VARIATION AS A FUNCTION OF ALLOGENIC RECHARGE,
COLDWATER CAVE, IOWA, USA
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2
Coldwater Cave Project, Box 228, Iowa City, IA 52244 michael-lace@uiowa.edu

Variations in cave stream temperature from allogenic recharge can cause significant fluctuations in cave air temperature.
Coldwater Cave, a component of the Coldwater Cave groundwater basin in northeast Iowa, USA, is a dendritic cave system
draining a 50-km2 watershed shown to be recharged by a series of sinking/loosing streams and a network of sinkholes and
drained by two spring resurgences. The only human-enterable entrance is by SCUBA through one of the spring resurgences.
There are two man-made shafts installed for human entry and they have air-lock entrances. This hydrologically dynamic
system provides a unique opportunity to study the affects of allogenic recharge on cave climate. Data loggers, recording
at 10-minute intervals, were installed at six in-cave sites to measure air and stream temperatures, and at the two springs to
measure water temperature. Weather stations located above the cave and from a local climate station documented surface
air temperature. This eight-year study demonstrated that both resurgences, and in-cave sites proximal to surface recharge
points displayed significant variation in water and air temperature hourly, daily and seasonally as well as during storm
events. In-cave sites that were located farthest from surface recharge showed very little fluctuation in water and air
temperature and corresponded to the mean annual temperature of the area. These results offer important implications in
terms of the study of aquifer vulnerability to surface contaminants, cave ecosystems, speleothem development, and
thermodynamic controls on subterranean karst processes.

1. Introduction

2. Site Description

Factors that affect contemporary cave climate within a fluviokarst cave system include air flow from open surface
entrances, and allogenic recharge. Cave airflow in this setting
is a function of air exchange with the surface environment
driven by barometric fluctuations. Variations in cave stream
temperature from allogenic recharge can also cause
significant fluctuations in cave air temperature. Coldwater
Cave, a component of the Coldwater Cave groundwater basin
in northeast Iowa, is a dendritic cave system draining a
50-km2 watershed shown to be recharged by a series of
sinking/loosing streams, and a network of sinkholes. The
cave has two spring entrances that are water-filled and two
air-closed man-made shafts. This hydrologically dynamic
system provides a unique opportunity to study the affects of
allogenic recharge on cave climate.

The study area is located in the Driftless region of the Upper
Midwest in northeast Winneshiek County, Iowa and southeast
Fillmore County, Minnesota USA within the Coldwater Cave
groundwater basin of the Upper Iowa River watershed
(Figure 1). The watershed is formed on a highly karstified
landscape that is drained by surface creeks and by conduit
flow within the Coldwater Cave system. The Coldwater Cave
groundwater basin was initially delineated in a series of dye
traces that were conducted in 1986 (Wheeler et al. 1988) and
further defined by dye tracing conducted in 2002–2005
(Kambesis 2007).

Data loggers, recording at 10-minute intervals, were installed
at six in-cave sites to measure air and stream temperatures,
and at the two springs to measure water temperature. Weather
stations located above the cave and from a local climate
station documented surface air temperature. This eight-year
study demonstrated that both resurgences, and in-cave sites
proximal to surface recharge points displayed significant
variations in water and air temperature hourly, daily, and
seasonally as well as during recharge events. In-cave sites
that were located farthest from surface recharge showed very
little fluctuation in water and air temperature and
corresponded to the mean annual temperature of the area.
These results offer important implications in terms of the
study of aquifer vulnerability to surface contaminants, cave
ecosystems, speleothem development, and thermodynamic
controls on subterranean karst processes.

Figure 1. Location of study area.
Figure 1. Location of study area.
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The Coldwater Cave groundwater basin underlies the
Coldwater Creek and Pine Creek sub-basins. Streams from
both of the watersheds lose water to the subterranean
drainage system either via swallets or through stream sieves.
During precipitation events or freeze-thaw events, sinkholes
in the study area also contribute recharge to the groundwater
basin. The mean annual surface temperature of the area is
8 °C with a record high of 40 °C and low of -41 °C.
(Midwestern Regional Climate Center 2012). The mean
annual precipitation in the study area is 853 mm and for snow
is 1,010 mm.
The Coldwater Cave System (Figure 2) is Iowa’s longest
cave, developed in the Ordovician-aged Dunlieth Formation,
and has been mapped to 28 kilometers in length with a
vertical extent of 35 meters (Kambesis 2003). There are no
natural open surface entrances to the system. Primary access
to the cave is through a 29-meter man-made shaft (Flatland
entrance) that was drilled in the early 1970’s by the state of
Iowa for researcher access. A wooden platform was installed
at the base of the shaft. The State also constructed a metal
building over the shaft entrance that now serves as a field
house and research station. A second privately owned shaft
entrance was drilled in 2003, and is located approximately
two kilometers south of the Flatland entrance. Both manmade entrances are airlock sealed when the cave is not in use.
Figure 3. Data logger locations.

3. Methods
In 2003, water temperature data loggers were installed at five
in-cave sites and at the springs that drain the Coldwater Cave
System (Figure 4). Additional data loggers were added in 2005
to measure air temperature. Data from loggers were
downloaded every other month except for those in remote
locations that were downloaded quarterly. Onset-Brand Optic
Stowaway temperature data loggers (32K) (Figure 4) were
anchored with 1.3-kg plastic-coated weights and installed at
the seven locations. The sampling interval was set at ten
minutes. An Onset-Brand optical shuttle was used to download
data. The data were uploaded into the Boxcar brand software
package that comes with the Onset temperature loggers.
Precipitation data were obtained from the Minnesota
Climatology Working Group web page (http://climate.umn.
edu/doc/historical.htm 2012). Precipitation data originated
from the Harmony, Minnesota weather station that is located
at the northern edge of the study area. Precipitation is
recorded daily from rain gauges located on-site.

Figure 2. Map of Coldwater Cave, Iowa, USA.

Coldwater Cave System is dendritic in its layout that is
indicative of many points of recharge from the surface. The
subterranean streams of the Coldwater Cave System resurge
to the surface via two spring outlets and during high recharge
events, at an overflow spring. The main outlet is Coldwater
Spring that has a discharge rate of 548 liters/second during
base flow conditions (Koch and Case 1974). Carolan Spring
is a secondary outlet that discharges at 160 liters/second. Both
springs form spring-runs that flow to the Upper Iowa River
located a kilometer to the southeast. Coldwater Spring is the
only natural entrance to the cave and issues from the base of
a 30-meter-tall bluff located within the Cold Water Creek
Conservation Area. Access to the cave via this entrance
requires SCUBA.

Daily maximum and minimum surface temperature data were
also obtained from the Minnesota Climatology Working
Group website. Daily temperatures are measured in Preston,
Minnesota using a minimum/maximum thermometer and
documented by observation volunteers.
The climate data were used in conjunction with hydrologic
data to determine the timing of recharge events, to relate
precipitation to spring discharge and, to correlate surface
temperature to subsurface stream water temperatures. For this
study, recharge events are defined as climatic conditions that
cause an increase in cave stream discharge. Such events
include rainfall and/or increases in winter surface
temperatures to above freezing (freeze-thaw events).
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Figure 4. Onset data logger. Precision of loggers are 0.01 degrees.

4. Results

Figure 6a. Seasonal temperature variation.

The mean annual temperature of the springs that drain the
cave is 8.9 °C. However, some of the cave streams and
associated passages, and all of the discharge springs for the
Coldwater Cave groundwater system display fluctuations in
water temperature as high as nine degrees above and seven
degrees below the mean annual temperature of spring. Air
temperatures are typically three to five degrees higher than
water temperatures. There is a 3–4 hour lag between
corresponding water and air temperature.
There are signicant temperature variations between different
parts of the cave system (Figure 5). The diurnal and
seasonal variations in surface temperature, are reflected in
the cave stream temperature graphs (Figures 6a and 6b) for
passages that are located less than 500 meters from surface
stream sink points.

Figure 6b. Diurnal temperature variation.

5. Discussion
Cave spring and cave stream graphs (Figure 5) are based on
10-minute resolution data. Cave water and surface
temperatures were highest from April through October,
lowest from November through January and fluctuate above
and below freezing in February and March.
Temperature variations are also caused by recharge events.
The period between March and October have the most
precipitation and this is reflected in the spiky nature of the
cave stream temperature graphs during that time span. Even
the North Snake Passage, which shows the least effect from
surface influences displays a little noise in the March through
October time period. Though the period between November
and March did not receive storm event precipitation, the cave
temperature graphs showed fluctuations during this time
period because of the diurnal freeze-thaw affect.
There are signicant temperature variations between different
parts of the cave system. The diurnal and seasonal variations
in surface temperature, are reflected in the cave stream
temperature graphs for passages that are located less than 500
meters from surface stream sink points. Table 1 lists in-cave
locations and their locations from surface inputs that have
been confirmed by dye-trace.
The cave streams that showed significant temperature ranges
had headwaters that were located directly under or within 200
meters of surface streams. Surface waters enter and move
through the system at high velocities such that they do not

Figure 5. Spatial variation of cave stream temperature and
precipitation events.
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Table 1. Data logger locations and distance from surface inputs.
Distance (meters)
of data logger
location from
surface stream
input

Associated surface
stream (confirmed
via dye trace)

North Snake
Passage
Entrance Platform

820*

Pine Creek

730*

Cascade Creek
Sinus Passage
Spong Siphon
Carolan Spring

198**
133**
30**
10

Deer and Pine
Creeks
Pine Creek
Pine Creek
Deer Creek
Pine Creek

Data logger
location

Kambesis P, 2003. Coldwater Cave: Caving at its best in the Upper
Midwest, NSS News December 2003, 120–131.
Kambesis, 2007. Contaminant source and transports in a karst
groundwater basin. Unpublished Masters Thesis, Western
Kentucky University.
Koch D, Case J, 1974. A report on Cold Water Cave: A summary of
research results with inclusion of information related to potential
development of a new recreational facility by the State of Iowa,
Iowa Geological Survey, Iowa City, IA, 18–22.
Midwestern
Regional
Climate
Center
2004–2012.
http://www.agriculture.state.ia.us/annualprecip2003.htm,
Midwestern Regional Climate Center 2004–2012.

* very little variation in stream and air temperature
** water temperature variations five degrees above and seven
degrees below mean annual spring outlet temperature

Minnesota
Climatology
Working
http://climate.umn.edu/doc/historical.htm

Group,

2006,

Wheeler B, Alexander E, Adams R, Huppert G, 1988. Agricultural
Land Use and Groundwater Quality in the Cold Water Cave
Groundwater Basin, Upper Iowa River Karst Region, USA. Part
II. Resource Management in Limestone Landscapes:
International Perspectives.Proceedings of the International
Geographical Union Study Group Man’s Impact on Karst,
Sydney, Australia, 248–260.

equilibrate with the ambient underground temperature. As a
consequence, the springs that discharge the cave stream water
also display significant ranges in temperature.

6. Conclusions
The Coldwater Cave System has no open air entrances with
the surface so major temperature fluxes result from allogenic
recharge. The temperature graphs for Coldwater Cave display
temporal, recharge event related, and spatial differences.
Temporal variations are seasonally in phase with surface
temperatures. Recharge events such as storm events or
freeze-thaw events cause diurinal temperature variations.
Both of these reflect the low thermal capacity of recharge
water and the rock that contains the aquifer. However, there
are some sections of the cave that show minimal variation in
temperature. The sites are located more than 500 meters from
surface recharge and do not show seasonal or diurinal
variation because recharging waters are moving slow enough
to equilibrate to the temperature of the aquifer bedrock.
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PERCOLATION INTO DRAGON’S TOOTH CAVE, FLORIDA, USA
Karina Khazmutdinova, Doron Nof
Florida State University, Geophisical Fluid Dynamics Institute, 018 Keen Building, Tallahassee, FL 32306 USA,
kk11m@my.fsu.edu
Investigations of epikarst hydrological characteristics are important for understanding the complex relationships between
cave calcite chemistry and changes in net rainfall, cave drip rates, and fluctuations in cave dripwater. We instrumented
Dragon’s Tooth Cave (Marianna, Florida, USA) with an array of instruments to characterize individual rainfall events
above the cave and measure hourly in situ drip rates at selected stalactites within the cave. Drip rates at most of the
instrumented stalactites increased in response to heavy summer-season precipitation. A sharp increase in drip rates was
also observed after several fall/winter months of low to negative net rainfall (i.e. when evaporation > precipitation). This
phenomenon may indicate that the stalactites are being fed by a series of connecting reservoirs feeding cracks of various
geometries and flow rates. Geological surveys, tracer experiments, and additional time-series data collection will be
conducted to further investigate reservoir existence and behaviour. The findings have important implications for the
interpretation of speleothem paleoclimate records in terms of both geochemistry and seasonal growth rates.

1. Introduction

stage for detailed three-dimensional geological surveys and
quantitative field tests of water flow.

Accurate interpretation of karst-cave paleoclimate records
requires an understanding of water transport, flow routes,
and water residence times in the limestone above the cave.
Even within a single cave room, the properties of individual
drips are unique, dependent on complex flow routes. Flow
rate usually varies with seasonal changes in barometric
pressure and water percolation into the aquifer (Genty and
Deflandre 1998).

2. Study Site
Dragon’s Tooth Cave (DTC; Fig. 1) is located in Florida
Caverns State Park in Marianna, Florida, approximately 100
km northwest of Tallahassee. One of the state’s most
unusual parks Florida Caverns contains more than 30
named caves (Ludlow 1997). Most have been mapped by
caving groups. Caverns in the park vary in condition. Some
are severely damaged, while others remain pristine (Ludlow
1997). Several caves, including DTC, have been gated to
protect their geological formations and rare cave biota.

Travel paths of water flowing from the ground surface to
speleothems have been studied at caves in Europe and
Australia (Tooth and Fairchild 2003; Fairchild et al. 2006;
Baker and Bradley 2010). With a few exceptions (e.g., Wong
et al. 2011; Tremaine et al. 2011; Tremaine and Froelich
2013), caves in the United States remain poorly studied.

Dragon’s Tooth is one of the park’s largest and most
predominant vadose cave passages. Dragon’s Belly, one of
the largest dry cave rooms in Florida, is approximately 41 m
long, 17 m wide, and 6 m high. The latest map of DTC with
the “Dragon’s Belly” extension (Fig. 1) was created in 1986.

The relationship between above-ground precipitation and
cave drip-rate intensity reflects the water balance that
results from atmospheric and cave processes. One objective
of this study was to continuously measure rainfall and
hydrological parameters at Dragon’s Tooth Cave, a poorly
characterized limestone cave with a relatively thin (3.5 m)
epikarst. A second objective is to develop a “reservoirscracks” water-flow model that can be tested using the timeseries field data. Understanding drip-rate behavior will
allow us to isolate particular reservoirs, thus setting the

Most of large caves are developed in the upper Bumpnose
member of the Crystal River formation. The Dragon’s Tooth
ceiling consists of two limestone layers: Marianna Limestone,
a resistant, hard-to-soft, white-to-cream marine limestone and
the Bumpnose, a soft, white fossiliferous limestone. The DTC
roof is approximately 3.5 m thick. (Fig. 2)

Figure 1. Left: Three-dimensional illustration of Dragon’s Tooth Cave Right: Plan view of Dragon’s Tooth Cave with instrument
locations, calcite farms, and dripwater collection sites.
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Figure 2. Geologic map of the Dragon’s Tooth Cave area. Modified from Green et al. (2003).

3. Methods

Cave development in the park is promoted along three
planes: two vertical joint directions plus a horizontal
direction parallel to bedding (Boyer, 1975). DTC displays
preferential development along a vertical controlling joint
at approximately N 30° W, parallel to the orientation of the
nearby Chipola River (Boyer 1975).

3.1. Field Measurements
To understand cave hydrologic responses to precipitation,
continuous records are required for rainfall amounts, drip
rates, and the meteorological parameters that determine
evapotranspiration rates. A meteorological station was
therefore installed above Dragon’s Tooth Cave in May 2012
to continuously measure rainfall, barometric pressure,
relative humidity, air temperature, wind speed and direction,
and solar irradiance at 15-minute intervals. An automatic
precipitation sampler (MDN 00-125-4) was installed in
June 2012. This collector captures samples from individual
rainfall events, thus allowing direct correlation of isotopic
and trace element compositions in rainwaters and the
resulting dripwaters. Such correlations allow for estimates
of water residence times and preferential penetration routes
through the epikarst.

Cave hydrology is controlled by both precipitation and
evaporation. Precipitation is important because it serves as a
source of dripwater. Mean annual precipitation in Quincy,
Florida (35 km east of Marianna) is approximately
1,377 mm yr-1 (Fig. 3). Evapotranspiration is important
because it removes water from the soil, thus concentrating
ions in soil water by up to a factor of ten. In northwest-central
Florida, approximately 80 % (±7 %) of the rainfall is
evaporated (Bidlake et al. 1996), even in summer when
precipitation rates are high (Tremaine and Froelich 2013).
This evaporation rate is typical for subtropical pine flatwood
ecosystems (Bidlake et al. 1996). In fall and winter,
temperatures are lower and plants take up water less readily.
Evapotranspiration is thereby diminished, and positive net
rainfall (i.e. precipitation > evapotranspiration) is more likely.

To measure DTC drip rates, acoustic drip counters mounted
on tripods were deployed under eight stalactites (Fig. 4).
These stalagmate acoustic drip counters work as a
microphone, recording the number of drops falling on a box
top over a user-defined time interval (Collister and Mattey
2008). Drip rates have been continuously recorded at seven
stalactites at 1-hour intervals from May 2012 to present.
3.2. Two-Dimensional Dripping Model
Precipitation that is not intercepted by evapotranspiration
percolates through unsaturated porous geologic media by
following the fastest paths – i.e. fractures (Pendexter 1996).
The karst above Dragon’s Tooth Cave is heterogeneous and
highly fractured, with many voids and pockets.

Figure 3. Left: Annual rainfall in Quincy, Florida, 1984–2010
(www.ncdc.noaa.gov). Right: Monthly rainfall averages and
1-sigma ranges from the same data set.
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Figure 4. Left: Dripwater logger (white box) mounted atop a tripod. Right: Southern section of the “Dragon’s Belly”.

(1)

Several models have been recently constructed to determine
hydrological variations in caves (Tooth and Fairchild 2003;
Fairchild et al. 2006; Baker and Bradley 2010). These
models describe flow within a system of connected
reservoirs that feed stalactites, with an emphasis on
reservoir storage capacities and water discharge.

(2)
(3)
where U is fluid velocity, P is pressure, g is gravitational
acceliration, and α is angle between crack and horizontal
axis. Fluid characteristics are given by ρ (density) and ν
(viscosity).
Discharge per unit width, q, is derived from equations
(1) – (3):
(4)
where h is half the distance between the crack walls
(Fig. 5).
In the future, the water-transport model will be further
developed by the addition of reservoirs. Modeled discharge
rates will be compared to rates measured in situ.

4. Results and Discussion
Figure 5. Flow through a model crack. Crack width is 2h. The
parameter a represents the size of the crack.

Measured monthly rainfall above Dragon’s Tooth Cave
(May 2012 – February 2013) averaged 109 mm, ranging
from a low of 13 mm (January 2013) to a high of 304 mm
(August 2012). Heavy rainfall events occurred from June
through September. Throughout our study, regional
evapotranspiration rates were approximately 100 mm
month-1. Net rainfall amounts were near zero at the
beginning of the study (May), positive during the summer
rainy season (June–August), near zero during the transition
month of September, and negative in the winter months of
October–January (Fig. 6).

In this study we considered that pockets in the karst are
connected through a complex system of cracks. Water
movement in cracks of different sizes and orientations can
be examined (Fig. 5).
Here we outline the primary set of equations used to model
flow through the roof of Dragon’s Tooth Cave. We assume
that the flow is laminar with a fluid velocity U flowing in
the x direction, varying only in y. The dominant force
balance in the x direction is between viscous forces and
gravitation:

Temporal dripwater patterns at the instrumented stalactite
sites within Dragon’s Tooth Cave were generally similar.
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5. Summary and Conclusion

Most sites exhibited drip rates that varied seasonally. Site DT
#2 was an exception, with a nearly constant rate of 130–170
drips/hour (Fig. 7). Most sites also exhibited seasonal
variation in lag period (i.e. time between a rainfall event
and a subsequently increased drip rate), ranging from 14 to
45 days. Drip rates were spatially variable, with stalactites
less than a half a meter apart exhibiting different drip-rate
ranges and lag times (e.g., DT #4 and DT #7; Fig. 8).
Maximum drip rates varied from 120 to 850 drips/hour.

This paper describes nine months of preliminary time-series
data (net rainfall and stalactite drip rates) indicative of
percolation processes at Dragon’s Tooth Cave in Florida.
This cave is overlain by a shallow soil cover and a 3.5 m
unsaturated zone in karstified, fractured limestone. At most
of the instrumented stalactites, drip rates increased in
response to heavy summer-season precipitation. A sharp
increase in drip rates was also observed after several
fall/winter months of low to negative net rainfall. This
phenomenon may indicate that the stalactites are being fed
by a series of connecting reservoirs that feed cracks of
various geometries and flow rates. Geological (groundpentrating radar) surveys will be conducted to determine
the existence of such reservoirs. Pulse-chase tracer
experiments will also be conducted to estimate residence
times. Additional time-series data will be collected for
detailed statistical analyses and numerical modeling studies.

Most monitored stalactite sites were responsive to
precipitation. In August 2012, several rain events occurred,
producing a monthly rainfall total of 300 mm (Fig. 6).
Significantly higher drip rates were observed within the
cave in September (Fig. 8). At sites 1, 3, 5, 6, and 7, drip
rates increased from 0 to up to 550 drips/hour.
Drip rates at several locations (Fig. 8 A-D) increased even
more during the time of negative net rainfall than
immediately after the high-precipitation summer period.
The phenomenon of negative net rainfall and high drip rates
could be explained by a system of interconnected reservoirs
that feed cracks of various sizes, locations, and flow
velocities. If cracks within a particular reservoir occur on
the walls but not the floor, the reservoir will leak only after
the water level reaches a certain height. To determine
whether our rain-event sensor might have malfunctioned
and missed some post-September rainfall, we cross-checked
our measured precipitation rates against data collected at
the Florida Caverns ranger station and at the Marianna
Airport (5 km distant).
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The velocity of water travel between a reservoir and its
destination stalactites will further depend on the
characteristics of the fractures themselves. The supposition
of reservoir existence and delayed water delivery at
Dragon’s Tooth Cave will be further explored using groundpenetrating radar surveys and natural-tracer (SF6) pulsechase experiments.

Figure 7. Daily rainfall totals (black descending bars) and DT #2 hourly stalactite drip rates.
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Figure 8. (A–D) Daily rainfall totals (black descending bars) and hourly drip rate, at six stalactite sites. (E)DT #6 and DT #7 hourly
stalactite drip rates from September 10th to October 12th. Note the different vertical scales.
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The geochemical analyses of karst springs and their freshwater carbonate deposits provide an opportunity to reconstruct
past climate changes. Nevertheless, there are still very few paleoclimate records obtained from freshwater carbonate
deposits in Hungary. The present study focuses on some recently depositing freshwater tufa sites and two caves located in
Mecsek Mts (Southern Hungary) as possible sources for Holocene paleoclimate research. Both carbonate and water samples
were collected for stable isotope analyses in June and August 2011 and a monitoring programme was started in October
2011 at five sites. The stable isotope analyses of the rock samples reflect the effect of continentality and suggest strong
soil zone CO2 contribution.

1. Introduction

2. The study area

Terrestrial carbonate deposits (travertines, freshwater tufas
and speleothems) are of particular importance in
paleoclimatological, paleoenvironmental and geological
studies. Speleothems, such as stalagmites, stalactites and
flowstones, are a rich archive of terrestrial paleoclimate
information (e.g., Wang et al. 2001) particularly since they
offer the dual advantages of being closely tied to the mean
hydrological balance and being a nearly ideal material for
high precision U/Th disequilibrium series dating. Recent
studies have proved that freshwater carbonate deposits, such
as travertines and tufas can also be used in
paleoenvironmental reconstruction (Andrews 2006, Lojen
et al. 2009, Cremaschi et al. 2010) and their geochemical
composition can be correlated with climate records gained
from lake sediment, ice-cores (Stuiver et al. 1995) and
marine sediments (Imbrie et al. 1984). The effects of global
climate changes can be studied on them, since these
deposits reflect local paleo-precipitation patterns and
preserve key information on the paleoenvironment, as well.

Mecsek Mountains is divided into Western and Eastern
Mecsek. The karst areas of Western Mecsek are built up by
well-karstifiable, Triassic rocks (Lapisi Limestone
Formation, Zuhányai Limestone Formation, Csukma
Dolomite Formation) in which numerous small caves,
dolines and karst springs were formed. Three of the
regularly studied springs (Kánya Spring, Anyák Spring and
Dagonyászó Spring) and both caves are located here. In
Eastern Mecsek karstic rocks are of Jurassic origin and have
less suitable petrographic characteristics for karstification
and speleogenesis. Two springs sites (Csurgó Spring and
Pásztor Spring) have been monitored here (Fig. 1).

In Hungary, in spite of the existence of large karst areas
such studies have been delayed and there are still very few
paleoclimate records obtained from terrestrial carbonate
deposits (Kele et al. 2006; Kele 2009; Siklósy et al. 2009).
Five carbonate depositing springs and two caves are taken
under scrutiny in Western and Eastern Mecsek for
paleoclimatic investigation. Our main aim is to reconstruct
the Holocene paleoclimate of the study areas by doing a
comparative geochemical analysis of these carbonate
deposits. In this paper we would like to present the
preliminary results of the research we started in the summer
of 2011.

Figure 1. The study area (based on 1:10,000 scale topographic
map in EOTR (Uniform National Mapping System of Hungary).
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3. Methods

Besides, core drillings were carried out at three places on
the surface (Anyák Spring, Csurgó Spring and Pásztor
Spring, Fig. 2) and in case of two speleothems in Abaliget
and Spirál caves.

Recently deposited freshwater tufa samples were collected
for stable isotope (δ18O, δ13C) analyses in June and August
2011 at 10 sites and water samples at 17 sites. In case of
five springs monthly observations have been carried out for
10 months since October 2011. Two measurement points
were set at each spring sites where the basic
physicochemical parameters of water (pH, conductivity,
temperature) were measured in situ once every month by
using a WTW device. Water samples were collected in 100
ml bottles for determining alkalinity which were analysed
within 48 hours by acid-based titration with 0.1 M HCl.
Two meteorological parameters (air temperature and
relative humidity) were also recorded at each measurement
points at the time of measuring the other parameters.

The stable isotope analyses were performed at the Institute
for Geological and Geochemical Research, Research Centre
for Astronomy and Earth Sciences, Hungarian Academy of
Sciences, Budapest, Hungary. Oxygen and carbon isotopes
of bulk carbonate were determined using a Finnigan delta
plus XP mass spectrometer. Oxygen and hydrogen isotopic
measurements of water samples were done on LGR LWIA24d liquid water isotope analyser. Isotopic compositions are
expressed in the traditional δ notation in parts per thousands
(‰) relative to VPDB (δ18O, δ13C) and VSMOW (δ18O,
δD). Reproducibilities are better than ±0.2 ‰ for the δ18O
and δ13C values of carbonates and ±0.2‰ for the δ18O and
±0.6‰ for the δD values of water.

4. Results and discussion
4.1. Physicochemical water parameters
Water temperature shows a regular seasonal pattern
reflecting the variation in air temperature, being higher in
summer and lower in winter. Due to the moderating effect
of the karst aquifer the amplitude of changes were 4.6 °C,
4.0 °C, 3.8 °C, 3.0 °C and 2.9 °C at Csurgó Spring, Pásztor
Spring, Anyák Spring, Kánya Spring and Dagonyászó
Spring, respectively. The reason behind this high amplitude
in the case of Csurgó Spring is that there is no specific
spring source, water appears in the stream bed and
consequently it starts to equilibrate with surface
temperature. The highest temperatures were recorded in
April and July and the lowest in October and January.

Figure 2. The drilling site and the drilling core of Anyák Spring,
Western Mecsek.

Figure 3. Monthly changes of pH, 2011–2012.
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4.2. Stable isotopes

Downstream the water temperature increased in summer
and decreased in winter. The seasonal amplitude rose to
14.5 °C, 18.1 °C, 19.1 °C, 8.9 °C and 7.8 °C, respectively.

Stable isotope analyses of the 17 karst springs revealed
unambiguous differences between Eastern and Western
Mecsek (Fig. 4). The possible cause of this difference could
be the so-called “altitude effect” or the “amount effect”. The
springs of Eastern Mecsek are located at higher altitude and
have their catchment areas at higher elevation than the ones
in Western Mecsek. Therefore, the investigated springs in
Eastern Mecsek are characterized by more negative isotope
values (Figs. 4 and 5).

Alkalinity had a similar seasonal pattern as water
temperature. It was higher from late spring to autumn and
lower from winter to early spring. Similarly to electric
conductivity, alkalinity decreased downstream due to tufa
deposition. The highest values of electric conductivity were
measured at Anyák and Kánya springs (655–766 µS/cm and
702–755 µS/cm, respectively), while Pásztor Spring was
usually characterised by much lower values (570–680
µS/cm). This is probably due to the differing geological
characteristics of the limestone aquifer. Similarly low
values were recorded at other springs in the same area (Vár
Valley and in Óbánya Valley).

At some springs (e.g., Anyák Spring) monthly differences
can be observed in the isotope composition of the karst
water, reflecting seasonal changes in precipitation δ18O.
Nevertheless, isotopic values change little (δ18O: 0.4‰ both
at the spring and at the tufa site). The δD and δ18O data of
the studied springs fit the Global Meteoric Water Line,
indicating their meteoric origin. The mean values are
-69.8‰ and -10.2‰, respectively.

Contrary to electric conductivity and alkalinity, pH values
gradually increase downstream. According to Kano et al.
(1999) the seasonal variation of pH is characterized by high
winter and low summer values, since more uptake of soiloriginated CO2 intensifies the dissolution of CaCO3 and
reduces the pH of the water. Soil pCO2 is the highest from
July to September and changes of the Ca2+ content,
alkalinity and pH usually follow its seasonal variation with
a delay of 1 or 2 months (Kano et al. 1999; Kawai et al.
2006). In Mecsek Mts. the highest pH levels were measured
at the end of November and a second peak was observed at
the end of January. Except for Pásztor and Kánya springs a
pH values slightly increased at the beginning of summer
(Fig. 3) and decreased in August.

The observed difference between Eastern and Western
Mecsek in the δ18O data cannot be seen in case of tufa
samples which can be a result of the difference in water
temperatures in which the tufa calcite forms. Unfortunately,
all the parameters were recorded once a month so we can
only estimate the mean water temperature at the places of
tufa deposition. Kinetic effects might occur, as well. Further
investigations are needed to understand this difference. In
order to monitor the δ18O and δ13C changes of recently
depositing freshwater tufas, glass substrates were put at the
measurement points in September 2012. Unfortunately, we
have no reportable results yet.

Usually, Anyák and Kánya springs are characterized by
higher pH levels than the other springs, most likely owing
to differing aquifer conditions.

Table 1. Stable isotopic composition of carbonates.

Figure 4. Stable isotopic composition of spring waters.
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Table 1 shows the isotope composition of the tufa samples.
The δ13C values of our tufa samples range between -9.0‰
and -11.6‰ (VPDB) with a mean value of -10.3‰,
suggesting strong soil-zone CO2 contribution. Comparing our
stable isotope data with the database established by Andrews
et al. (1997) the samples from Mecsek Mountains are similar
to the tufas collected in Poland and in the Dinaric Karst
concerning δ18O values, reflecting the effect of continentality
in contrast to the tufas collected from Western-Europe.
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Figure 5. δ18O values of spring waters plotted against sample
altitude.
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The freshwater tufa cores were quite porous and therefore
were embedded in epoxy amber. The most recent part of the
speleothem core from Abaliget Cave was micro-drilled with
approximately 1 mm intervals and samples for Hendy-test
were prepared which suggest that the speleothem core is
suitable for further investigations. The stable isotope
measurements of the freshwater tufa and speleothem cores
are still in progress. We intend to use U/Th method for the
dating of these samples. We tried 14C for dating the tufa
cores, however further measurements are needed in order
to interpret the results correctly.

Cremaschi M, Zerboni A, Spötl C, Felletti F, 2010. The calcareous
tufa in the Tadrart Acacus Mt. (SW Fezzan, Libya): An early
Holocene palaeoclimate archive in the central Sahara.
Paleography, Paleoclimatology, Paleoecology 287 (1–4), 81–94.

5. Conclusions
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1999. Seasonal variation in water chemistry and hydrological
conditions of tufa deposition of Shirokawa, Ehime Prefecture,
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The stable isotope analysis of the tufa-depositing streams
suggests that these waters are of meteoric origin. A
significant difference was found between the two study
areas, Eastern and Western Mecsek most probably as a
result of difference in the elevation of the catchment areas.
The seasonal variation of the different physicochemical
parameters of water was observed during the monitoring
period. It also became evident that pH increases, while
alkalinity and electric conductivity decreases downstream.
The downcurrent changes of water temperature depend on
air temperature.
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Stable isotope analysis of bulk carbonate samples showed
that the isotopic composition of these deposits reflect the
effects of continentality and strong soil-zone CO2
contribution by C3 vegetation.
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A STUDY OF TEMPERATURE CHARACTERISTICS IN THE SHALLOW
KARSTIC VELIKA PASICA CAVE, SLOVENIA
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The precipitation, surface air temperature, the cave air and the cave drip water temperatures were monitored over two
years in order to interpret the cave climate in a shallow karstic cave located in central Slovenia. The cave temperature is
controlled by the external climate, due to seasonal oscillations. The temperature curve of inner cave area was much
smoother in comparison with the surface indicating that thermal energy was transferred from the surface through the matrix
by conduction. Air convection also occurred in the cave, especially during the winter time in the section close to the
entrance. The colder, heavier air flowed through the entrance into the cave, which resulted in significant and irregular
temperature variation. In addition, the temperature variations in dripping water during the rain events indicated strong
relationship between the water discharge and drip water temperature.

1. Introduction

considered with a special emphasis on the cave drip water
and concurrent ecosystem studies.

Heat flow theory can be applied to the development of
ground water hydrological science since heat has proven to
be a useful tracer in groundwater systems (Anderson 2005).
While some papers are related to deep aquifers (phreatic
zone), which do not connect strictly with annual periodical
temperature changes from the surface, other papers
primarily focus on geothermal energy sources (Garg and
Kassoy 1981), and mining engineering (Williams et al.
1999). Bundschuh (1993) reported that heat is not an ideal
tracer. Nevertheless, Milanovic (2001) considered water
temperature as a non conservative tracer in karst aquifers.
In Bundschuh’s research (1993), temperature was shown as
a parameter in order to indicate the components of different
aquifers in spring water. Genthon et al. (2005) used
temperature as a marker for karstic water hydrodynamics
in La Peyrere Cave (France). Potentially useful information
for thermal patterns of karst cave streams was considered
for aquifer morphology and recharge (Luhmann et al. 2011).
Contrary to deep aquifers, fundamental studies on heat
transport and temperature gradients for shallow sub-surface
karstic cave systems are limited in the literature, especially
for cave drip water.

2. Location and cave description
The Velika Pasica Cave (45º55’14”N, 14º29’41”E) (Fig. 1)
is located at an elevation of 662 m a.s.l. in the village Gornji
Ig, approximately 20km south of Ljubljana. The bedrock in
the cave area is the thin Norian-Retian dolomite of the
Upper Triassic, with the strata inclining to the north at
10–15°. A thin soil layer, 0–20 cm in depth, lays over the
surface above the cave. Below, an average thickness of
10–12 m of ceiling covers the gallery, which characterises
the cave as a typical shallow cave (Jeannin et al. 2007). At
some points the ceiling is only 2–5 m thick (Brancelj 2002).

Although the ceiling of the Velika Pasica Cave is thin (on
some places only 2–5 m), relative thermal isolation from
the surface occurs. Generally, at about 1 m below the
surface daily variations in temperature in the soil and rock
disappear, although the annual variations in temperature can
be observed as deep as 20–24 m below surface, depending
on the rock and soil types (Thakur and Momoh 1983). Thus,
a shallow cave with an average depth of 10–12 m below
surface could be a good intermediate window for tracing
temperature variation underground.

Figure 1. Location of the Velika Pasica Cave (Slovenia). The black
figure – the study cave; * – the meteorological station.

The Velika Pasica Cave can be divided into two parts: A)
the outer section (close to entrance) and B) the inner section
(far from entrance). The investigation and interpretation of
climate variation within the cave was carried out by
monitoring the precipitation, the surface ground
temperature (Toutside), the air temperature in the cave (Tair)
and the cave drip water temperature (Twater). Furthermore,
exploration of the possibility to apply temperature as a
natural tracer for hydro-geological research, have been

The cave is an approximately 110 m long horizontal gallery,
rich in flowstone decorations. The entrance to the cave is at
the bottom of a 10 m deep circular depression (dolina) with
a diameter of 15 m. Two sections exist in the cave,
connected by 0.7 × 1.0 m2 sized passage (Fig. 2): the outer
section with two chambers and the inner part with another
two chambers.
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Four permanent drips, designated as VP1, VP2, VP3, and
VP4, are located within the cave. Drips VP1 and VP2 are
located in the outer part and drips VP3 and VP4 are in the
inner part of the cave (Fig. 2).

monitored since 2006. During the observation period, July
and August were the hottest months and the highest
temperature was 32 °C on July 23rd in 2006. December and
January were the coldest months and the lowest temperature
recorded was on December 22nd, 2007, at -11.35 °C (Table 1).
On the surface, the temperature differences between day
and night were frequently over 10°C, shown as the SD
(standard deviation) as high as 7.76 (Table 1). For example,
on July 23rd, 2006, the difference was approximately 13 °C.
The intensity of the rainfall in spring (April and May) was
not high, but it was frequent; while in summer, the
frequency of rain events decreased but several heavy storms
occurred; the strongest one on 20th June, 2010 (44 mm of
rain in 24 hours).

Figure 2. Cross-section (A) and ground plan (B) of the Velika
Pasica Cave (Slovenia). VP1–VP4: permanent dripping points,
where data on percolation have been continuously recorded at
one-hour intervals since May 2006. The arrow indicates the
entrance of the cave and the passage which divides the cave into
two sections.

3. Methods
Two data-loggers (Delta-T Device Company) were set up
for the study in order to interpret the climatic variation of
the inner and outer cave environments. The first data-logger
was set in the cave and was connected to: four temperature
sensors for air temperature, four sensors for water
temperature of each permanent drip, four rain gauges for
the discharge and one sensor for humidity in the outer
section of the cave (Fig. 2).
Each rain gauge in the cave, placed under the drips, was
equipped with a plastic screen (2 m x 2 m) in order to
collect dripping water and focus it into the funnel of the rain
gauge. Probes for water temperature were inserted into the
funnel of each rain gauge, while probes for air temperature
were 50 cm away from rain gauge and 1 m above the cave
floor. Other sensors for air temperature, precipitation and
soil humidity were located on the surface close to the cave
entrance and connected to the second data logger.
Precipitation was recorded once per hour. All the
temperature sensors were measured in 4-hour intervals.
Both data-loggers were synchronised for data recording.

Figure 3. The temperature (°C), precipitation (mm per hour) from
outside the cave, the water temperatures of four drips (°C) and
adjacent air temperature of each drip (°C) recorded from 20th June,
2006 to 22nd March, 2008. X-A/W-O/I indicates: the air/water
temperature at Drip X from outer or inner section of the cave.

4.2. The temperature variation inside the cave
Inside the cave, the temperature was more constant
compared to the surface temperature. The variation range
was smaller and the SD much lower (Table 1).

4. Results and Discussion

Cave temperature is generally directly connected with the
external climate (Badino 2004), especially within shallow
caves. In the Velika Pasica Cave, the average thickness of
the ceiling above the cave is 10–12 m (Brancelj 2002). This
resulted in a quick and intensive reaction of cave
meteorology to the outer conditions. The temperature inside
the cave, (both of air and dripping water) showed a similar

4.1. The environmental temperature and precipitation
In the Ljubljana area, the climate has continental
characteristics with warm summers and moderately cold
winters (www.arso.gov.si). Seasonal micro-climates
apparently varied in the cave area (Fig. 3), which have been
428

Cave Climate and Paleoclimate Record – oral

2013 ICS Proceedings

Table 1. Descriptive statistics for temperatures inside and outside the cave from 20th June, 2006 to 22nd June, 2007. X-A/W-O/I indicates:
the air/water temperature near Drip X from outer or inner section of the cave.; Toutside is the surface air temperature.
1-A-O
(oC)

2-A-O
(oC)

3-A-I
(oC)

4-A-I
(oC)

Toutside
(oC)

1-W-O
(oC)

2-W-O
(oC)

3-W-I
(oC)

4-W-I
(oC)

max

9.65

9.26

11.18

10.35

32.01

10.62

9.48

10.93

10.61

min

6.55

6.50

8.30

7.45

-11.35

6.85

6.87

7.98

7.52

average

8.20

8.15

9.86

9.41

9.80

8.36

8.30

9.34

9.60

SD

0.58

0.50

0.71

0.57

7.76

0.53

0.47

0.59

0.62

SD: standard deviation.

surface temperature dropped to lower than inside, which was
a lag of 49 days as measured by the air temperature decrease
at VP3. It therefore, indicated that the mass of epikarst has
an ability to store some heat. Although the external surface
was colder than the interior, the epikarst was still warmer
than the cave, and maintained heat transference to the cave.
Until the matrix cooled down and became colder than the
cave interior, the direction of heat conduction could not
change, as shown when the cave air temperature started to
decrease. This shows that the direction of heat conduction
was, therefore, driven by the temperature difference.

trend with distinct seasonal variations: rising during summer
and autumn, and dropped in winter and spring (Fig. 3).
However, there was a time difference in variation trend
between outside and inside the cave. On the surface,
temperature increased from the lowest point -4.4 °C at the
end of December 2006, until the middle of July 2007, when
the highest temperature record reached 31.7 °C. Within the
cave, the temperature of the drips usually reached the
highest recorded peak during a similar period, which was
around 10.5 °C (as averaged from all sensors) in the inner
section and 9.5 °C in the outer section. For example, the air
temperature of VP3 reached the highest point, 10.5 °C, at
the end of November 2006. Thereafter, the temperature in
the cave started to drop until the beginning of May
2007(Fig. 4). These lags are a result of heat conduction
which determined the thermal condition within the cave
system (Covington et al. 2011). As a result, the inside
temperature keep rising when the temperature on the
surface was higher, then heat was transferred from outside
to inside.

There were considerable differences also in the
environments between the two sections within the cave.
Both inner and outer sections had apparent seasonal
variation in temperature and the overall trend showed a
similar pattern. The outer section was cooler than the inner
parts, and the average temperature was more than 1 °C
lower than those in the inner (Fig. 3; Table 1). The outer
section had a straight-forward connection with the surface
environment as a result of the cave entrance morphology.
The temperatures in the outer section varied more abruptly
and irregularly, especially during cold weather, which
commenced in late August. Temperature change was mainly
due to the convective airflows (Wefer 1994). The entrance

However, although the surface was much hotter than the
cave interior during summer, the variation inside the cave
was only between 6.5 °C and 11.0 °C. In addition, the
internal temperature did not response immediately when the

Figure 4. The temperature (°C) outside the cave, and the air temperatures near drip VP3 (°C) recorded from 20th June, 2006 to 22nd
March, 2008. The equation presents the fitted line for the outside temperature variation.
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passage slopes downward into the cave. During winter, cold
air can flow in along the floor of the cave while lighter and
warmer air escapes out of the cave along the ceiling toward
the entrance. In contrast, the inner section represented a
relatively close system and had less impact from outside,
therefore, the variation in temperatures showed slighter and
smoother oscillations when compared with the outer
section. For that reason the inner chamber was insulated as
the passage between them was constricted and prevented
convective flows sufficiently.

The temperature of drip water of VP1 and VP3 showed a
more instant and apparent response. In both drips, the larger
discharge indicated higher efficiency and speed of water
flow. However, the drips VP2 and VP4 had less discharge
and consequently smaller variation in drip water
temperature. Cronaton et al. (2002) and Liedl et al. (2003)
described this feature as a result of the dual media system.
Thus, heat also could be the tracer for the hydrodynamic of
ground flow.
The cave temperature principally followed general trend in
surface climate. At the same time the rain events were also
an important parameter which briefly impacted the
temperature balance inside the cave. The fast flow, which
ran quickly, did not exchange heat adequately within the
soil and epikarstic zone. It was reflected in the apparent
temperature peaks during the rain events. Difference in the
temperature of the drip water depends on difference
between surface and cave temperature and discharge,
namely higher discharge larger differences. When the rain
ceased, and the drip flow slowed down, the drip water, air,
and rock surrounding the cave chambers get in equilibrium.
Although the air temperature was more stable than the
percolating water, when larger rain events occurred, there
was sufficient flow of water into the drips to transfer some
of the outside heat, which can have an influence on the air
temperature in the cave (Fig. 3).

4.3. Response to the rain events signal
Precipitation is the only replenishment source for the cave
drip water in the Velika Pasica Cave area (Liu and Brancelj
2011). One rain event in September 2006 is presented here
as an example of the impact of a rain event on the cave’s
climate (Fig. 5). Two storms occurred during September
with different patterns (Liu and Brancelj 2011): the first
one, on 29th August 2006, came as a short but heavy rainfall
(47.4 mm in 7 hours); while the other lasted 84 hours, from
15th September 2006, with 96.4 mm of rainfall.
According to the speed and intensity in response to the
precipitation, the drips in the cave can be divided into four
types: “rapid response without hysteresis” (VP1); “fast
response with lag” (VP3); “rapid response with congest
discharge” (VP4) and “no response with congest discharge”
(VP2) (Liu and Brancelj in preparation). The temperature
of the drip water reflected a strong relationship with the
amount of discharge (Fig. 5).

5. Conclusion
Caves in shallow carbonate terrains have air temperatures
that mimic the mean yearly temperature of the surrounding
surface. Rock and soil cover acts as a thermal insulator and
prevent significant temperature variations inside most
shallow caves. Such thermal insulation also creates stable
temperature variations in the Velika Pasica Cave.
Temperature was principally controlled by conduction of
heat by the overlying rock. Another important element in
cave’s climate was air convection, which was significant
near entrance during the cold period of the year. The third
element, which effected temperature conditions in the cave,
was precipitation as drip water also acts as a thermal source
for the cave. At the same time it could act as the tracer for
hydrodynamic process of underground flow in epikarst.
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Due to some extreme weather conditions (e.g., droughts, inland waters or floods etc.) occurring in Carpathian Basin,
climatic fluctuations can be detected in Hungary which can modify some environmental factors in caves. In our study we
were determined to enquire to which extent do surface temperature changes influence cave air temperature. Three different
types of caves were selected for the analysis: a hypogene cave (Hideglyuk), a tectonically performed epigenetic cave
(Hajnóczy Cave) and a typical swallet cave (Trió Cave). Cave air temperature was determined in order to delineate the
degree of anthropogenic impact, as well as to investigate how long it takes the surface temperature to have an effect on
the cave air temperature. To test applicability of a wireless sensor network in cave temperature measurement, UC Mote
Mini low power wireless sensor module was used for our measurements. Temperature data were recorded at 10 minutes
intervals. The obtained data were evaluated using a matrix of correlation coefficients as to identify the communication
network between the passages.
In Hajnóczy Cave the delay effect of the passages can be detected: a decrease in surface temperature can only be seen
after 2 days and 4 days at measurement points No. 2 (“Entrance”) and No. 3, (“Housetop”), respectively. In Hideg-lyuk,
two different circulations can be distinguished: a large one covering the studied area and a small one that most probably
connects the channel with undiscovered passages. The human impact on the air temperature of Trió Cave is unambiguous,
raising the inside temperature with 0.05 °C or 0.6 °C in the case of three and twenty-eight visitors, respectively.

1. Introduction

(1) to delineate how surface temperature influences cave air
temperature in the three different karst caves; (2) to reveal
how long it takes the surface temperature to modify the
temperature of cave air; (3) to test a wireless sensor network
in order to determine its applicability in cave air temperature,
relative humidity and atmospheric pressure measurements;
(4) with the help of the investigations mentioned above we
intend to study the convectional system of these caves, and
the degree of anthropogenic impact on them.

Cave air temperature is mostly considered to be constant,
nevertheless several factors, such as surface temperature,
affect cave air flow even if their influence is more moderate
in the passages. Cave climate is dependent on the energy
balance of the cave and on the energy exchange between
the cave and the surface. Furthermore, the climatic
conditions and the morphology of the surface are also
important controlling factors of cave climate (Fodor 1981).
Hence, each cave has a unique air flow and a special
climate. Caves are different in their morphology, fracture
network, as well as in their entrance position and all these
parameters exert an influence on the air flow (Rajczy 2000).
The beneficial effects of caves have been shown due to the
high humidity and the constant temperature of cave air,
which is about 10 °C in Hungary. This dust, germ and
allergen-free environment can mitigate the unpleasant
symptoms of many people suffering from upper respiratory
tract infections, leading to complete recovery (Jakucs
1999).

2. Sampling area
Three Hungarian caves were selected as sample areas
(Fig. 1).

The long-term monitoring of climatic parameters in caves
can provide information on whether the surface climate
change has any negative influence on cave climate and its
therapeutic effects. Moreover, these measurements are very
essential from the viewpoint of cave utilization since
visitors can also modify cave climate. The climatic studies
of caves can support the cave tourism of national parks as
the surplus heat caused by several visitors can have an
adverse effect on the characteristics of caves (Kaffai 2008).

Figure 1. The petrographic map of Hungary and the location of
the monitored caves.

The major aims of present study can be summarized as
follows:
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2.1. Hajnóczy Cave

92 m at that time. In December 2011 the cave was connected
to the other caves in the quarry and became the member of
the 28.6 km long Szépvölgyi Cave System (Fig. 3).

Hajnóczy Cave is situated in the SW Bükk and was formed
in Ladinian-Carnian flint and flint-free grey limestone. It is
a shallow cave with more than 3 km long passages and with
a maximum depth of 135 m. The entrance of the cave is
located on a hillside, 475 meters above sea level (Varga
2003).

2.3. Trió Cave
Trió Cave is situated in the lithologically homogeneous
Triassic limestones of the Western Mecsek karst area. It is
a typical swallow cave (255 m, depth: -58) of the Szuadó
Valley, however due to the development of other sinkholes
Trió Cave has only a temporary activity nowadays (Barta
and Tarnai1999).

Figure 2. The polygon of Hajnóczy Cave with the places of the
sensors.

The cave passages are of N-NE-S-SW direction with a
perpendicular joint system. The cave can be divided into
two distinct parts: (1) the passage system which is rich in
keyholes and was formed by anastomosis and corrosion
processes. This extends from the entrance to the Great Hall.
(2) The section that was formed by dominant erosion
processes and is characterized by large forms (e.g., Giant
Hall: 40 × 20 m), debris fans and keyholes between large
rooms (e.g., Almond: 0.7 × 0.4 m) (Fig. 2).

Figure 4. The cross-section of Trió Cave and the location of the
deployed devices.

It is the seventh longest (255 m), and the second deepest
(58 m) cave in Mecsek Mountains. The cave can be
morphologically divided into three parts (Fig. 4). The first
section is a narrow passage system. After passing the second
part of the cave, the pit-system, the two end-points can be
reached along Agyagos and Vizes branches (Bauer 2011).

2.2. Hideg-lyuk
Hideg-lyuk is of hypogenic origin and is situated in Buda
Hills, in the NW part of Pálvölgyi quarry composed of
Triassic limestone and dolomite. Since Buda Hills. were
elevated along a fault line, thermal waters could emerge
from the depth along the cracks (Kordos 1984).

3. Material and methods
UC Mote Mini low power wireless sensor module, which
was developed at the University of Szeged, was used for
our measurements. This device promotes IEEE
802.15.4/ZigBee wireless communication protocol in order
to realize low data rate. The radio module can operate at a
data rate of 250 kbps in ISM 2.4 GHz band. The control is
regulated by 16 MHz Atmel ATmega128RFA1
microprocessor with 128 kB RAM. Several types of sensors
are integrated into this device (Fig. 5):
1) light sensor
2) pressure sensor
3) temperature sensor
4) humidity sensor

Figure 3. The location of the sensors in Hideg-lyuk.

József Szabó Cave Research Group began the research in
2008 of Hideg-lyuk, since the intense cold summer airflow
attracted the researchers’ attention. The maximum depth was

Figure 5. Uc Mote Mini
(source: www.unicomp.hu).
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Our monitoring started in December 2011 and lasted more
than a year in order to observe the differences of cave air
flow between the summer and the winter period.

The accuracy and the scale of SHT21 temperature and the
humidity sensor are ±0,3 °C, 0,01 °C and ±02.0 % RH,
0,04 % RH, respectively. Data collection can be realized
with 2MB external flash TinyOS, which is a small opensource energy-efficient software operating system,
supporting large scale self-configuring sensor networks.
The device is powered by LIR2450 battery (Fig. 5). During
our study, data were recorded in every 10 minutes. The
sensors could be used for more than 3 months without
battery replacement (Senirion).

Due to the limited length of the paper only the data collected
between 10. 03. 2012 and 14. 04. 2012 are presented (Fig. 7).
The cave air temperature data measured by ten sensors can
be seen here. The data of measurement sections No. 1
(“Surface”) and No. 2 (“Entrance”) are illustrated in the
secondary axis, whereas those of other measurement points
are demonstrated in the primary axis.

The temperature and relative humidity of cave air were
detected using ten sensors (three of them can also measure
air pressure) in Hajnóczy Cave and in Hideg-lyuk. In each
case one out of ten sensors was placed near the cave
entrance to measure surface temperature (Figs. 2, 3 and 6).
In Trió Cave only periodic observations were performed
using thirteen sensors (Fig. 4).

According to the daily minimum and maximum values of
point No. 1, we could examine how surface temperature
influenced the different sections of the cave. Based on the
data of No. 2 and No. 3 (“Housetop”), the diurnal
fluctuation of temperature is obvious, although various
differences can be detected. This daily variation ranges
between 0.5 and 1 °C in the case of point No. 2, while it
changes between 0.2 and 0.3 °C in the case of point No. 3.
Furthermore, the retarding effect of temperature can also be
observed: the decrease in surface temperature can be
registered after 2 and 4 days in the case of points No. 2 and
No. 3, respectively (Fig. 7). The correlation value between
the measurement points No. 2 and No. 3 is 0.7290. Point
No. 3 shows strong correlation with some measurement
points: 0.8040 and 0.8996 are with No. 3 (“Leyla”) and
No. 7 (“Amygdala”), respectively (Table 1).

Even thought the sensors can communicate up to 100 m on
the surface, this distance is reduced to 20–25 m in the
underground depending on cave geometry (Muladi 2012).
The radio module was only used while data were
downloaded and sensor network maps were created.
The data obtained in every 10 minutes were evaluated using
a matrix of correlation coefficients. First, data were
averaged according to hour and day, resulting in a new
dataset. Then these data were processed with pairwise
correlation coefficients in order to investigate the direct and
indirect relationships among cave airflows.

Point No. 4 (“Flat hall”) is further and deeper than point
No. 2. Even though the diurnal temperature range can not be
detected, a temperature change caused by a drop in surface
temperature can be noticed. Based on the correlation
coefficient, point No. 4 has a very strong (0.9960) and a
strong (0.7272) relationship with points No. 2, 3, respectively
(Table 1). No. 4 shows moderately strong correlation with
point No. 7 (0.5639), and No. 6 (0.6424).

4. Results and discussion
4.1. Hajnóczy Cave
The climate of this cave was periodically studied in the past
(e.g., cave temperature was measured by Gábor Miklós and
József Városi from 1975 to 1977 in summers and Gyula
Németh performed some radon measurements in the
1980s). These investigations can provide reference data for
our current research.

In the case of points No. 6 and No. 7, the cross-sections of
the passages is narrowed. Thus, higher diurnal temperature
range could be registered in their cases. Although, the crosssection of passage No. 7 is smaller than that of No. 6, the
values are still very similar. This is also confirmed by their
correlation coefficient (0.8280).

Table 1. The correlation matrix of Hajnóczy-cave’s temperature data (12. 03. 2012. – 11. 04. 2012) (significance level 0.01; 0.05).
Measuring
points
Between Gallery
and Giant hall (9)
Housetop (3)
Almond (7)
Leyla (6)
Flat hall (4)
Surface (1)
Gallery (8)
Giant hall (10)
Entrance (2)

Between
Gallery Housetop
and Giant
(3)
hall (9)

Almond
(7)

Leyla
(6)

Flat hall
(4)

Surface
(1)

Gallery
(8)

1
0.8280
0.5639
-0.4924
0.3089
-0.4102
0.5927

1
0.6424
-0.4679
0.3663
-0.1385
0.6577

1
-0.2286
-0.2242
0.1223
0.9960

1
-0.3119
0.1502
-0.2670

1
0.1257
-0.2372

Giant hall Entrance
(2)
(10)

1
-0.6174
-0.2911
-0.3172
-0.4941
-0.1984
-0.0765
-0.1986
-0.4356

1
0.8996
0.8040
0.7272
-0.2953
0.1808
-0.2651
0.7290
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Figure 7. Temperature data for Hajnóczy Cave (10. 03. 2012 – 14. 04. 2012).

All this can be explained with the spatial proximity of the
two measurement points (< 5 m). The minimum and
maximum values can be detected better in the case of point
No. 7 due to the narrow cross section of the measurement
point. Here, the diurnal fluctuation of temperature range only
varies between 0.1 and 0.2 °C, while point No. 1 shows
inverse correlation with No. 7 (-0.4924) and No. 6 (-0.4679).
Point No. 2 shows a moderately strong correlation with
points No. 7 (0.5927) and No. 6 (0.6577).

temperatures between the passages can also be detected here.
The mean air temperature is increasing towards the inner
passages. The extent of diurnal temperature fluctuation can
be observed at the different measurement points.
During the data evaluation an interesting phenomenon was
discovered: at measurement point No. 1 cold air flows out
intensely, which is supported by its moderately strong
correlation with point No. 4 (0.4364). Interestingly, No. 1
has an even stronger correlation (0.5858) with the deeper
passages, e.g., measurement point B (“Guillotine”) (Table 2).

There is temperature difference among the passages where
point No. 8 (“Gallery”), No. 9 (“Between Gallery and Giant
hall Giant”) and No. 10 (“Giant hall”) were set (Fig. 4). The
surface temperature has small effect on these sections of the
cave in studied period. The diurnal temperature change can
be slightly detected in the point No. 10 owing to its spatial
proximity to the surface. Point No. 9 shows an inverse
correlation with points No. 3 (-0.6174) and No. 4 (-0.4941).

Measurement point No. 2 (“Mine support”) has much
stronger relationship (0.6748) with No. 4 than No.1.
Since too many relationships can be detected concerning
the other sites due to the fact that the various passages can
communicate with each other through the fractures, we
would like to highlight only some of them. The strongest
correlation (0.9939) can be explored between points No. 3.
(“Copper canon”) and No. 6 (“Reference bivouac”) while
the weakest relationship (0.4068) can be revealed between
point A (Bear trap) and No. 7 (“Christmas”).

4.2. Hideg-lyuk
The aim of cave researches in Hideg-lyuk is to discover new
passages using air circulation investigations. Our intention
was to contribute to these discoveries by studying the
characteristics of airflow inside the cave.

In accordance with the results of selected points, point No. 5
(“Seal”) do not participate in the large air flow. As its
correlation coefficient is inversely proportional to the
others, its microclimate is affected either by upper passages
or a new passage system. Measurement point B is the only
site that has moderate or strong correlation with all
measurement points except for No. 5 with which the
correlation is reverse.

We started our study here on 21. 04. 2012. In this paper, data
from the period between 11. 09. 2012 and 21. 10. 2012 are
presented (Fig. 6). In Fig. 8, the data of measurement points
No. 4 (“Surface”) and No. 1 (“Entrance”) are illustrated in
the secondary axis. Overall, the difference in average

435

Cave Climate and Paleoclimate Record – oral

2013 ICS Proceedings

Table 2. The correlation matrix of the temperature data collected in Hideg-lyuk (11. 09. 2012. – 21.10.2012) (significance level 0.01; 0.05).
Measuring
points
Bear trap (A)
Guillotine (B)
Step screws (C)
Entrance (1)
Mine support (2)
Copper cannon (3)
Surface (4)
Seal (5)
Bivouac (6)
Christmas (7)

Bear
trap
(A)
1
0.5084
0.4584
0.1959
0.2703
0.3140
0.4969
-0.1143
0.3355
0.4068

Step
Guillotine
screws
(B)
(C)

1
0.4828
0.5858
0.4692
0.7395
0.5526
-0.4237
0.7920
0.8358

1
0.4071
0.7177
0.0735
0.6597
-0.4148
0.1113
0.7391

Mine
Entrance
support
(1)
(2)

1
0.3866
0.3623
0.4364
-0.5289
0.3952
0.3034

1
0.0827
0.6748
-0.2271
0.1091
0.7219

Copper
cannon
(3)

1
0.0146
0.0017
0.9936
0.5795

Surface
(4)

Seal
(5)

1
-0.3036
0.0601
0.7240

1
-0.0899
0.1149

Reference
Christmas
Bivouac
(7)
(6)

1
0.7336

1

Figure 8. Data for Hideg-lyuk (11. 09. 2012 – 21. 10. 2012).

4.3. Trió Cave

noticed most probably due to gradual increase in the daily
average surface temperature (Fig. 9).

The investigation period lasted from 19. 04. 2012 till
16. 06. 2012. Twelve sensors were deployed at different
sections of the cave: the entrance, the pits and the two end
points (Fig. 4). During the monitoring period the number
of visitors and the times of the guided trips were recorded.
According to average temperature values, the temperature
was higher in the end points than in the entrance (Fig. 4).
The surface temperature has not had any influence on the
inner cave sections from pit No. 3.
In the section called “Beehive oven”, a temperature rise that
was caused by a tour group can be observed (Fig. 9).
Comparing the number of visitors with the temperature
change, it can be claimed that the 28 visitors initiated a
0.6 °C rise. During the two-month monitoring period the
diurnal temperature fluctuation was 0.05 °C inside the cave.
Besides, a rising trend in temperature (0.4 °C) can be

Figure 9. Relationships between cave air temperature and the
number of visitors at ”Beehive oven”, Trió Cave (19. 04. 2012. –
16. 06. 2012).
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5. Conclusions
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Since 2005 studies on speleothems have been undertaken in Lebanon for the first time, aiming at reconstructing the
paleoclimate in this special location in the Levant climate belt. First, absolute-dated oxygen and carbon isotopic profiles
from a Holocene stalagmite (11.9–1.1 ka) from Jeita Cave (coastal, central Lebanon) showed generally high δ18O and δ
13
C values during the late–glacial, low values during the early Holocene, and again high values after 5.8 ka, suggesting a
transition from wet conditions in the early Holocene towards drier conditions in the mid-Holocene. Additional work was
undertaken on speleothems of Jeita Cave in order to find younger records to complete the profiles to the present time (i.e.
covering parts of the last 1 ka). In addition, one small stalagmite was retrieved from Qadisha Cave, about 1,750 m above
sea-level in northern Lebanon, and is currently being investigated. Samples having similar ages from different altitudes,
yet relatively close locations from central and northern Lebanon are believed to reveal invaluable information on the
Holocene paleoclimate in the Levant region and on the altitudinal influences.

1. Introduction

climate in this region. Two caves have been investigated so
far with limited speleothem material (as we adhere to the
recommendations of the UIS for limiting sampling in
caves). The two caves were chosen are the coastal Jeita
Cave in central Lebanon and the high altitude Qadisha Cave
in northern Lebanon. The invesigated stalagmites provided
records covering the Holocene and could be used to deduce
the effect of altitude on oxygen and carbon istopic
signatures. In addition, invaluable information about the
climatic conditions at the coast and in the highland of
Mount Lebanon is revealed.

Located on the central eastern coast of the Mediterranean
sea, Lebanon occupies the heart of the Levant region
(Lebanon, Israel/Palestine, Syria and Cyprus). This region
straddles the arid/semi-arid to temperate climatic belt and
has a long history of human settlement and habitation (for
at least the last 5,000 years). This witnessed important
Glacial – Interglacial (G-IG) climate changes (Robinson et
al. 2006). The Lebanese mountains with altitudes reaching
3,000 m must have played an important role in providing
specific, localized climate zones, which is clearly expressed
by the prevailing vegetation cover (Fig. 1). This paper
updates previous studies (Nader et al. 2007; Verheyden et
al. 2008) and presents ongoing work on the Holocene
paleoclimatic and environmental evolution of Lebanon
based on speleothems studies, and correlated to (pre-)
historical proxies.

2. Geographical and Geological Settings
The climate in Lebanon is seasonal, with rainy winters
(between November and February) and dry, relatively hot
summers (usually the period from May to October).
Precipitation rates can exceed 1,500 mm per year on the
highlands (as rain and snow), while in some places they do
not reach 300 mm per year (Fig. 2).

Since 2005, we have been working on the studies of
Lebanese speleothems in order to infer about the past

Jeita Cave is the longest (ca. 10 km) and most well-known
cave in Lebanon (Nader 2004). It is located within the
western flank of central Mount Lebanon. The natural
entrance of the cave is situated at about 100 m above sealevel, ~5 km East of the Mediterranean coastline (Fig. 2).
The average annual precipitation rate at the cave site today
is estimated around 1000 mm (UNDP, 1970), and the Jeita
underground river drains the Jurassic aquifer which is fed
by surface water at much higher elevation. In fact, the cave
system is entirely developed in Jurassic grayish
fossiliferous limestone rocks (the Nahr Ibrahim Member),
a part of the Kesrouane Formation, which has an average
stratigraphic thickness of 1,000 m (Dubertret 1975).
Qadisha Cave has been known since 1903, and its
exploration was associated with the constructions of hydropower plants in the Qadisha valley in the 1920s. Its entrance
is located around 5 km east of Bcharreh town and around

Figure 1. Satelite image showing the eastern Mediterranian region
(Levant). The darker color represents areas with dense vegetation
cover and the transition from light to dark shows the arid/semiarid temperate climatic belt.
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growth rates are observed in the parts of the stalagmite,
where the diameter is the thickest and where the pile-ofplates structure prevails.
The δ18O and the δ13C records roughly follow the same trend
with relatively high values between 11.9 ka and 11.2 ka as
at 10.3 ka (Fig. 3). Generally lower values (~ 11.2 ka
onwards with the lowest values (-6.1‰ for δ18O and -11.2‰
for δ13C) occurring between 8.6 and 6.5 ka (Fig. 2). At 6.5
ka, δ18O as well as δ13C start increasing progressively, and,
after a short return to lower values (at 5.9 ka), increases
again in less than a century and remain relatively high until
the top of the stalagmite at 1.1 ka, except for the period
between 3.5 and 3.0 ka. According to the δ18O and δ13C
curves, the stalagmite shows a tripartite partition with a base
featuring relatively high carbon signature, a middle part
showing decreasing values, and an upper part characterized
with relatively higher δ18O and δ13C values (Fig. 3).

Figure 2. Simplified hydrological map of Lebanon showing the
distribution of precipitations rates (mm per year) and the major
springs and rivers (modified from UNDP, 1970). The Jeita and
Qadisha caves (which also are springs) are indicated by [J] and
[Q] respectively.

1,750 m above sea-level in the northern highlands of Mount
Lebanon (Fig. 2). The average annual precipitation rate at
the Qadisha Cave site exceeds 1,500 mm (UNDP, 1970),
mostly in the form of snow that stays at least for three
months a year. The cave system (ca. 900 m long) is fed by
relatively close intake of surface waters in the Quaternary
colluvium of the Cedars plateau. Indirectly the Cretaceous
limestone and dolomite aquifers are believed also to feed
the cave underground river.

Figure 3. δ18O and δ13C profiles (values are in ‰ VPDB) of the
JeG-stm-1 stalagmite (Jeita Cave, Lebanon).

Stalagmite JeG-stm-3 was retrieved from the same location
as JeG-stm-1. It is 18.6 cm long, with an average width in
the order of 5 cm (Fig. 4). Initial dating revealed that the
sample age spans 806.2±22a and 578±77a. The first
isotopic data revealed a shift in the observed trends for JeGstm-1, with decreasing δ18O and δ13C values.

3. Results

The Qadisha stalagmite (QaG-stm-1) was retrieved from a
relatively high chamber in the cave with probably only a
few tens of meters of Quaternary carbonate colluvium
overburden. The stalagmite is only 15 cm long with an
average diameter in the order of 3 cm (Fig. 5). Initial dating
revealed the age of the sample between 6,482±32a and
3,247±127a (before 1950).

Two stalagmite samples have been already analysed from
the Jeita Cave: (i) JeG-stm-1 stalagmite (Verheyden et al.
2008); and (ii) Jeg-stm-3. The JeG-stm-1 stalagmite is
121.5 cm long, displaying regular deposition of dense
calcite, varying in colour from dark grey to light yellowbeige. Regular lamination with very thin layers (< 0.2 mm)
is present but generally only visible at the sides of the
speleothem. The stalagmite diameter is variable, thickened
in its middle part, with a maximal diameter of 18 cm. It
becomes thinner towards the top with a diameter of 7 cm at
its topmost part and more whitish calcite without dishstacks structure and a more classical candle-shaped
structure.

4. Discussion
Both stalagmites from Jeita Cave cover the Holocene, while
the satalagmite from Qadisha Cave (which is located some
1,650 m higher than Jeita Cave, on the western flanks of
Mount Lebanon) covers the period spaning from around 6.5
to 3.2 ka. Hence, comparing the isotopic profiles will allow
us to deduce changes that might be related to the altitude
differences, the water recharge pathways, precipitation and
climatic conditions.

Dating results presented in this paper are originally
published in a previous paper (Verheyden et al. 2008).
Uranium-series dating indicates that stalagmite JeG-stm-1
was deposited between 11.9 ±0.1 (2σ) ka and 1.1
(extrapolated) ka, when the stalagmite stopped growing –
or was broken. Growth rate varied between 0.50 and 2.62
cm/100 yrs, with no important growth hiatus. The highest

In our previous published paper (Verheyden et al. 2008),
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we correlated the profiles of JeG-stm-1 with the timeequivalent records of speleothems from Israel. We have also
inferred that the Holocene could be subdivided in three
distinct periods. While the work on JeG-stm-3 is still in
progress, we still can anticipate a fourth period (0.8 to
0.5 ka). In addition the Qadisha stalagmite will provide new
insights for the third period described below (5.8 to 1.1 ka)
from the high altitude location.
Period from 11.9 to 10.1 ka:
The Jeita Cave record starts at 11.9 ka with high δ18O values
consistent with higher aridity during the YD. The Jeita δ18O
record begins to decrease at 11.2 ka. The carbon record
starts (at the base of the stalagmite) with relatively high
values (-9.8‰) in agreement with a less favourable period
for soil activity, associated with the drier conditions of the
YD, however not dry enough to significantly decrease
speleothem deposition as suggested by a still relatively high
growth rate (1.65 cm/100 yrs) and thick speleothem
diameter (between ten and eighteen centimetres).
Period from 10.0 to 5.8 ka:
During the period 10.0–5.8 ka (Early Holocene), the JeGstm-1 displays particular low δ18O and δ13C values
compared to the rest of the stalagmite. The isotopic data
indicate that during the Holocene, most humid conditions
in western Lebanon occurred between 9.2 and 6.5 ka. This
period corresponds to parts of the stalagmite with
particularly high growth rates (between 1.17 and 2.62
cm/100 yrs) and in general the thickest stalagmite diameter
giving further evidence for a high water availability and/or
a high CaCO3 saturation of the depositing water linked with
an active vegetation above the cave. Simultaneously, clear
pile-of-plates stalagmite morphology occurs, which needs
a high ceiling (Hill and Forti 1997).

Figure 4. Cut-face of the JeG-stm-3 stalagmite (Jeita Cave,
Lebanon), with indications of initial dating results. The sample
length is 18.6 cm.

Several other proxy data also indicate a warm and wet Early
Holocene in the Levant region (Robinson et al. 2006). The
Early Holocene (9.5–7.0 ka) could have been the wettest
phase of the last 25,000 years across much of the Eastern
Mediterranean. A sudden increase in δ18O and δ13C values
in the JeG-stm-1 suggests a decline from wet to drier
conditions at around 6.0 ka. This is supported by the
decrease in stalagmite diameter, the drop in growth rate and
a progressive change towards a matt white porous calcite.
Period from 5.8 to 1.1 ka
Indications of dry conditions prevail until the end of
stalagmite deposition (1.1 ka) through high δ18O and δ13C
values and smaller stalagmite diameter, as well as changes
to a more whitish porous stalagmite without pile-of-plates
morphology. An exception could be inferred for the period
from 4.0 to 3.0 ka, as a slight decrease in isotopic values
may suggest a gradual change towards less dry conditions
to 3.0 ka.
Severe drought is known from historical records during the
so-called 4.2 ka climate event brought in relation with the
decline of the Accadian empire (Demenocal 2001) and
several other civilizations of the Indus Valley (Staubwasser
and Weiss 2006). After the 4.2 ka event, entire regions of
northern Mesopotamia, Syria and Palestine were intensively
resettled (Staubwasser and Weiss 2006). This could be
associated with a return to slightly more humid conditions

Figure 5. Cut-face of the QaG-stm-1 stalagmite (Qadisha Cave,
Lebanon), with indications of initial dating results. The sample
length is 15 cm.
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The fact that the extrapolated termination of JeG-stm-1 is
around 1.1 ka made us search for a reason behind such a
cessation of stalagmite growth. Obviously, if the dripping
point in the ceiling was plugged or if the floor moved and
no more dripping water was available the stalagmite would
stop growing. Interestingly, several major earthquakes have
been recorded in the same time range of the stalagmite top
(1063: earthquake of magnitude ~7.1, felt in Tyre and up to
Antakya; 1170: earthquake of magnitude 7.5–7.9, felt in
northwestern Syria; 1202: magnitude 7.5 in the Bekaa;
1339: earthquake felt in Tripoli; Elias et al. 2007).
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The objective of this study is to present the first results of research conducted in the 1,421 m deep cave system Lukina
Jama during 2010 and 2011. The cave is situated in the area of Hajdučki kukovi in Northern Velebit National Park (Croatia)
and is the deepest cave system in the Dinaric karst. In situ measurements of microclimate parameters and radon
concentrations were performed at 20 measuring points. Two temperature gradients were detected: dT/dh = -3.65
±0.3 °C/100 m from the entrance to a depth of 200 m and dT/dh = +0.39 ±0.04 °C/100 m to the bottom of the cave. Ice
and snow dynamics influenced microclimate parameters to a depth of 200 m. Mean radon concentrations changed with
distance, from 200–600 Bq/m3 in the upper cave sections, to 1,139 Bq/m3 in the lower sections. This increase is in
correlation with the partial pressure of carbon dioxide, which is an important factor in a variety of geochemical processes
occurring in caves. Speleothems occur rarely in the deep caves of Mt. Velebit, and therefore the microclimate and geological
conditions at the locations where they occur. As reported here, microclimate conditions below a depth of 220 m to the
bottom are very stable, so speleothems are good candidates for further paleoclimate investigation.

1. Introduction

Table 1. Deep caves of Northern Velebit.
Cave name

Mt. Velebit is a 145 km long mountain in the Croatian
Dinaric Karst area, lying between the Adriatic Sea and the
Ličko Polje and Gacko Polje fields. It is characterized by
deep karst developed in thick carbonate beds (Velić and
Velić 2009). Its deep aquifers are the result of complex
geological structures and hydrogeological conditions
influenced by the presence of clastites deep in the anticlines
cores (Stroj 2011). Owing to its position between the
Adriatic Sea and the continental Lika region and altitudes
up to 1,757 m, the mountain also serves as an important
climatological border. The consequence is climate diversity,
changing from a dominant temperate humid climate (Cfb)
towards a humid boreal climate (Df) in the highest parts,
and a submediteranean climate (Cfa) along the Adriatic
coast. Such a border position, in addition to temperature
diversity, also results in high precipitation (>3,500 mm/y).
Both factors are important for geomorphological and
physical processes observed in caves.

Depth
(m)
-1,421

Length
(m)
3,730

Explorations

Slovačka Jama

-1,320

5,677

1998–2002

Cave system
Velebita

-1,026

3,176

2003–2008
2011–2012

Jama Meduza

-679

1,393

2001,2003

Patkov Gušt

-553

601

1997

Jama Olimp

-537

633

1998–2000

Ledena Jama in
Lomska duliba

-536

629

1962,1977
1992–1998

Lubuška jama

-531

2164

2000–2001
2006,2009

Cave system
Lukina Jama

The northern Velebit region is important because of a
significant number of extremely vertical and deep caves
discovered and explored in the last 20 years (Bakšić 2006)
(Table 1).

1992–1995
2010–2011

system Lukina Jama-Trojama during 2010 and 2011. This
system is situated in the area of Hajdučki kukovi in
Northern Velebit National Park and it is the deepest
Croatian cave investigated since 1993. Although the widely
accepted name is Lukina Jama, this is actually a cave
system Lukina Jama-Trojama because of the two entrances
and shafts that are connected at a depth of 558 m. During
2010 and 2011, the Lukina Jama entrance (altitude 1,438 m)
was choked with snow and ice at a depth of around 70 m.
This condition, not consistent with the trends of global
warming, has been ongoing for years, unlike in the 1990s
when the entrance was passable. The second entrance,
Trojama, at an elevation 37 m higher (1,475 m) was

These caves provide an excellent means of gathering new
insights on the geology and geomorphology of Mt. Velebit
(Lacković 1999; Kuhta 2001; Bočić 2006), karst hydrology
(Stroj 2010) and subterranean fauna (Bedek et al. 2012).
Therefore, the aim of scientific research is to gather as much
information on the properties and characteristics of these
caves during speleological expeditions.
The aim of the present study is to present the preliminary
results of research conducted in the 1,421 m deep cave
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passable, and therefore the scientific research was
conducted through this entrance.
These entrances experience differing ice and snow
conditions. During previous expeditions, ice and snow were
recorded at the Lukina Jama entrance down to a depth of
556 m (Buzjak et al. 2010). In the Trojama entrance, ice and
snow are only present at depths between 25 and 200 m.

Figure 1. Ice in the cave system Lukina Jama at -50 m (photo by
D. Paar). The deepest ice location is at -556 m (Buzjak et al.
2010).

2. Methods
In situ measurements of microclimate parameters and radon
concentrations were performed at 20 measuring points
(Fig. 2).
Microclimatic parameters (T, RH and dew point) were
measured using Onset Hobo Temp/RH, Oakton RH/Temp
data loggers and Telaire 7001 Carbon Dioxide Monitor. The
logging intervals were 1 and 2 hours.

Figure 2. Cave system Lukina Jama (profile) with measuring
points L1-L20. Cave map edited by D. Bakšić and L. Mudronja.

Integrated measurements of radon and its short-lived
progenies in the air were performed by means of the passive
track etching method with type II LR-115 SSNT detectors
(Kodak-Pathé, France). The cylindrical detector cup, with
a diameter and length of 11 cm and 7 cm respectively, was
either covered with a paper filter with a 0.078 kg/m2 surface
density (diffusion detector), or was open. Radon
concentration in the air was determined as a product of the
sensitivity coefficient and track density of the diffusion
detector. The measurement method with two detectors
(diffusion and open) enables determination of the
equilibrium factor for radon and its progenies in the air
(Planinić et al. 1997).

3. Results and Discussion
In order to obtain a complete overview of the microclimatic
parameters, monitoring should be undertaken over an
extended period of time (Cigna 2002; Buzjak 2012).
However, deep pits do not allow this due to the very
complex access to measuring points. Consequently, at most
points, the cave microclimatic parameters were monitored
during speleological exploration, though monitoring over a
one-year period was conducted at a few selected points.
Results of the microclimate measurements are presented in
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hand, values at greater depths are very stable. At 180 m
there is substantial ice and snow throughout the year and
there are likely strong dynamics during winter or periods
with high percolation and low temperatures.
Deep in the cave, T is very stable, under the instrumental
error of 0.2 °C and RH approaches 100 %. From these
measurements, it can be concluded that at depths greater
than 220 m, even short time measurements give relevant
results.
According to the parameter trends, two temperature
gradients can be determined (Fig. 8): one from the entrance
to a depth of 200 m, and a second from 200 m to the bottom
of the cave. At 200 m there is a change in the cave
morphology with a narrow passage in a meander (with air
circulation). Below this point there is no snow and ice, so
it is expected that there will be some small influence of the
geothermal gradient and temperature gradient will change
a sign and value (from -3.65 to +0.39 °C/100 m).
If the presented temperature gradients are compared with
previously obtained values (Paar et al. 2008) from the 1026
m deep cave system Velebita, virtually the same gradients
are evident in the upper parts of the caves (Table 3).
However, differences occur in the lower cave sections.
There is likely a less significant external influence than the
influences due to cave geomorphology, hydrology and other
properties. One substantial difference is that there is no ice
and snow in the cave system Velebita, as both entrances are
horizontal (as opposed to both entrances of the cave system

Figure 3. Instruments at -1,225 m (one year logging).
Table 2. Microclimate measurements in Lukina Jama.

L1

Depth
(m)
0

Tmean
(°C)
13.2±7

Tmax
(°C)
22

Tmin
(°C)
8.3

RH
(%)
77.6±4

Time
(h)
179.0

L2

-45

3.8±0.2

4.1

3.6

95.7±4

71.4

L3

-95

2.0±0.6

2.0

2.0

100.0±6

67.7

L4

-115

0.8±0.2

0.9

0.5

100.0±4

260.0

L5

-180

-0.7±1.2

0.5

-5.8

100.0±5

8,793.0

L6

-220

0.0±0.2

0.2

0.0

95.2±4

96.5

L7

-260

0.7±0.6

1.0

0.7

89.7±6

157.0

L8

-320

0.6±0.2

0.7

0.6

96.6±4

145.0

L9

-350

0.9±0.2

1.7

0.8

95.6±4

98.8

L10

-435

1.3±0.2

2.1

1.3

100.0±4

205.8

L11

-495

2.1±0.6

2.7

2.0

100.0±6

40.5

L12

-580

2.0±0.6

2.7

2.0

98.2±6

226.4

L13

-795

2.5±0.2

2.6

2.5

100.0±4

133.3

L14

-935

3.0±0.2

3.1

3.0

95.9±4

24.4

L15

-987

3.3±0.2

3.7

3.3

98.4±4

216.4

L16

-987

3.3±0.2

3.4

3.3

96.3±4

21.1

L17

-1,145

3.7±0.2

4.3

3.6

L18

-1,225

3.6±0.2

3.7

3.6

L19

-1,250

4.30±0.07

4.40

4.22

0.8

L20

-1,368

4.97±0.03

5.02

4.95

1.0

Figure 4. One year microclimate measurements on the surface
near the cave system Lukina Jama.

0.8
100.0±4

8,666.5

Table 2. The important question is to determine the point in
the cave at which the influence of external changes of
microclimate parameters are minimised and cease to exist.
A comparison of the one-year microclimate measurements
on the ground surface (Fig. 4) showing high daily and
seasonal amplitudes, with the one-year records in the cave
at depths of 180 m and 1,225 m shows T and RH
disturbances at a smaller scale (Figs. 5 and 6). On the other

Figure 5. One year temperature measurements at depths of 180
and 1,225 m in the cave system Lukina Jama.
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Table 3. Comparison of temperature gradients in the Lukina
Jama and Velebita cave systems (Paar et al. 2008).
Lukina Jama
dT/dh1
-3.65 ± 0.3 °C/100 m
dT/dh2
+0.39 ± 0.04 °C/100 m
Gradient
-200 m
change at

Velebita
-3.5 ± 0.2 °C/100 m
+0.25 ± 0.03 °C/100 m
-100 m

the microclimate conditions are very stable, and therefore
speleothems are good candidates for further paleoclimate
investigation. In deep caves, temperature dependence with
depth is additional factor that must be considered in the
analysis.
The average radon concentrations varied with location from
200–600 Bq/m3 in the upper part of the cave, up to 1,139
Bq/m3 in the lower section (Fig. 8). These values are much
lower than in other Croatian caves, where concentrations of
up to 25,000 Bq/m3 were measured (Radolić 2009; Paar et
al. 2005). The highest value in caves on Mt. Velebit was
measured in Lubuška Jama, c = 3800 Bq/m3 (Radolić 2011).
This cave is very close to Lukina Jama, but in comparison
with Lukina Jama, it has very narrow meanders, which
likely results in much lower air circulation.

Figure 6. One year relative humidity measurements at depths of
180 and 1,225 m in the cave system Lukina Jama.

Lukina Jama which are vertical). This is also likely the
reason why the change from a negative to a positive
temperature gradient occurs at different depths.
As shown previously, in the cave system Velebita there is
an entrance to a 513 m long shaft at a depth of 100 m, and
this change can be attributed to cave morphology and
detected air circulation in the upper part of the pit where air
circulation changes the temperature gradient by
condensation or evaporation which releases or absorbs heat
(Paar et al. 2008). In the lower part, the temperature
increases with depth because of the Earth’s geothermal
gradient. It is also shown that small water masses flowing
into a mountain are able to peturb the rock temperature
(Badino 2005).

In 2011, the slope of the radon concentration change with
depth was twice that in 2010. The preliminary
measurements indicated an increase of the carbon dioxide
partial pressure in Lukina Jama from 380 ppm at the
entrance to 1,005 ± 50 ppm at a depth of 1,368 m (siphon
at the bottom of the cave).

Figure 7. Two temperature gradients in the cave system Lukina
Jama.

Figure 8. Measurements of radon concentration c at various
depths in the cave system Lukina Jama.

In the Trojama entrance of the Lukina Jama system, the
temperature gradient change occurs at a depth of 200 m,
around the lower level of ice and snow. There is a narrow
entrance to a meander that continues down to a depth of
520 m where the entrances are connected.

4. Conclusions
This paper presents new data on the microclimate
parameters and radon concentrations in the cave system
Lukina Jama, the deepest cave in the Dinaric karst.
Microclimate dependence with cave depth was
discussed.Two temperature gradients were detected in the
Lukina Jama and Velebita systems: T drop in vertical
passages at depths of 100–200 m and T rise below those
depths. Such T distribution is influenced by the permanent
ice and snow distribution. At depths below 220 m, the
microclimate conditions are very stable, and speleothems
samples collected below a depth of 900 m are good
candidates for paleoclimate investigations.

In analysing speleothems to obtain paleoclimate
information, it is important to know the stability of cave
environment so as to estimate if speleothems are formed
under conditions of istopic equilibrium of carbon and
oxygen (Fairchild and Baker 2012). Speleothems rarely
occur in the deep caves of Mt. Velebit, and therefore it is
important to know the microclimate and geological
conditions at the location where they occur. In Lukina Jama,
speleothem samples were collected at depths between 900
and 987 m. As shown in the present study, at those depths,
445

Cave Climate and Paleoclimate Record – oral

2013 ICS Proceedings

The measurements showed an increase of radon
concentrations with depth. Further analysis of radon
concentrations as a natural tracer can help us to understand
transport processes at the interfaces of the lithosphere,
hydrosphere and cave atmosphere. This may provide a large
amount of information on the development and changes of
the cave microclimate, particularly in correlation with
carbon dioxide, which is an important factor in a variety of
geochemical processes occurring in caves.

Cigna AA, 2005. Radon in caves. International Journal of
Speleology 34(1–2), 1–18.
Fairchild IJ, Baker A, 2012. Speleothem Science: from process to
past environments. Wiley-Blackwell, UK.
Kuhta M, Bakšić D, 2001. Karstification Dynamics and
Development of the Deep Caves on the North Velebit Mt. –
Croatia. 13th Internatinal Congress of Speleology, 1–4, Brasil.
Lacković D, Šmida B, Horvatinčić N, Tibljaš D, 1999. Some
geological observations in Slovačka jama cave (-1268 m) in
Velebit Mountain, Croatia. Acta Carsologica, 28/2, 113–120.
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GROWTH AND DIAGENETIC HISTORY OF ARAGONITE-CALCITE
SPELEOTHEMS, IMPLICATIONS FOR ENVIRONMENTAL STUDIES
Christine Perrin1,2, Laurent Prestimonaco3, Guilhem Servelle4,
Romain Tilhac4, Marion Maury4, Patrick Cabrol5
1
Station d’Ecologie Expérimentale à Moulis, USR 2936 CNRS, 2 Route du CNRS, 09200 Moulis, France,
cperrin@mnhn.fr
2
Centre de Recherches sur la Paléobiodiversité et les Paléoenvironnements, UMR 7207 CNRS, Muséum National
d’Histoire Naturelle, CP38, 8 rue Buffon, 75005 Paris, France
3
Aquila Conseil, Zone de la Piche, 11 Avenue Pierre Semard, 31600 Seysses, France
4
LMTG, Université de Toulouse, 14 Av. E. Belin, 31400 Toulouse, France
5
DREAL Midi-Pyrénées, 1 rue Delpech, 31000 Toulouse, France
Speleothem formation is linked in a number of ways to a set of environmental parameters interfering from micro- to
regional, or even global scales. Variation of such parameters with time occurs with two fundamental implications: 1)
speleothem material potentially represents excellent archives for fine-scale reconstruction of past environments and
climates, 2) physical and chemical modifications of the microenvironment may induce diagenetic transformation of the
existing speleothems, which hence are in a nearly continuous evolution. The purpose of this work is to identify the different
processes involved in the formation and the the post-depositional evolution of speleothems from the Pont-de-Ratz Cave
(Hérault, S. France) and to provide reliable criteria for the distinction of primary and diagenetic features. The main objective
is to discriminate products and processes involved in the development of speleothem (“spelean growth history”) and those
involved in the transformation of a pre-existing speleothem structure (“spelean diagenetic history”). These results highlight
the diversity of potential diagenetic modifications of both initial aragonite and calcite precipitates, together with the strong
interest of using coupled petrography and geochemistry for precisely deciphering the nature and origin of the different
spelean products, thereby providing a reliable tool for chronological reconstruction of events interfering in connection
with speleothem development.

1. Introduction

precipitation of carbonate mineral and to provide
discriminant criteria for distinguishing primary (initial
precipitation) and secondary features.

Over the past two decades, carbonate speleothems have
been increasingly used as powerful terrestrial proxy,
potentially offering high resolution for the long-term record
of paleoclimate history (e.g., Lauritzen and Lundberg 1999;
Finch et al. 2001, 2003; Tan et al. 2006; Lachniet 2009).
Their growth is linked in a number of ways to several
climatic parameters such as temperature and humidity,
making them excellent candidates as highly sensitive
natural archives of climate changes (e.g., Fairchild et al.
2006; Drysdale et al. 2009; Asmeron et al. 2010).

2. Location and geological setting
The Pont-de-Ratz Cave is located on the southern margin
of the Montagne Noire (Hérault, S. France). The cave is
open into dolomites and limestones of Devonian age.
The speleothem samples, including stalagmites, stalactites
and stalagmitic floor, were collected in the same room of
this cave. Fifteen of them have been studied in details for
this project.

Their primary features (texture, mineralogy, geochemical
composition) are strongly dependent from environmental
parameters at a large variety of scales, especially: 1) the
local microenvironment inside the cave, 2) the geological
and hydrogeological cave setting, and 3) the regional and
global climatic conditions. Some of these different
parameters may change with time, producing modifications
of the physical and chemical microenvironment, which in
turn may induce diagenetic alteration of the spelean initial
features (Frisia et al. 2002; Railsback et al. 2002; Hopley
et al. 2009; Martin-Garcia et al. 2009; Melim and Spilde
2011; Martin-Perez et al. 2012). Speleothem material is
therefore in a nearly continuous evolution and hence,
potentially records the physico-chemical conditions
prevailing at the time of primary mineral precipitation but
also the following changes of these conditions during cave
history.

3. Methods
For this purpose, we used a process-based approach, which
strongly relies on detailed optical petrographical analyses
associated with complementary geochemical, ultrastructural
and mineralogical data provided by a step-by-step suite of
analytical methodologies (SEM, EDS and WDS
microprobes, XRF-EDS spectrometry and Raman
microspectrometry).

4. Results
4.1. Mineralogy

The aim of this work is to identify the various diagenetic
processes undergone by aragonite and calcite speleothems
from the Pont-de-Ratz Cave (Hérault, S. France) after initial

Identification of minerals is based firstly on their optical
properties under the light microscope, and on analysis of
447

Cave Climate and Paleoclimate Record – oral

2013 ICS Proceedings

Figure 1. Example of detailed analysis of a stalagmite from Pont-de-Ratz Cave. A. Stalagmite slab seen in reflected light. B. Same
stalagmite seen in transmitted light. C. Growth banding (dotted lines) is observed both in the calcite part (lower part of sample) and in
the aragonitic part (upper part of sample), now partially recrystallized in calcite. Three discontinuity surfaces are indicated by continuous
black lines. Growth discontinuity 1 results from a mineralogical change in carbonate precipitation where columnar calcite is relayed
by aragonite. Growth discontinuities 2 and 3 correspond to ancient growth surfaces marked by inclusion levels and discontinuous thin
argilaceous micro-layer. D. Mapping of the diverse original precipitates and post-depositional products identified in the three thin
sections cutted in this sample. A, aragonite cements; CCc, columnar calcite cement; CCr, columnar calcite of recrystallization; sp,
sparitic calcite resulting from recrystallization of aragonite cement.

selected samples with a Raman microspectrometer. The
Raman spectra record bands characterizing aragonite, or
calcite or a mixture of both minerals at very fine spatial
scale.

4.4. Internal sediment
Small amount of argilaceous sediment form uncommon
geopetal deposits in primary porosity of the columnar
calcite cement.

4.2. Cementation

4.5. Dissolution

Two aragonite cements are distinguished from crystal
morphology and arrangement and from a slightly different
Sr content.

Selective dissolution features are observed either in
aragonite or along jointive crystal faces of the columnar
calcite cement.

Three different types of calcite cements include: columnar
calcite, sparite and small isolated rhomboedral crystals. The
two later are developed in primary porosity of pre-existing
spelean structure.

4.6. Recrystallization
Recrystallization processes are evidenced from the
observation of crystal remnants of the mineralogical
precursor (i.e. “relics”) embedded within the secondary
mineral, under the light microscope or the SEM.

4.3. Growth discontinuities and inclusion levels
Five types of growth surfaces and growth discontinuities,
some of which associated to inclusion levels, are identified
in our samples. These surfaces correspond to ancient
external surface of the stalagmite and some of them indicate
a stop in the speleothem growth.

Recrystallization features include 1) textural change of
original aragonite precipitates (aragonite – aragonite
recrystallization), and 2) two distinct types of mineralogical
changes from aragonite to calcite. The last two processes
correspond to recrystallization of aragonite into sparitic
calcite, and recrystallization of aragonite into lowmagnesian columnar calcite. Additionally to the presence
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Here we use laser luminescence multi-zonal analysis (LLMZA) to measure several ultra-high resolution paleoluminescence
speleothem records in an extremely high quality speleothem sample from Coldwater Cave, Iowa. The sampling of these
records is 6 and 12 hours per data point (4 and 2 measurements per day accordingly). This particular sample allows
resolving of real variations of the surface conditions above the cave longer than 24 hours due to the rapid percolation of
the rain waters through the bedrock. These records still remain one of the highest-resolution paleoclimatic records ever
measured. They rise the question how far we can push the time resolution of speleothem records?
We found sub-annual cycles with duration of 27–30 and 14 days in an one of these records. Such cycles can be caused by
the period of rotation of the Sun We compared cycles obtained in this paleoluminescence record with the cycles of variations
of the Solar constant measured from space. Obtained striking similarity in the structure of their cycles suggests that this
speleothem paleoluminescence record recorded real variations shorter than one week.

1. Introduction

the period of rotation of the Sun, which produces variations
in the solar wind modulating the geomagnetic field (Shapiro
1967; Mursula and Zieger 1996). Both solar wind and the
geomagnetic field modulate cosmic ray flux. Cosmic rays
induce condensation of the water in clouds (Svensmark and
Friis-Christensen 1997). They are strongly modulated by
the solar wind. Stronger solar wind produces weaker cosmic
rays flux, so less clouds and higher sky transparency, and
stronger irradiation at the Earth’s surface. Variations of
Solar luminosity correlate with these of the solar wind. So,
this mechanism may thus multiply about 100 times the
impacts of variation of solar luminosity on the solar
radiation reaching Earth’s surface and to produce a strong
positive correlation between the solar activity and global
temperatures despite the small variations of solar luminosity
(Stoykova et al. 2008).

Paleoluminescence records represent records of variations
of the intensity of luminescence of different growth layers
of the speleothem. It can be measured properly to represent
variations of the past temperature or insolation only using
the original LLMZA (Shopov 1987) or IPL (Shopov 2004)
equipment

2. Results and discussion
Here we use LLMZA to measure several ultra-high
resolution paleoluminescence speleothem records in an
extremely high quality speleothem sample from Coldwater
Cave, Iowa. The sampling of these records is 6 and 12 hours
per data point (4 and 2 measurements per day accordingly).
This particular sample allows resolving of real variations
of the surface conditions above the cave longer than 24
hours due to the rapid percolation of the rain waters through
the bedrock (Stoykova et al., 2008). These records still
remain one of the highest-resolution paleoclimatic records
ever measured. Some of them were reported previously
(Shopov et al., 1992, Shopov et al., 1994), but short cycles
represented in these records were not discussed because
reliable mechanisms of production of such cycles were not
established at that time.

Solar rotation can produce sky transparency cycles due to
periodic appearance of coronal holes on the visible solar
surface. They generate solar wind, which modulates the
cosmic ray flux.
The periodicity of sunspots and coronal holes on the visible
solar surface varies from 27 to 30 days, depending on the
latitude on the solar surface. The latitude of sunspots on the
visible solar surface varies with the phase of the 11-year
cycle. Sometimes different sunspots may appear at different
latitudes during the same solar rotation. All these
phenomena are producing a number of short cycles with
slightly different periods. Longer time series should contain
larger numbers of such narrow cycles. Indeed the longer
record (Fig. 2-down) contains far more cycles than the 10
times shorter one (Figs. 1, 2-up)

We used a new real-space periodogramme analysis
algorithm (Shopov 2002) to calculate, compare and
calibrate the real intensity of the cycles in the ultra-high
resolution paleoluminescence records. In addition to the
annual cycle produced by the Earth’s rotation we found subannual cycles with duration of 27–30 and 14 days in an
extremely high-resolution luminescent record from Cold
Water Cave, Iowa (Fig. 1). Such cycles can be caused by

Combination of these processes may cause observed
splitting of the solar rotation cycle in variations of the solar
emissions (Fig. 2).
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Figure 1. Ultra-high resolution (12 hours = 2 px per day) paleoluminescence record of solar insolation at about 1000 yrs BP from a
speleothem from Cold Water Cave, Iowa. This speleothem sample has been dated by 9 TIMS U/Th ages (Shopov et al. 1994).

Figure 2. Cycles of variations in the ultra-high resolution paleoluminescence record of solar insolation from Figure 1 (up) and of
variations of the Solar constant for the last 50 years (down).
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3. Conclusion
Speleothem paleoluminescence records can record real
variations shorter than one week.

Shopov YY, Ford DC, Morrison J, Schwarcz HP, Georgiev LN,
Sanambria ME, Dermendjiev V, Buyukliev G, 1992. High
resolution records of Quaternary Solar Activity, Climate and
Variations- GSA Abs., v. 24 (7), 268.
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VARIATIONS OF ANNUAL KARST DENUDATION RATES IN THE LAST
TWO MILLENNIA OBTAINED FROM SPELEOTHEM RECORDS
Y. Shopov1, D. Stoykova1, L. Tsankov1, U. Sauro2, A. Borsato3, F. Cucchi4, P. Forti5, L. Piccini6, D. C. Ford7,
C. J. Yonge8
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We used the Shopov quantitative theory of solubility of karst rocks as dependent on the temperature and other
thermodynamic parameters to make reconstructions of past carbonate denudation rates. This theory yielded equations
assessing the carbonate denudation rates as dependent on the temperature or on the precipitation. We used an estimate of
the averaged denudation rate from meteorological data for Kananaskis karst region, Alberta, Canada based on integrated
carbonate hardness data and the water from springs, rivers, cave pools and dripping water and average precipitation rate
(of 470 mm/yr). The denudation rate obtained was 14 mm/kyr or 38 t/km2 per year. We used this estimate as a starting
point and substituted our proxy records of the annual temperature and the annual precipitation into the equations of karst
denudation rates. By this way we reconstructed variations of the annual karst denudation rate for the last 280 years in
relation to the annual precipitation and for the last 1250 years in relation to the temperature. Both reconstructions are made
for equilibrium conditions and do not take into account variations of evapotranspiration, but they produce quite reasonable
estimates of the variations of carbonate denudation which are within the observed range of 8 to 20 mm/kyr (86 % variation).
Variation of annual precipitation produces 79 % variation in the denudation rates, from a reconstructed variation of 300
mm/yr between the driest and wettest years of the last 280 years. The temperature dependence of carbonate denudation
due to the temperature dependence of the solubility of carbonate dioxide produced only 9.3 % variation in the denudation
rate from a reconstructed variation of 4.7 deg. C during the last 1,250 years, so it is negligible in comparison to the
precipitation dependence.
We measured a very high-resolution luminescence record covering the last 2,028 ±100 years from Savi Cave, Trieste,
Italy, which allows precise determination of growth rate of the stalagmite. It consists of 40106 data points compiled of 16
overlapping scans. Its time steps vary from 15.6 days to 19.9 days. We made a reconstruction of the annual growth rate
variations for the last 2,028 years, which represents annual precipitation for the region of the cave. It allows us to estimate
the range of the annual variations of karst denudation in northern Italy.
We found that the strongest cycle in the annual rainfall in the Trieste region has a duration of about 300 years. Several
other cycles with durations of 160, 130, 68, 38, 30.2, 18.4, 9.4, 6.8 and 5.8 years also occur in the precipitation there.
They should produce variations of the same duration in the karst denudation rates.

1. Introduction

where the step is greater than one year the climatic
modulation of signal is in the range of the experimental
error and the luminescent record becomes a proxy of solar
insolation.

Calcite speleothems usually display luminescence produced
by calcium salts of humic and fulvic acids derived from
soils above the cave (White and Brennan 1989). These acids
are released by the roots of living plants and by the
decomposition of dead vegetative matter. Root release is
modulated by the visible solar radiation via photosynthesis,
while rates of decomposition depend exponentially on soil
temperature. Soil temperature depends mainly on solar
infrared and visible radiation in the case where the cave is
covered only by grass or upon air temperature in the case
where it is covered by forest or bush (Shopov et al. 1994).
In the first case the zonality of luminescence can be used
as a proxy of solar insolation and in the second case it can
be used as a paleotemperature proxy.

Speleothem growth rate variations represent mainly rainfall
variations. Speleothem luminescence often displays annual
microbanding. We used this to derive proxy records of the
annual precipitation at the cave site by measuring the
distance between all adjacent annual maxima of the
intensity of luminescence. The resultant growth rates
correlate with the actual annual precipitation (summed from
August to August).

2. Experimental part

The luminescent index has high resolution as in the case
where one step in a record is less than one month and the
signal contains mainly climatic modulation. But in the case

High-resolution fluorescence records are obtained using
LLMZA analysis equipment described in Shopov, (1987)
with excitation wavelength from 200 to 240 nm. The
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expressed as:

pictures obtained are scanned by the precision professional
scanner EPSON 1650 with a step of 8 μm. We choose a
string with width of 200 μm from scans and transform the
string into luminescent curve by a computer program
specially written for this purpose. This program integrates
pixels contained in a window of 20 × 200 μm that is moving
along the string with a step of 10 μm. This digital procedure
is equivalent to scanning film negatives with a scanning
microdensitometer (PDS or Joyce Loebl 6). So this way a
record of the distribution of the optical density
luminescence (decimal logarithm of the intensity of
luminescence) of the speleothem along its growth axis is
obtained. It is linearly proportional to the concentration of
the luminescent compounds in the calcite. Such records are
proxies of the solar radiation or paleotemperature in the past
if all these compounds are only organic.

D= k. R. [CaCO3],

(1)

where k – is the ratio between the amount of water passed
through the karst rock and the total precipitation, R – is
precipitation and [CaCO3] – concentration of calcium
carbonate in the karst waters
[CaCO3]= [CaCO3]0. pCO21/3. e-0.02t

(2)

where pCO2 is the partial pressure of CO2 in the bedrock,
[CaCO3]0- is the solubility of the rock at standard
thermodynamic conditions (25 °C, 1 atm. pCO2) which can
be measured in the lab, t is the temperature in the bedrock
in °C (Shopov et al., 1998).
Usually [CaCO3]0. pCO21/3 is constant with time. So
combining equations 1 and 2 we obtain:

Luminescent records were transformed into luminescent
time series by using absolute dating.

D=k. R. [CaCO3]0. pCO21/3. e-0.02t=const. R. e-0.02t(3)
If we presume that annual temperature is constant we may
study the precipitation dependence of karst denudation. If
we presume that annual precipitation is constant we may
study the temperature dependence. We do this in order to
evaluate the importance of the influence of the time
variations of both factors on the denudation:

3. Results and discussion
We studied a 35 mm long stalagmite from Rats Nest Cave
(RNC), Alberta, Canada, obtaining a stacked 66000-data
point luminescent record that covers the last 1450 yrs with
step resolution of about 8 days for most of the time span.
Paleoclimatic records have been derived from speleothem
luminescence by calculation of the average annual intensity
of luminescence and measurements of annual growth rate
values. The annual record obtained has been calibrated by
actual climatic records from the nearby climatic station in
Banff, Alberta, located in the same valley, 50 km NW of the
cave (Shopov et. al, 1996 a, b). This way we reconstructed
annual air temperatures for last 1450 years at the cave site
with an estimated error of 0.35 °C, where the error of the
station direct measurements is 0.1 °C.

We used an estimate of the averaged denudation rate in the
region based on integrated data of the carbonate hardness
of the water from springs, rivers, cave pools and dripping
water and average precipitation rate (of 470 mm/yr) from
meteorological data. The denudation rate obtained is
14 mm/kyr or 38 t/km2 per year. We used this estimate as a
starting point and substituted our proxy record of the annual
precipitation (for the last 280 years) in Equation (3),
presuming that t was constant equal to the average annual
temperature of the cave region, to reconstruct the karst
denudation variations in dependence on the annual
precipitation (Fig. 1).

Speleothem growth rate variations represent mainly rainfall
variations. We obtained a reconstruction of the annual
precipitation for the last 280 years at the cave site with an
estimated statistical error of 80 mm/year. Annual
speleothem growth rate was independent of the intensity of
luminescence, of annual temperature and of solar
luminosity over this time span (zero correlation).

We substituted our proxy record of the annual temperature
for the last 1,250 years into Equation (3), presuming that R
was constant equal to average annual precipitation (of 470
mm/yr) in the cave region, to reconstruct the dependence
of karst denudation variations on temperature (Fig. 2). Both
reconstructions are made for equilibrium conditions and do
not take into account variations of evapotranspiration, but
they produce quite reasonable estimate of the variations of
carbonate denudation which are within the observed
variation of 8 to 20 mm/kyr (86 % variation). The
precipitation dependence of carbonate denudation explains
79 % of the variation in the denudation rate, a result of the
reconstructed variation of 300 mm/yr between the driest and
wettest years during the last 280 years. The temperature
dependence of carbonate denudation (due to temperature
dependence of solubility of carbonate dioxide) explains
only 9.3 % of variation in the denudation rate, a result of
the reconstructed variation of 4.7 deg. C during the last
1,250 years, so it is negligible compared to the precipitation
effect.

Speleothem luminescence often displays annual
microbanding (Lauritzen and Kihle 1996). We used for
relative and absolute dating of speleothems the
Autocalibration dating technique of Shopov et al. (1991a)
and 14C dating.
1. The TAMS 14C dating produced an age of 1450 ± 150
years (2 sigma) for the base of the stalagmite. The 14-C
date is corrected for “dead” carbon by its measurement
in modern speleothem calcite in RNC.
2. The Autocalibration dating produced a better precision
of 1,450 ± 80 years.
We used the quantitative theory of solubility of karst rocks
of Shopov et. al, (1989), Shopov and Georgiev (1991) as
dependent on temperature and other thermodynamic
parameters to make reconstructions of past carbonate
denudation rates. The dependence of carbonate denudation
rates (D) on the precipitation and on the temperature is

We studied a sample from Grotta Savi, in the Trieste Karst,
NE Italy, which is a 27-cm long, 5-mm thick polished
section of an active calcite stalagmite along its growth axis.
It has been dated by means of 18 U/Th MC-ICPMS
analyses (Borsato et al. 2004). After identification of
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positions of U/Th dates along the luminescent scans we
transformed them into luminescent time series. The whole
stalagmite consists of translucent, columnar calcite, and is
characterised by visible growth laminae.

to calculate the intensity of the cycles of the annual
precipitation at the cave site. The resulting periodogramme
shown in Fig. 5 demonstrates that the strongest cycle of the
annual rainfall in the region of Trieste, Italy is with duration
of about 300 years. Several other cycles with duration of
160, 130, 68, 38, 30.2, 18.4, 9.4, 6.8 and 5.8 years exists in
the precipitation there. They should produce variations with
the same duration in the karst denudation rates in the region.

Figure 1. Reconstruction of variations of carbonate denudation
rates in the Kananaskis karst region, Alberta, Canada in the last
280 years, treated as dependent on the annual precipitation.
Figure 5. A periodogramme of the annual growth rate of SV1
stalagmite from cave Savi. It represents the cycles of the annual
rainfall in the region of Trieste, Italy.

4. Conclusions
It is demonstrated that speleothem luminescence proxy
records of annual values of the climatic parameters can be
used for reconstruction of the variations of carbonate
denudation for a time span far exceeding all historic
records.
It is demonstrated that variations of carbonate denudation
due to the temperature dependence of solubility of
carbonate dioxide are negligible in comparison to the
variations due to precipitation changes.

Figure 2. Reconstruction of annual variations of carbonate
denudation rates in the Kananaskis karst region, Alberta, Canada
in the last 1,250 years treated as dependent on the temperature.

The strongest cycle of annual rainfall and of carbonate
denudation in the region of Trieste, Italy has a duration of
about 300 years. Several other cycles with durations of 160,
130, 68, 38, 30.2, 18.4, 9.4, 6.8 and 5.8 years also exist
there.

We composed a very high-resolution composite record
covering the last 2,028±100 years (2δ) (the upper 20 mm
of the sample) with several hiatuses. This composite record
consists of 40,106 data points and has been compiled from
16 overlapping scans of 4,800 data points each. It has a
resolution from 15.6 days to 19.9 days (Fig. 3). It allows
precise measurements of the annual growth rate of the
speleothem, which ranged from 2.2 to 45.4±0.5
microns/year about its mean value of 6.36 microns/year.
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We used this record to measure the full record of annual
growth of the speleothem. It covers 2028 years taking into
account hiatuses in the record (Fig. 4). This record
represents mainly the annual rainfall at the cave site. More
precipitation leads to dissolving of more CaCO3 from the
carbonate rocks and its precipitation in cave speleothems.
The range of the annual variations of the karst denudation
is linearly proportional to the range of the variations of the
annual precipitation. So the obtained curve represents
relative variations of the past karst denudation during the
last 2028 years in North Italy. More work is necessary in
order to transform it into a quantitative reconstruction of
the past karst denudation.
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Figure 3. The highest resolution composite record of SV1 covers the last 2,028±100 years. It consists of 40,106 data points compiled
from 16 overlapping scans. The individual time step range from 15.6 days to 19.9 days.

Figure 4. The annual growth rate of SV1 stalagmite derived from the record in Fig. 3. The mean annual growth rate is 6.36 microns/year
and it varies from 2.2 to 45.4 ±0.5 microns/year. This record reflects mainly the annual rainfall at the cave site.
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A PRONOUNCED EXTENDED NEGATIVE TEMPERATURE GRADIENT
IN THE POMERANZEN CAVE, SWITZERLAND
Hans Stünzi
Weiningerstr. 79, CH-8105 Regensdorf, Switzerland, Club, AGS-Regensdorf, h.stuenzi@bluewin.ch
The climatology of the Pomeranzen Cave (O91/92) in the Swiss Churfirsten Mountains at 1,746 m a.s.l. was studied during
2.5 years by means of 25 temperature loggers. In the uppermost part, a small chimney leading to few meters below the
surface has a rather constant winter temperature of 4.7 °C which is 3.0 °C warmer than the mean annual temperature
(1.7 °C). In contrast, the temperature in a nearby cave at the same altitude is 2.2 °C, as expected. Also the big Elysion hall
is quite warm at the top (average 4.2 °C at -34 m) and much cooler at the bottom (3.4 °C at -90 m). Under a heavy snow
cover, the negative gradient in this hall is even more pronounced (4.4 °C at -34 m vs 3.3 °C at 90 m). The negative gradient
continues into the following pit zone (average 3.2 °C at -120 m, 2.9 °C in the winter 2011). From here, the average
temperature gradient is slightly positive (0.1 °C/100 m) down to the deepest part of the cave at -340 m. There, 3.5 °C
correspond to the expected mean annual outside temperature at this altitude.
The cave opens in a flat of open karst at about hundred meters distance from the slope of Chäserrugg Mountain which has
a 70 meters low permeability formation just above the altitude of the cave. The exceptionally high temperature in the
upper part of the cave may result from the higher temperature under the Chäserrugg Mountains. In addition, the coverage
of the upper part of the cave – about 20 m – may be heated during the summer and thus serve as energy source under an
insulating blanket of snow in winter.

1. Introduction
We describe the climatology of the Pomeranzen Cave O91/92
in the Churfirsten Mountains in eastern Switzerland (Fig. 1).
This is a region with a high annual rainfall of 1,640 mm
(MeteoSchweiz 2012) and extensive karstification.
The cave opens in the former glacier valley between
Chäserrugg and Gamserrugg at 1,746 m a.s.l. and is actually
2.2 km long and 369 m deep and consists of two parts, O91
and O92 (Fig. 2), which are connected by a narrow passage.
Both parts are not yet fully explored. For descriptions and
plans see Stünzi (2006) for O91 and Stünzi (2009) for O92
till the bottom of the Elysion hall.
Here, we concentrate on the O92. Below the entrances a
meander ascends gently to the south east from where the
lower Hades-meander descends to the big Elysion hall in
the North. The following pit zone is explored down to
369 m (Fig. 2).
The study with temperature loggers was undertaken because
we observed very varying winds in the entrance part. We
then detected a pronounced temperature inversion in
Elysion Hall and down to -120 m. This temperature
anomaly is the scope of the present work.

Figure 2. 3D-Sketch of O91/O92 (Franz, 2011) and logger
positions in the pit zone.”d”: dry parts, “w”: wet parts.

2. Geology
The Churfirsten Mountains are composed entirely of
Mesozoic sediments. The cave O91/92 opens almost on top
of a 200 m thick stratum of cretaceous limestone
(Schrattenkalk), sloping downwards with about 10 degrees
to the north. The underlying Drusberg formation (marls and
limestone) is first encountered at -210 m, but then the cave
continues in limestone down to its end. There must be a
fault with significant vertical offset but its nature has not
yet been elucidated. At -320 m the rock appears to be
stressed by a fault.
Figure 1. Geographical location of O91/O92.
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3. Data collection

4.2. Logger results from the upper part

3.1. Temperature Loggers

The positions of the loggers are given in Fig. 3. For the
present work only summarizing results are pertinent. Some
details are given in Stünzi (2010).

The temperature measurements with three different types
of loggers started in February 2010 and continued till
October 2012:

During winter, the temperatures of logger group L1 are
≥0 °C when the entrance E1 is closed by snow. The same
holds for group L2 regarding the entrance E2.

In the entrance zone mostly i-buttons DS1921Z (accuracy
±1 °C, resolution ±0.12 °C) were used. Most of the results
presented here are from Hobo loggers. Those with single
digit numbers (e.g., h6) are Hobo Pendants (accuracy
±0.5 °C, resolution ±0.11 °C); those with double digit
numbers (e.g., h06) are Hobo Water-Temp-Pro v2 (accuracy
±0.2 °C, resolution ±0.027 °C, in use since January 2011).
Generally, data were collected with an hourly interval.

The rather constant temperatures of the group L3 show that
despite the near surface there is no inflow of air from the
outside into the cave.
The logger L4 (h3) in the Joining Ellipse had a constant
temperature of 3.9 °C during the winter 2012, when the
entrances of the cave were blocked by snow. Over the whole
period the temperature varied between 2.0 and 4.0 °C (3.73
±0.15 °C) with 0.5 % of the readings below 3.2 °C. The latter
indicate that cold air from the entrances can sometimes reach
this point. However, the wind in the Joining Ellipse is
generally upwards (towards the entrances).

All readings are corrected for the calibration in ice water.
Recalibrations showed that the reproducibility is much
better than the accuracy.
3.2. Other meteorological data
From the the Swiss meteorological service we had
temperatures of three stations in the region. The average of
these temperatures, corrected for 0.5 °C per 100 m, gives
an indication of the ambient temperature when the logger
outside the cave was below the snow cover.

5. The lower part of the cave
5.1. Description and Hydrology
The Hades meander is rather narrow with a trickle at the
bottom. In the last 60 m before reaching the Elysion hall
the lower part of the meander becomes impassibly narrow
and progression continues in the initial ellipse (Fig. 4 and
Stünzi 2009).

For the atmospheric pressure and rain we used data from
the Säntis Mountain (9 km to the north, 2,500 m a.s.l).

4. The upper part of the cave
4.1. Description
For a detailed description see Stünzi (2009). The entrance
E1 of O92 is a large chasm, usually snow filled (Fig. 3). An
opening in 27 m depth gives access to a high gallery of about
3 m width. A meander starting 9 m above its ground features
a nicely decorated initial ellipse. There, two stalagmites
ended growing 420,000 years bp (Luetscher, pers. comm.)

Figure 3. Position of the temperature loggers in the upper section
of the cave.

Figure 4. Longitudinal section and plan view of the Elysion hall.
In the longitudinal section the positions of the temperature loggers
are shown. The positions of the loggers in the pit zone (below
-90 m) are not to scale. The Greek letters denote same places in
both views. “W” indicates water flow, usually just a trickle.
During heavy rain, water might enter via W*. The roof of Elysion
is approx. 20 m below the surface.

Entrance E2 was found as a light spot from within the cave
and had to be enlarged. It is now the usual access to the
cave. The above mentioned meander continues, then turns
southwards and ends in a breakdown zone. A small chimney
(Σ in Fig. 3) ends few meters below the surface.
A declining tube of approx. 0.8 m width and 1.5 m height
(“Joining Ellipse”) leads to the top of the Hades meander.
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From the Elysion hall two meanders (γ and δ in Fig. 4)
ascend towards the bottom of a rock face in the small valley
east of the cave. A laser distance measure into an
unexplored chimney (W* in Fig. 4) ends about 10 m below
the surface. About 20 m offset from this point there is a
small depression on the surface filled with earth and blocks,
some with reminings of dripstone.

Table 1. Summer and winter temperatures (°C). Mean and standard
deviations of hourly readings.
Logger

Depth

m
Joining Ellipse
h3

There is a further gallery (β in Fig. 4). From a fissure at its
south end a trickle enters and flows down to the bottom of
the Elysion hall, where it disappears between the pebbles.

-22

Summer

Winter

Diff.

10.8.–6.10.11

21.1.–21.2.12

Su-Wi

Mean

S.dev

Mean

S.dev

3.82

±0.05

3.88

±0.00

-0.04

Elysion Hall

The pit zone opens 15 m above the north end of the hall.
After a squeeze (at h06 in Fig. 4) the dimensions become
more comfortable but dripwater enters through the roof of
the second pit. At -120 m the shaft divides: one branch with
drip water descends to -186 m followed by a chimney
towards the Elysion hall (not yet fully explored). The other
branch is rather dry down to -210 m, where divides again.
Here, a trickle can increase to a dangerous water flow
during snow melt. The water flows into a pit which is
followed by a narrow meander ending at -262 m. From the
division at -210 m, a short fossile gallery leads to further
pits where a rivulet of approx. 5–10 L/s enters at 320 m. Its
flow rate increased only slightly during the above
mentioned snow melt. In the deepest part (-369 m) several
branches – some fossile – await further exploration.

h4

-34

4.18

±0.03

4.41

±0.00

-0.22

h05

-38

4.11

±0.01

4.15

±0.01

-0.04

h8

-51

3.93

±0.04

3.77

±0.00

0.16

h06

-79

3.57

±0.01

3.41

±0.02

0.14

h6

-82

3.64

±0.06

3.47

±0.00

0.17

h9

-90

3.47

±0.01

3.26

±0.00

0.21

h13

-120

3.18

±0.06

3.18

±0.03

0.02

h14

-175

3.30

±0.01

3.21

±0.01

0.09

h47

-186

3.24

±0.03

3.19

±0.01

0.05

h00

-210

3.36

±0.02

3.23

±0.01

0.13

h15

-267

3.37

±0.02

3.25

±0.01

0.12

h16

-320

3.49

±0.01

3.46

±0.01

0.03

h46

-340

3.56

±0.02

3.52

±0.01

0.04

Pit Zone

5.2. Temperatures in the Elysion hall

5.3. Temperatures in the pit zone

The Elysion hall shows a marked negative temperature
gradient (Fig. 4). In order to interpret this phenomenon we
concentrate on 2 periods: Summer 2011 and winter 2012
with a heavy snow cover (Table 1, Fig. 5).

The negative gradient continues into the pit zone which is
still colder at -120 m than at the bottom of the Elysion Hall
(Fig. 4 and Table 1). The temperatures in the pit zone were
quite stable except a larger variation (±0.13 °C) at 120 m,
probably due to variable dripwater from the pit above.

In the deeper parts the “summers” are delayed till end of
November, thus mean temperatures of August and
September are used as summer values. During this period
the Joining Ellipse showed some variation due to the
influence of the entrances, and at h6 (Fig. 4) the higher
standard deviation may result from variations in water
inflow from meander β. The other temperatures were rather
constant. The gradient in the Elysion hall was 1.2 °C/100 m
(R2 = 0.97).

From -210 m down to -267 m the temparture remains
almost constant and only below this depth a positive
gradient of 0.3 °C/100 m is established.
5.4. Rain on 10 Oct. 2011
On 10 Oct. 2011 there was a widespread heavy rain, starting
at midnight. It amounted to 107 mm at Säntis Mountain
(9 km to the north, 2,500 m a.s.l) where it was accompanied
by a sudden temperature increase from -5 to + 5 °C. This
rain produced a sudden increase of the temperatures in the
cave (Table 2 and Fig. 5), particularly those at the south
bottom of Elysion (h6, Fig. 4), at -120 m and -186 m
(dripwater), and at the water entries at -210 m and -320 m.
The early increase at h8 in the center of Elysion indicates
that some water entered also from the chimney W* in
Fig. 4. After 2–4 days these temperatures returned to the
previous values within 20 % of the peak.

In February 2012 all temperatures were very constant
(Table 1) with a temperature gradient of -1.8 °C/100 m
(R2 = 0.94) in the Elysion Hall. Also the temperatures below
the entrance pits were constant during this month (E2:
3.51 ±0.04 °C, E1: 1.2 ±0.2 °C), indicating that the cave
was closed by snow. The upper part (Elysion to Joining
Ellipse) was warmer than in summer. This holds also for
the small chimney in the uppermost part of the cave (Σ in
Fig. 3) where the winter temperature (4.67 °C) was higher
than in summer (4.12 °C).

The Joining Ellipse reacted much later, showing that the
water does not flow via this point. The same is true for the
deepest part of Elysion (h9).

An exeption is the small chamber an the end of branch δ
(Fig. 4) which shows marked seasonal temperature
variations from 3 °C in winter to 8 °C in summer (average
4.9 °C). Although this chamber is very near to the surface,
the constant temperatures at positions h8 and h05 indicate
no significant inflow of air.

The water entering through E2 flows into the gallery below
the E1 (Fig. 3) and disappears between the pebbles of the
floor. The peak maxima at the entrances (groups L1 and L2
in Fig. 3) were two hours later than in the Elysion Hall.
Thus, the entrance-region of the cave does not contribute
to the hydrology of Elysion and the pit zone.
460

Cave Climate and Paleoclimate Record – oral

2013 ICS Proceedings
There was much less snow in the winter 2011 and
correspondingly this snow melt had a much less pronounced
effect on the cave temperatures (Fig. 5).

Table 2. Influence of a heavy rain on 10 Oct. 2011 on the cave
temperatures (Mean of hourly readings).
9. 10. 11 10. 10. 11
Logger

Diff.

onset#

Depth

mean

10–12 h

m

°C

°C

°C

time

3.77

3.88

0.11

07:00

6.1 Hydrology
As already mentioned, rain water from the entrances region
does not flow into the Elysion and the pit zone.

6. Interpretation and Discussion

Joining Ellipse
h3

-22

Elysion Hall
h4

-34

4.20

4.31@

0.11

04:00

h05

-38

4.12

4.27

0.15

02:00*

h8

-51

3.88

4.50

0.62

01:00

h06

-79

3.55

3.81

0.26

03:00

h6

-82

3.58

4.63

1.05

03:00

h9

-90

3.47

3.69

0.22

08:00

h13

-120

3.21

4.26

1.05

03:00

h14

-175

3.25

3.41

0.16

03:00

h47

-186

3.23

3.83

0.60

03:00

h00

-210

3.33

4.14

0.81

04:00

h15

-267

3.30

3.30

0.00

h16

-320

3.47

3.94

0.47

05:00

h46

-340

3.54

3.60

0.05

05:00

1.1

4.41

3.4

5.25

The events mentioned under 5.4 and 5.5 show clearly that
the position h6 (Fig. 4) is the point where the water leaves
the Elysion hall. At this position there is usually some water
flowing down from the meander β (Fig. 4). The large size
of the pit between these positions indicates a sometimes
significant water flow. Thus, β is likely to be a major
contributor to the water in the pit zone. The second entry of
water is at the top of the pit zone (Fig. 4).

Pit Zone

outside
Entrance

-4

The simultaneous, fast temperature peaks at all the positions
indicate that
• there is only one major catchment area;
• the catchment area is in the vicinity of the cave;
• the pathways from catchment area to the cave are rather
straight.
The catchment area may comprise the Karren field between
cave and Chäserrugg, the small valley east of the cave and
the flat ridge east of the cave (Fig. 6). 100 m west of Elysion
there are 3 pit caves of which the largest opens at 1,730 m
a.s.l. going down to 1,670 m a.s.l. These might feed the top
of the pit zone at 1,655 m a.s.l. (-90 m). Four small pit caves
150 to 300 m to the east of Elysion indicate a well
established karstification with a possible connection to
meander β (Fig. 4).

#: 10 % of total temperature change
@: one single reading higher than 4.20 °C
*: first decrease to 4.07, increase started 06:00

For the depth between -38 m to -186 m the temperature
maxima were recorded at 10:00 and one hour later for 210 m
and -340 m. The logger at h4 showed two short impulses of
-0.1 and +0.1 °C and had returned to normal by 13:00.

The function of the trickle in the Hades meander remains
obscure. Here, we have never observed an elevated water
flow and there is no obvious inflow of the Hades-water into
Elysion. The Temperature peaks from rain and snow melt
at the top of Elysion (h05) are much smaller than those
directly below β (h6). Thus, water inflow from the chimney
in Elysion seems to be of minor importance.

A similar sudden temperature increase was observed on
27 July 2012 at 15:00 (Fig. 5), simultaneously on all
stations below -51 m. This must have been a local
thunderstorm as there was no rain recorded at Säntis and
two other stations in the region.
5.5. Snow melt 2012
On 25 April 2012 most temperatures started to increase
quite markedly and rather simultaneously (Fig. 5). At
210 m, near a water entry, the temperature rose from 3.2 to
3.6 °C in the course of three days and then it took about two
months to fall back to the summer temperature of 3.4 °C.
The situation was similar at the other “wet” positions, i.e.
h6 (increase of +0.4 °C), at 120 m (+0.3 °C), -186 m
(+0.5 °C), see Fig. 4. Logger h8 showed a smaller
temperature increase of 0.2 °C.

6.2. The cave is too warm

This temperature increase obviously marks the onset of the
melting of the massive snow cover (>3 m above the cave).
The temperature drop at the Joning Ellipse indicates inflow
of cool air after melting of the snow cover of the entrance
E2. Also the temperatures at the top of Elysion (h4 and h5)
decreased by 0.2 °C. Water-induced mixing of the air might
have brought up some cooler air from the bottom of the hall.

Only at -340 m (1,400 m a.s.l.) the cave temperature of
3.5 °C corresponds to the mean annual outside temperature
at this altitude (3.7 °C, Alpha-Innotec, 2012). Similarly, the
temperature at 1300 m a.s.l. in the Seichbergloch (1.3 km
to the north) was about 4 °C (Dickert, 1995).

Cave temperatures in karst regions usually correspond to
the mean annual outside temperatures (Luetscher and
Jeannin, 2004). This was observed in the nearby cave O17,
900 m SE from the O92 at 1870 m a.s.l. (Filipponi, 2004).
In this cave, the temperature at 1746 m a.s.l. was 2.0 °C,
which fits well the estimated outside temperature of 1.7 °C
(Alpha-Innotec, 2012). However, the upper parts of O92
show temperatures up to 4.7 °C.

Water from melting snow infiltrating into the rock has about
0 °C but gets warmed up, as shown by the increases of the
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Figure 5. Selected Temperature Plots from January 2011 to August 2012.

the same average temperature would be expected in the rock
20 m below the surface. But the top of Elysion (-34 to
-79 m) was colder by 0.1 to 0.3 °C, also at -120 m. This
means that despite some obvious venting of the cave, a
strongly negative temperature gradient persisted down to
120 m. The same is true during summer. However, in a
vented pit zone with drip water, one would expect a
temperature increase of approx. 0.5 °C from 80 to 180 m
instead of the observed decrease by 0.2 °C.

cave temperatures, e.g., from 3.5 °C to 4.0 °C at 82 m in
the Elysion hall (h6 in Fig. 4). This indicates that a
significant portion of the rock is warm and tranfers the heat
to the melt water.
Several reasons for the too high temperatures and the
negative gradient may be excluded: (1) To our knowledge
there is no increased geothermal flow in the Churfirsten
Mountains which are composed entirely of Mesozoic
sediments. (2) As the two entrances are on the top of the
cave, there cannot be an inflow of warm summer air from
the outside creating a warm air trap.

6.4. Lateral spread of geothermal heat

The situation in the Elysion Hall indicates a convective
situation – less dense warm air at the top – especially during
winter when the entrances are closed by snow.

An additional source of energy might be due to the normal
geothermal heat flux with a gradient of approximately
3 °C/100 m below Chäserrugg. The marls with low thermal
conductivity just above the cave altitude are even expected
to accumulate heat which might spread laterally to heat the
upper parts of the cave (Fig. 6).

But, where does the heat input come from?
6.3. Exposition and insulating snow cover

A higher temperature below Chäserrugg would certainly be
expected if there was no phreatic level below. This is not
unrealistic in view of the low permeable marls of the
Garschella formation (Fig. 6). In addition, the major vertical
fault with about 30 m vertical offset running north-south
along the Chäserrugg (“Bruch von Oberplisen”, Heim 1917;
Becker 2007) might be more prominent in the depth and
even act as aquiclude.

The mean annual temperature (2 years) of the logger outside
the cave was 4.7 (from July 2010) and 4.6 °C (from June
2011). This is much higher than the expected mean annual
outside temperature (1.7 °C) because the logger records
temperatures around 0 °C under the snow cover instead of
the negative winter air temperatures. A similar mean
temperature (4.7 °C) was found in the chamber at the end
of branche δ, which is situated close to an east exposed cliff.

A larger gradient and consequently higher temperatures can
even be expected in a saturated confined karst below low
permeability marls. Luetscher and Jeannin (2004) give an
example of a gradient of 1.5 °C/100 m.

This may be the “true” mean temperature of the plain under
which the upper part of the cave develops some 20 m below
the surface (Fig. 6). On this field of open karst there is
almost no vegetation shielding the rock and no cooling
evapotranspiration. It is thus conceavable that the “roof” of
the cave has taken the mean annual temperature “below
snow”.

Under the entrance pit E2 (Fig. 3) there is a bedding plane
parted by about 10 cm. A similar bedding plane parting is
observed in the O91-part of the cave some 20 m deeper.
And in the top of the meander going towards E1 there is a
neotectonic horizontal displacement by about 10 cm. Could
these features enhance the lateral flux of heat from below
the Chäserrugg?

However, in the winter 2011 (20 Feb to 30 March, Fig. 5)
the loggers below both entrances showed that these were
closed by snow. Although the snow cover was less thick,
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GEOMORPHOLOGY OF FOSSIL SPRING MOUNDS NEAR EL GEDIDA
VILLAGE, DAKHLA OASIS, WESTERN DESERT OF EGYPT
Magdy Torab
Damanhour University, Egypt, magdytorab@hotmail.com
Quaternary fluvio-lacustrine deposits in the currently arid Egyptian desert can be used as indicators for pluvial phases in
the Sahara and a record of climatic change. Some fossil springs formed from tufa deposits were found along the edge of
the Libyan plateau scarp in Dakhla Oasis, Egypt. At least eight major episodes of fossil spring mounds were discovered
near El Gedida village, Dakhla Oasis, most of the mounds were deposited as a part of fluvial system characterized by
terraced, vegetated pools and accumulated tufa dams and separated by low waterfalls.
This paper depends upon geomorphological, sedimentological and remote sensing methods, in addition to extensive field
surveying, mapping and sampling for 12C, 13C and 14C AMS dating, to develop a Pleistocene climatic chronology as paleo
spring mounds are particularly amenable to AMS dating techniques for both tufa sediments as well as current spring hot
water to define the sources of its acidifying gas and water, for more understanding of the desert pluvial events, and the
time of human migration from this area of the western desert of Egypt, and finally it would also help to define water
sources of the current hot springs and whether renewable sources or is it an ancient fossil water.

1. Introduction
El Gedida village is situated in the NW portion of the
Dakhla depression, a deep wind-ablated but
stratigraphically controlled depression to the south of the
Libyan Plateau escarpment in the Western Desert of Egypt
(Fig. 1). The current climate is hyperarid, with the region
averaging 1 mm of rainfall per year (Vose et al. 1992).
1.1. Objective
This paper aims to explain the current geomorphic
characteristics of some spring mounds fields as well as
define the chronological evidence of its paleo karst
formation.

Figure 1. Settlements of the study area.

the dividing ridge related to sandstone-mudstone contact,
its heights range between several meters to 20 meters, and
its shapes are spherical, conical and dome shape.

1.2. Previous work
The first exploration of the paleo spring mounds in the
Dakhla and Kharga Oasis’s in the western desert of Egypt
began in the early nineteenth century by the paleontologist
on the Rohlfs expedition in 1873–1884 (Zittel 1883); by
Bagnold (1931, 1933, 1939); Caton-Thompson and Gardner
(1932); Caton-Thompson (1952); Gardner (1932, 1935);
Peel (1941); Sandford (1933 a,b.); Butzer and Hansen
(1968) reconstructed a late Cenozoic chronology of Kurkur
Oasis, SSE of Dakhla Oasis for about 400 km, but (Ball
1990) wrote the first description of tufa as fossil spring
deposits; followed by (Brookes, 1993) produced a research
on the geomorphology and Quaternary geology of Dakhla
Oasis region.

2.1. Location
Dakhla Oasis is one of a chain of structural depressions in
the Western Desert of Egypt, it’s lactated (latitude 25.5° N,
longitude 29.0° E) elongated 70 km from SE to NW, with
maximum N–S dimensions of 20 km. The depression is
bounded within the 140 m contour; current climate is very
arid receiving a mean annual rainfall of 0.7 mm and
potential evaporation of about 2,500 mm, but during the
Quaternary climatic conditions across Libyan desert have
oscillated between arid and humid (or pluvial), as indicated
by the lacustrine, fluvial and spring-deposited sediments
preserved (Smith et al. 2004) (Figs. 1, 2).

2. Regional setting
2.2. Geology

El Gedida village is situated on the southern margin of
Dakhla Oasis. Some eroded spring mounds were found
separated near the sandstone crest, weathered into blocks
and partly moved down slope as talus. Numerous mounds
distributed in the lowland embayment are east and west of

The Quseir and Dauwi formations, the local members of the
Nubian Sandstone Aquifer System NSAS, are two of a
series of sandstone units which extend through portions of
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Figure 4. Geomorphological map.

2.4. Human Occupation of Dakhla Oasis during the
Mid-Pleistocene

Figure 2. Location map.

Human occupation of Dakhla depression began in the MidPleistocene, some geomorphic and archaeological evidence
were found in some sites, and also associated with the
lakebeds and their shorelines These indicate that MidPleistocene people used freshwater supplies from available
springs during this time (Smith et al. 2008), (Fig. 5).

Egypt, Libya, Chad, and Sudan. It consists of flaggy
sandstone containing freshwater gastropods, plant,
vertebrate remains and glauconitic sandstone overlain by
white limestone and greyish marl with ammonites
(Katherine et al. 2010; Conoco1987) (Fig. 3).

Figure 3. Geological map of northern portion of Dakhla depression
(After Conoco 1987).

Figure 5. Paleo lakes of Dakhla depression (After Smith et al.
2008).

2.3. Geomorphic units

3. Methods

The major geomorphic units of the study area are the
following landforms and Quaternary sediments units: (1)
Libyan Plateau situated above Dakhla basin between
450–500 m asl, has a gentle dip to the north and is composed
of Paleocene limestones, (2) North Dakhla Scarp and
Piedmont: it is a free-face sharp escarpment with a height of
approximately 200 m, cut in Dakhla formation shales,
limestone and shaly colluvium. The Piedmont has bajada
gravels, sand sheets and dunes, and is cut by gullies (3)
Eastern and Western Dakhla basins are low lands, the western
one being lower, (ranging 92–121 m asl), that are remains of
ancient lakes. Ground water under both basins was used
during historic times from the Old Kingdom ±2200 B.C. to
later settlements (Brookes 1993). Some fossil spring mounds
are seen on the paleolake shores (4) Sand dunes and Sand
sheets separated on the Libyan plateau, scarp, piedmont and
basin floor, moving from NW to SE (5) Sculpted surfaces (6)
Fossil springs mounds on the paleolake shores (Fig. 4).

This paper depends upon the use of geomorphological,
sedimentological and remote sensing methods, specially
field geomorphic mapping and surveying of mound
parameters, soil profile sampling and sediment analysis in
addition to carbonate dating. Most mounds were digitally
photographed using GPS and mapped by GIS techniques.
The 12C and 13C and AMS dating results will help for
reconstruction the Quaternary chronologies of this part of
the Libyan plateau scarp in Dakhla Oasis, as well as to
estimate the age of the groundwater to determine the
possibility of its renewal at the present time.

4. Results
Some fossil spring mounds at the Dakhla paleo lakes
shorelines observed, surveyed and its sediments were
sampled in the field during 2011 and 2012. The spring
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mounds are approximately between 5.7–7.9 m high,
6.5–14 m diameter; the eroded mounds appear as circles
and elliptical shapes (Tab. 1, Figs. 5, 7)

4.1. Soil samples description and dating
Subsurface sediment samples were collected from each of
10 fossil spring mounds to provide information about grain
size analysis (Fig. 8), age and conditions of spring flow
(Tab. 1).

Figure 6. Eroded vent of fossil spring mound S El Gadida for
about 3 km.

Figure 8. Grain size analysis of selected fossil spring mound’s
sediments.

The results of grain size analysis of the selected fossil spring
mound sediments show that most of it consists of fine grain
size mud or silt (> 0.63 mm), especially in E El Qalamun1,
NW El Gadida and E El Qalamun3, indicating only weak
paleo spring discharge. But most of the other two mounds
consists of very coarse sand (1 mm), indicating of
increasing paleo spring water discharge (Fig. 8).

Figure 7. Fossil spring mound near El Qalamun.

Table 1. Characteristic and age of studied fossil spring mounds.
#

Location

Long

Lat

Level
(m)

High
(m)

Diameter
(m)

Morphological
remarks

Age
(ka)

1
2

El Mosheia
NWof El Gadida

28° 51’ 152” E
28° 53’ 368” E

25° 37’ 064” N
25° 33’ 499” N

122
112

6.8
7.3

13
12

Eroded vent
Water flow

86±3
91±4

3

28° 55’ 737” E

25° 31’ 927” N

113

7.9

11

Paleo channel

101±4

28° 55’ 891” E

25° 32’ 017” N

112

6.9

14

Paleo channel

108±5

28° 55’ 279” E

25° 32’ 265” N

120

6.5

6.5

Paleo channel

112±7

6

East of El
Qalamun”1”
East of El
Qalamun”2”
East of El
Qalamun”3”
SWof Sheikh Muftah

29° 07’ 350” E

25° 29’ 774” N

133

7.1

10.8

Eroded

111±7

7

Sheikh Muftah “2”

29° 07’ 258” E

25° 29’ 676” N

137

6.3

11

Paleo channel

109±6

8

Sheikh Muftah”3”

29° 06’ 950” E

25° 30’ 854” N

136

5.7

14

Eroded

121±9

9

Balat

29° 16’ 196” E

25° 33’ 371” N

130

5.8

11

Eroded

108±5

10

Tenieda

29° 20’ 931” E

25° 30’ 294” N

127

6.1

15

Eroded

109±6

4
5

The results of AMS dating of the fossil spring mound
samples reveal two major age groups (86–101 and >108 ka)
that correspond, with one exception, to the field groupings
of the mounds on the paleo lakes shorelines (Eastern and

Western Dakhla lakes).These results are presented in Table
1. Ten samples of the mounds were analyzed and yielded
ages ranging from 86+3 ka (El Mosheia) to 109+6 ka
(Tenieda).
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4.2. Current ground water dating

Brookes IA, 1993. Geomorphology and Quaternary Geology of the
Dakhla Oasis Region, Egypt. Quatern. Sci. Rev. 12, 529–552.

One water sample has been collected from a current hot and
acidic-gas spring at the city of Mut (well #3) in the Dakhla
depression. It was analysis by AMS (Dating by Beta
Analytic, Miami branch, USA: Measured age, 13C/12C,
conventional age, 2 SIGMA.). The result of dating show
that the measured age is 23430 ± 100 BP, meaning that the
spring water source is from non-renewable fossil water due
to pluvial phases of the Pleistocene, but later than the
measured fossil spring mounds (86–101 and >108 ka). The
dated mounds are older than the current hot spring water
and formed during other pluvial phases of the Late
Pleistocene.

Butzer KW, Hansen CL, 1968. Desert and River in Nubia:
Geomorphology and prehistoric environments at the Aswan
Reservoir. University of Wisconsin Press, Madison.
Caton-Thompson G, Gardner EW, 1932. The prehistoric geography
of Kharga Oasis. Geographical Journal, 80, 369–409.
Caton-Thompson G, 1952. Kharga Oasis in Prehistory. Athlone
Press, London, 213 + Plates.
Conoco, 1987. Geological map of Egypt, map # NG 35 SE
Dakhla, scale 1:500,000.
Gardner EW, 1932. Some problems of Pleistocene hydrography
of Kharga Oasis, Egypt. Geological Magazine, 69, 386–421.
Gardner EW, 1935. The Pleistocene fauna and flora of Kharga
Oasis, Egypt. Quarterly Journal of the Geological Society of
London, 91, 479–518.

5. Conclusions
Some fossil spring mounds found near El Gadida village,
in the NW portion of Dakhla depression, they were
produced by regional discharge during some pluvial phases
during the Pleistocene.At least two fossil mounds that
recorded the largest discharge were deposited near the El
Mousheia and east El Qalamoun villages. The oldest fossil
spring sediments are too old to be dated by the 14C AMS
method, its age being approximately 121±9 Ka BP, but the
age of current hot spring at Mut city is not more 23.43
±0.1Ka BP, meaning that it is non-renewable fossil water
remaining from a pluvial phase during the Late Pleistocene.

Katherine A, Smith J, 2010. Paleolandscape and
paleoenvironmental interpretation of spring-deposited, Catena
83, 7–22.
Peel RF, 1941. Denudational landforms of the central Libyan
Desert. Journal of Geomorphoiogy, 41, 3–23.
Sandford KS, 1933a. Geology and geomorphology of the southern
Libyan Desert. Geographical Journal, 82(3), 213–218.
Sandford KS, 1933b. Past climate and early man in the southern
Libyan Desert. Geographical Journal, 82(3), 219–222.
Smith JR, Giegengack R, Schwarcz HP, 2004. Constraints on
Pleistocene pluvial climates through stable-isotope analysis of
fossil-spring tufas and associated gastropods, Kharga Oasis,
Egypt. Palaeogeogr. Palaeoclimatol. Palaeoecol. 206, 157–175.
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PALAEOCLIMATIC INVESTIGATION USING CAVE SPELEOTHES
IN LIME DECORATED LAVA TUBE CAVES ON JEJU ISLAND,
SOUTH KOREA
Kyung Sik Woo1, Kyoung-nam Jo2, Hyoseon Ji3, Seokwoo Hong1, Sangheon Yi2
1
Kangwon National University, Chuncheon, Korea, wooks@kangwon.ac.kr
2
Korea Institute of Geoscience and Mineral Resources, Daejeon, Korea,kjo@kigam.re.kr
3
Korea Polar Research Institute, Incheon, Korea, saksak-123@hanmail.net
Two stalagmites (YC-1 & YC-2) and one stalagmite (DC-1) of the Yongcheon and Dangcheomul lava tube caves were
investigated to delineate paleoclimatic history of the Jeju Island for the past 2,000 years. High resolution carbon isotopic
variations clearly show the period of the Current Warm Period (with global warming), Little Ice Age, Medieval Climate
Anomaly, Dark Age Cold Period and Roman Warm Period. Detailed textural data combined with carbon isotope values
clearly demonstrate the the termination of the Little Ice Age and the transitional period from LIA to Current Warm Period.
Studies on fine scale variations in the isotopic composition of speleothems along with age control using U-series dating
from the speleothems in Korean caves promise a great potential for the reconstruction of climate and environmental
changes in East Asian monsoon system during the geologic past. Also, it is emphasized here that textural data can provided
invaluable information on paleoclimatic history in addition to geochemical data.

1. Introduction

are weak, Yangtze River and Okhotsk sea air masses control
the climate of Korean peninsula during spring and autumn
season. In early summer, heavy rainfall front (so-called
“Jang-ma”) pass through from south of the Korean
peninsula to north by contact between Okhotsk sea air mass
and Northern Pacific air mass. The westerly winds, blowing
from west to east high up in the atmosphere at the midaltitude, also contribute to the climate conditions in Korea.
Path of the westerly jet is changed between summer and
winter by 15 degree in latitude. Every year, the Korean
peninsula is affected by typhoons several times between
June and September. The long stretching mountain ranges
have had great influence on climates in the eastern part of
Korean peninsula. That is, for winter season temperature in
same latitude, the eastern part of the peninsula represents
higher temperature than western part. It is because the
mountain ranges block cold and dry northwesterly during
the winter resulting in the higher sea surface temperature
(SST) of the eastern coast in Korean peninsula. The
prevailling climate in the eastern part of the peninsula is
characterized by a mean annual temperature of 12.9 °C with
the mean annual maximum and minimum temperature of up
to 17.4 and 8.9 °C, respectively, from 1971 to 2000 (Korea
Meteorological Administration, http://www.kma.go.kr). The
average annual precipitation in Korea is approximately
1,402 mm, and more than 3/4 of the annual precipitation
takes place during the rainy season. Yongcheon and
Dangcheomul caves are northeastern part of Jeju Island,
which is about 100 km south of the Korean Peninsula.

Speleothems have been used as a useful terrestrial proxy for
paleoclimatic information due to several advantages such
as their wide distribution, precise dating result, and
continuous growth intervals for long periods of time
compared to other paleoclimate archives (e.g., ice cores,
loess and lake sediments) (Fleitmann and Spötl 2008).
Numerous information has been revealed from all over the
world (e.g., McDermott 2004), however speleothem records
from northeastern Asian region including Korea have not
yet been reported. Therefore, it is the objective of this study
to report textural and stable isotopic records of a speleothem
from South Korea to reconstruct the paleoenvironmental
changes in eastern part of the Korean peninsula as well as
to understand the evolutionary changes of East Asian
monsoon system in northeast Asia. Also, we will make an
emphasis on the use of δ13C records to delineate East Asian
monsoonal changes despite the fact that most previous
studies for the same purpose have mainly used δ18O records
only.

2. Setting
2.1. Geographic setting
Located at the middle latitude (ca. 34–43 °N) in the
northeast margin of Asia, Korean peninsula and its adjacent
Jeju Island are strongly affected by the East Asian monsoon
system with pronounced seasonal fluctuations in humidity,
temperature, and atmospheric circulation. Major air masses
that influence the climate of the Jeju Island are the Northern
Pacific air mass, Siberian air mass, Yangtze River air mass
and Okhotsk sea air mass. A low pressure cell above the
central Eurasian continent during summer is associated with
southwesterly winds that carry warm and moist air masses
from the northwestern Pacific Ocean towards Japan and
Korean peninsula. During winter seasons, reversed pressure
gradients with prevailing northwesterly winds carry dry and
cool air masses from the Eurasian continent towards the
Pacific Ocean. When both Siberian and North Pacific highs

2.2. Geological setting
Yongcheon lava tube was accidentally discovered when the
Jeju Island power company was erecting an electric power
pole in 2005 while Dangcheomul lava tube was through the
roof of the cave. The ceiling discovered was accidentally
discovered in 1995 by a local farmer when heavy earthmoving equipment broke and floor of both dark colored
lava tubes are spectacularly adorned with various secondary
white coloured speleothems such as stalactites, stalagmites,
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Current Warm Period (including GlobalWarming). The YC2 supports the data by the YC-1 and shows that textural data
coincide well with geochemical data. Also, the YC-2 shows
well defined transitional steps from the Little Ice Age to the
present-day Current Warm Period (Ji et al. 2010). This study
suggests that textural characteristics of speleothems can be
used as a proxy to reconstruct paleoclimatic variations in
addition to geochemical proxies.

soda straws, columns, cave flowers, cave pearls, and
rimstones, which is the best display in the world. Calcium
and carbonate ions responsible for the formation of white
carbonate speleothems were supplied by percolating
rainwater from overlying carbonate sand dunes which are
about a few meters to 10 m thick overlying two lava tube
caves. Carbonate sand dunes were formed by transportation
of carbonate beach sands nearby after the formation
carbonate beach sands after sea level rose up to the presentday level about 6,000 years ago.

4.2. A stalagmite from Dangcheomul Cave (DC-1)
Like the Yongcheon cave, Dangcheomul Cave also contains
numerous carbonate speleothems. A 6.8 cm- and 11 cm-long
stalagmites (YC-1 & YC-2) were collected in its growth
position in 2005 and 2008, respectively. Late Holocene
paleoclimate changes were inferred based on uraniumseries dating, textural characteristics and geochemical
compositions of the 225 mm-long DC-1 stalagmite by
comparing with coeval Northern Hemispheric Δ14C record
by solar activity. Based on2 30Th/234Udating, four age data
were obtained from the bottom of the stalagmite (2741±200
yrBP from 57.2 mm, 1950±117 yrBP from184 mm,
1332±57 yrBP from 215.1 mm and 589±107 yrBP from
215.1 mm). The radiocarbon age of the paleosol layer
within overlying carbonates and dune is 4450±30 yrBP.
Because this paleosol was developed after the deposition of
carbonates in this area, the growth of stalagmite should have
started to grow after 4450±30 yrBP.

3. Methods
Samples were collected from two lava tube caves. To check
growth patterns such as growth laminae, hiatuses, and
possible diagenetic alteration, the samples were cut in half
along the growth axis and polished. One half was thinsectioned and examined with a polarizing microsope for
textural description, and the other half was stained with
Alizarine Red S and Feigl’s solution to determine carbonate
mineralogy. Subsequently, acetate peels were prepared in
order to supplement thin-section examination and to
examine the internal growth texture and the characteristics
of growth laminae under a binocular microscope). Oxygen
and carbon isotope ratios were analyzed. For each
measurement, approximately 100 μg of powder samples
were drilled along the growth axis of the speleothem and
analyzed with an on-line, automated, carbonate preparation
system (Kiel III), linked to a Finnigan MAT-253 ratio mass
spectrometer. Samples were calibrated against the NBS-19
standard and are reported as per mil (‰) relative to the
Vienna Pee Dee Belemnite (VPDB) standard. Duplicates
were analyzed every 10 to 20 samples, all of which were
replicated within 0.15‰ for oxygen and 0.20‰ for carbon.
The sub-sampling interval is 1 mm. Sub-samples were
prepared for 230Th dating following procedures similar to
those described by Edwards et al. (1987) and Dorale et al.
(2004). Approximately 300 to 400 mg of calcite powder
was drilled out from along the selected growth horizons.
ICP-MS analyses were made at the Minnesota Isotope
Laboratory on a Finnigan-MAT Element equipped with a
double-focusing sector-field magnet in reversed NierJohnson geometry and a single MasCommultiplier. All
reported ratios a reactivity ratios with 2σ errors given.

The stalagmite DC-1 is composed of columnar calcite, and
numerous growth laminae are present. The density of the
growth laminae is indicative of the amount rainfall in this
region. Therefore, five types of calcite texture can be
divided based on growth rate, spacing between laminae and
fluid inclusion density. Type I has the average spacing of
growth laminae of 0.025 mm and the narrowest spacing
indicates the slowest growth rate whereas Type V has the
widest spacing of 0.42 mm indicating the fastest growth
rate. It appears that the spacing of growth laminae is
intimately related to the amount of rainfall together with
carbon isotopic compositions. Thus, coordinated textural
and geochemical data can be used for paleoclimatic
reconstruction.
Stable isotope data show that carbon isotope values clearly
demonstrate the climatic changes during the growth of the
DC-1 stalagmite, however interpretation of oxygen isotope
data is still problematic. It is especially notable that carbon
isotopic compositions of the stalagmite correspond very
well to Northern Hemispheric Δ14C record. Carbon isotope
trend coincides very excellently with sunspot activities for
the past 2000 years showing the close relationship between
the abrupt decrease in δ13C values together with textural
results and the minimal periods of solar activities (Oort
minimum, Wolf minimum, Spörer minimum, Maunder
minimum, and Dalton minimum). Periods of low solar
activities are thought to result in dry climate. Also, carbon
isotope values and Δ14C records are highly fluctuating
during the Little Ice Age, and this period is also
characterized by more abundant abrupt climate changes
under drier climate. Thus, it appears that past short-term
climate changes are also well reflected from carbon isotope
compositions of the stalagmite DC-1.

4. Results and discussion
4.1. Two stalagmites from Yongcheon Cave (YC1 &
YC2)
The Yongcheon cave which contains numerous carbonate
speleothems was the typical lava tube cave that probably
formed between 0.2–0.4 Ma ago. A 6.8cm- and 11cm-long
stalagmites (YC-1 & YC-2) were collected in its growth
position in 2005 and 2008, respectively. The age of the
stalagmites were determined by 210Pb dating, radiocarbon
dating and U/Th dating for the YC-1 and by counting
growth laminae for the YC-2. Age dating revealed that the
stalagmites are at least about 3,300 and 287 years old. High
resolution stable isotope analyses were carried out for two
stalagmites. The YC-1 clearly shows the Dark Age Cold
Period, Medieval Cliamte Anomaly, Little Ice Age and
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5. Conclusions
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POSSIBLE EVIDENCE OF THE STAGES OF KARST DEVELOPMENT
IN THE PINEGA REGION OF NORTHERN EUROPEAN RUSSIA
A. Ashepkova, V. Malkov, E. Shavrina, A. Semikolennykh
Moscow State Lomonosov’s University, “Archangelskgeologia”, Pinega State Reservation, nastenkadolce@mail.ru
Understanding of the mechanism of development of the environment can only be reached by knowing the Earth evolution
history, its climate, geo environment and living nature evolution. Karst system characteristics (their structure, morphology,
secondary deposits, etc) are indicators of certain geomorphologic, hydrogeological and hydro geochemical conditions and
processes. Thus, karst-based and speleogenetic studies may yield useful data on the evolution of various conditions of
geological environment. Unlike surface features, underground indicator features can be preserved for geologically longlasting periods after their transition into a relict or fossil state.
The development of karst in Pinega Region was prefaced
by a long period of general denudation, with karst processes
active during the whole period of formation of the modern
relief. The period of common denudation lasted from
Mesozoic Era to middle of Neogene Period.

the Nijnepinskaya and Verhnekuloiskaya lowlands. In the
south-east part of the Belomor-Kuloi plateau on the left
bank of Pinega River an island of dry-land existed. The Sea
cut inside it with narrow coves and extended up the river
valleys.

In the history of karst development of Pinega Region four
stages can be distinguished theoretically.

The land was under comparatively active erosion
dissection, of surface and subterranean karst. Most
favorable for karstification was the higher part of BelomorKuloi plateau. Here, apart from typical dolines and
sinkholes, a net of large depressions formed that has been
preserved also in the modern relief.

The first stage started in the second part of the Neogene,
when the territory resembled a peneplain with heights up to
100 m (Spiridonov 1978). In the Late Pliocene, uplift of the
territory was accompanied with simultaneous regression of
the Polar Basin and drainage of the relief. These changes
helped the formation of a continuous net of narrow gullies
and valley canyons with depths of more than 100 m.
(Zarhidze et al. 1984). For the Pinega Region this stage of
continental development probably was the most favorable
for widespread large-scale karstification of the territory. The
first stage lasted about 1.5 million years and ended in the
middle of early Pleistocene.

During Mikulin time the creation of caves at several levels
inpure gypsum beds was ongoing.
After regression of the Mikulin Sea (in the Valdai Period)
most of the Pinega Region became dry land (Devjatova
1982). Climatic conditions became worse, resulting in a
slowing down of erosional and and karst processes. Still,
due to the long period of karstification and a low-amplitude
uplift of the western part of territory overall extent of
karstification in the Pinega Region was greater than in
modern times.

The second stage of karstogenesis was active in the Middle
Pleistocene age in conditions of constant change between
warm and cold periods. The stage began with Lower
Pleistocene lowering of territory and filling of valley
canyons with lake-alluvial deposits (Lastochkin and
Safonov 1984). Due to influence of three continental
glaciations and the overall low character of the relief, karst
processes were operating, on the whole, in unfavorable
conditions. Still, due to degradation by glaciers and the
effects of isostatic rebound, separate groups of large
landforms and subterranean karst voids may have been
formed intensively. The second stage lasted around 300
thousand years, 170 thousand years being glacier-free with
relief developing in conditions of increasing erosiondenudation dissection.

During Early and Middle Valdai a network of valleys s was
formed and karstified, a widely spread relief rich in dolines
and other depressions. In the depths of the massifs
speleological water-flow systems were formed.
During the Late Valdai glaciations surface karstification was
halted until the glacier melted and disaggregated into
separate tongues and masses of dead ice. The continental
ice partly receded 13,000 years ago, and fully disappeared
9,800 years ago (Malkov 1983). By melting of remnants of
the glacier cover, valley drainage of melt water, formation
of dammed pools, conditions for intensive surface and
subterranean karstification came into being. In all karst
areas of the Pinega Region the surface karst has clear traces
of inherited development from late-glaciation time. Parallel
to new landforms, existing depressions were also widened,
deepened and re-formed. In that time some of the old
depressions were filled by sediments, but preserved on
above dissected karstified floors. Other were opened and
added to the valley relief. Many small karst voids were
created in a covered or semi-covered state.

The third stage of karstogenesis comprised the Late
Pleistocene and lasted for 110 thousand years. It included
the Mikulin Transgression – 30 kyears, cold Early and
Middle Valdai – 69 kyears, Late Valdai continental
glaciations – 11 kyears. The beginning of the stage was a
climatic optimum with encroachment of the boreal sea
(Devjatova et al., 1983). The orographic front of the relief
was similar to modern. A river net was also formed that was
close to the modern pattern of valleys with large and small
rivers. The “Mikulin Sea” was shallow, its waters covering

In this connection three morphogenetic specific features of
Pinega karst may be noted. The first feature has to do with
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the external dynamics of the glaciations, the development
of the Severodvinsky-Pinejsky and Kuloi glacier tongues,
whose maximum extents were separated by a period of
10,000 years. In the middle section of the River Sotka a
nunatak survived, not covered by the continental ice. In its
reaches weak karst and erosion-denudation processes did
not stop even in the most vigorous phases of the glaciations
(Malkov et al. 1983, Structure and dynamics of natural
components…, 2000).

destruction of post-glacial lakes, development of forest
cover, re-establishment of the rhythmic sequence of warm
and cold seasons. The modern landscape and climatic
conditions were fully established over two thousand years
ago.
The Pinega Region in the beginning of Holocene (10,300
years ago) was a place of different natural conditions. The
western part of territory was totally free from continental
ice. Here was preserved a zone of island permafrost with
large lake reservoirs in the watershed areas. In the eastern
part, there was melting of remaining portions of the Kuloi
Ice Cap (Malkov et al. 1983). With respect to drainage in
the gypsumthe territory was lower than it is today. There
was a remaining lake-glacier basin in the Kuloi River and
Pinega River valleys that drained to the north into a
freshwater bay of Early Holocene Sea (Stankovsky et al.
1980). Soon the basin was degraded and the sea extended
to the south and occupied the basin. The duration of of the
early basin and lake reservoir was about 1,000–1,300 years.
In this time, due to ingression of sea the lower parts of
valleys of the Polta, Kelda, Sotka, Soyana, Siya, Belaya
rivers, and also karst-denuded valleys in areas of Kulogora,
Vonga, Golubino widened. Caves located in the coastal
stripexperienced development in a flooded regime with
changing water levels.

The second specific feature of karstogenesis was
determined by glacier inner dynamics. In its peripheral zone
subglacial grooves and valleys were cut into the roofs of
karst voids. The valleys and adjacent strips of the relief have
clear signs of kartification before the collapse of glacier
cover (Structure and dynamics of natural…, 2000).
The third feature of this karstogenesis was segmented
topographyconsisting of gypsum rock covered by crust of
dead ice. By their melting and karstification of the facturerich basement the formation of the unique shelopnyak fields
progressed.
Due to its abundant subglacial and melt output the Late
Valdai glaciation had a strong effect on the subterranean
karstification. This output, flowing through existing and
newly made nets of karst denudation valleys, ensured
concentrated water sinks and intensive growth of existing
caves (Malkov et al. 1983; Structure and dynamics…,
2000).

The Boreal and Atlantic periods of the Holocene were most
favorable for karstification, with rising air temperatures and
increasing precipitation (Hotinsky 1977). Because of rising
of the territory and entrenchment of river valleys down to
the level of modern floodplains, the base levels of erosion
lowered and simultaneously karst and erosion processes
activated in all elements of surface and subterranean
systems. Parallel to this, lakes lost a part of their water in
depressions and then began to form swamps.

Some caves under glacial forces and side cutting were
exhumed and destroyed above different levels. Other caves
ceased their growth after melting of the ice. A number of
large caves developed with maximum discharges and
interconnections between several gypsometric levels.
Formation of most caves went on under pressure conditions
(phreatic). This was conditioned both by subglacial position
of the depressions, as well as by earth crustal depression
beneath the spreading continental glaciation.

An interesting fature is the process of deposition of
freshwater carbonate silts (sheetrock or marl) in karst lakes
adjacent to the regional Belomor-Kuloi terrace. The
absolute age of sheetrock in Lake Rodnichnoje (between
Rivers Sotka and Kelda) was dated from 8,700± 120 years
to 6,950±130 years (Gataullin and Kokarovzev 1986).

The activity of glacier pressure caused an uneven lowering
of massifs, extension of tectonic cracks in carbonate
sequences into sulfate layers and opening of fractures inside
the sulphate mass. Under the influence of isostatic forces
karst waters rose from undelyngcarbonates into the sulfate
masses, together with dislocation of levels of flow upwards
inside the cave blocks.

In the Late Holocene (4,500 years ago) climatic conditions
became worse, and the natural landscape zones have moved
to the south (Problems of geology and history, 1982). Then
short-time warm and cold periods were followed by overall
drying of the climate. Most significant cold spell were
detected 2,100–2,000 and 700–600 years ago. A noticeable
warming occurred 1,500 years ago. Due to of the drier
climate and periodic strengthening of seasonal freezing
processes, the relative tempo of karsitfication will have
slowed down, too.

Thus, caves existed where sculptural relief was created out
of tectonic fracturing and opening. Elements of the model
of hypogene speleogenesis were first scientifically proved
and thoroughly studied in the cave labyrinths of Podolje
(Klimchuk 1990). The rapid development of Late Valdai
caves lasted until regional degradation of the glaciers and
isostatic rebound of the terrain which caused a reformation
of drainage system and increasing drying out of the karst
voids.

Conclusion

Thus, the third stage was most important for understanding
the principles of development of surface and subterranean
karst in the Pinega Region.

As potential artefacts which enable to obtain the evidence
of the stage, morphologic development and typical dates of
the karst formation in the region, carbonate flowstones in
the modern upper cave levels and paleo-aggregate material
(ancient cave alluvium) to be found in the upper karst
channels that mark the beginning of karst processes in the
Pinega massif should be investigated.

The fourth period of karstogenesis belongs to the Holocene.
During this period following changes took place:
degradation of the zone of long-period glaciation, formation
of river outlets, entrenching of the erosion network,
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THE 5.3 KA BP EXTREME / WEAKENING EVENT IN THE ASIAN
MONSOON DURING THE MIDDLE HOLOCENE; A RECORD IN A
STALAGMITE FROM WANXIANG CAVE, WESTERN CHINA LOESS
PLATEAU
Yijun Bai1, Pingzhong Zhang1, Xiaofeng Wang1, Hai Cheng2,3
School of Earth Sciences, Lanzhou University, Lanzhou 730000, China, baiyj09@lzu.edu.cn
2
Institute of Global Environmental Change, Xi’an Jiaotong University, Xi’an, 710049, China
3
Department of Geology and Geophysics, University of Minnesota, Minneapolis, MN 55455, USA
1

Based on high-precision 230Th dating method and high-resolution oxygen isotope (δ18O) data from stalagmite WXB07-4
from Wanxiang Cave, Wudu, Gansu, China, we established a 9-years-resolution East-Asian Summer Monsoon (EASM)
record covering the 5.3 ka BP event in the EASM fringe. We characterized in detail the timing, structure and internal
variability of the event. In our record, the 5.3 Ka BP event lasts approximately 575 years, characterized by a positive δ18O
excursion of 1.6‰. The event shows a “V” shape form centered at about 5,368 year BP, as inferred from the δ18O record.
Comparing with other stalagmite records from the Asian Monsoon region, it appears that all have recorded the 5.3 Ka BP
event, have a similar pattern of changes and within dating errors happened at almost the same time, which indicates that
this EASM event was essentially simultaneous. The possible trigger mechanism and the impact on the ancient civilization
and culture of the 5.3 ka BP event in the region are discussed. Results from Greenland ice cores and sediments from the
Atlantic Ocean are consistent with this event. During 5,000 to 5,500 year BP, the Northern Hemisphere temperature
recorded by ice δ18O was reduced e ice-rafted debris in the Northern Atlantic showed a remarkable increase, the AMOC
slowed down, and the ITCZ moved southward.
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AQUEOUS ISOTOPE ANALYSES IN TWO LITTORAL CAVES
IN MALLORCA, SPAIN: PRELIMINARY RESULTS
Liana M. Boop1, Jonathan G. Wynn1, Bogdan P. Onac1,2, Joan J. Fornós2,
Antoni Merino3, Marta Rodríguez-Homar2
1
Department of Geology, University of South Florida, 4202 E. Fowler Ave., SCA 528, Tampa, FL 33620 USA,
lianaboop@mail.usf.edu
2
Departament de Ciències de la Terra, Universitat de les Illes Balears, Crta. Valldemossa, km 7.5, 07122
Palma de Mallorca, Spain
3
Federació Balear d’Espeleologia, C/Margarida Xirgu, 16. 07011 Palma de Mallorca, Spain
Mallorca’s phreatic overgrowths on speleothems (POS) are widely used to trace paleo sea-level in the Western
Mediterranean, and are also used in paleoclimate and tectonic studies. These encrustations accumulate on pre-existing
carbonate supports (cave walls or submerged vadose speleothems) in partially flooded littoral cave passages that receive
both meteoric and marine input. The preliminary stable isotope results from this study indicate that CO2 degassing from
the water surface allows precipitation of POS. Consideration of local precipitation will allow the construction of a local
meteoric water line (LMWL) for Mallorca and the calculation of the deuterium excess, and therefore, the determination
of the controls on δD and δ18O in rainfall.

1. Introduction

2. Study area

Phreatic overgrowths on speleothems (POS), carbonate
encrustations on pre-existing carbonate supports, form at
the air-water interface in brackish phreatic pools within the
littoral (coastal) caves of Mallorca, Spain. In these caves,
the water table is coincident with sea level, thus making
these encrustations desirable proxies for sea level
reconstruction. POS are widespread in Mallorca and to a
lesser extent in Sardinia (Tuccimei et al. 2007), Bermuda
(Harmon et al. 1978), the Bahamas (Gascoyne et al. 1979),
Nansei Islands, Japan (Urushibara-Yoshino 2003), and
Christmas Island, Australia (Grimes 2001). These locations
all have low tidal fluctuations and a specific geochemical
environment that is conducive to the precipitation of POS.

Mallorca is the largest island of the Balearic Archipelago,
located in the Western Mediterranean (Fig. 1). Two mountain
ranges, Serres de Tramuntana and Serres de Llevant, are
oriented NE-SW and run along the northwest and southeast
coasts of Mallorca respectively. Es Pla, the central, lowland
region of the island, is a down-dropped graben resulting
from extensional forces during the Miocene. The mountains
are largely comprised of Mesozoic to Lower Miocene folded
limestones but also marls, clays, and volcanic materials. The
Migjorn region is comprised of Upper Miocene carbonates
formed on the coastal lowlands, and is the location of both
of the study caves (Fornós et al. 2002).
The current POS band in Cova des Pas de Vallgornera
(Vallgornera) is aragonite, whereas in Coves del Drac
(Drac) it is calcite.

Both calcite and aragonite POS are observed in Mallorca’s
littoral caves. Some caves contain POS bands of both
minerals, where bands at different elevations correspond to
different sea level elevations. The mineralogy of a POS
band does not change for any given sea level stand,
suggesting a relatively stable geochemical environment
during each sea level stand.
Studying the variable mineralogy of a horizontal core of
POS and vadose flowstone from Sa Bassa Blanca Cave
(Mallorca), Csoma et al. (2006) identified the proximity of
the POS to the water table, and therefore the ability of CO2
to degass from the solution, as the major control on their
precipitation. Hanor (1978) simulated the precipitation of
beachrock cements in St. Croix by mixing variable
proportions of groundwater, Caribbean Sea water and
distilled water. Degassing of CO2 was so significant that it
overcame mixing corrosion (Bögli 1964) and formed
carbonate precipitates within 12–36 hours in solutions of
groundwater and seawater, and groundwater and distilled
water. The rate of CO2 degassing from the littoral cave
phreatic pools may, in part, contribute to the variable
mineralogy observed in Mallorca’s POS. This can be
quantified by the isotopic values of the phreatic pool water
to determine water sources, interactions, and degassing of
CO2/equilibration with the cave atmosphere.

Figure 1. Study caves on the island of Mallorca (modified from
Dorale et al. 2010).

Vallgornera was discovered near the village of Llucmajor in
1968, when a now-abandoned hotel expanded its septic
system. Known as Mallorca’s largest cave with over 70,000 m
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of mapped passage (Merino pers. comm.), Vallgornera
formed by three distinct speleogenetic processes:
saltwater/freshwater mixing dissolution (Gràcia et al. 2009),
epigenetic, and geothermal hypogenic (Ginés et al. 2009;
Merino et al. 2009). Vallgornera’s morphology is strongly
controlled by lithology: a maze pattern is observed in the
reef front facies, while a joint-controlled pattern is observed
in the outer lagoon facies. The overlying land use is
moderately urbanized, with scrub vegetation. Vallgornera
is a Natura 2000 protected site (European Council Directive
92/43/EEC).

of Drac may indicate small differences in the fresh-marine
water mixing ratio at each cave (supported by the
differences in the salinity data). Precipitation samples (n =
2) have significantly more positive δ18O values compared
to the projected intercept of the freshwater endmember for
each cave (mixing line y-intercepts). This implies that the
fresh groundwater has a significantly more negative δ18O
value than the precipitation samples.

Drac is located in the village of Porto Cristo. The land
above the cave is developed with the infrastructure to
support the cave’s million annual tourists, which includes
cafes, small shops and parking lots surrounded by scrub
vegetation. From a speleogenetic point of view, Drac is a
typical mixing-zone cave, reflected by its large, randomly
oriented rooms that are connected by small breakdown
passages (Ginés and Ginés 2007). The cave is developed in
upper Miocene reef carbonates and is over 2,300 m in
length (Fornós et al. 2012).

3. Methods
Figure 2. δ18O (‰, SMOW) for samples collected from Drac and
Vallgornera, as well as precipitation samples from Alcúdia, plotted
versus salinity. The Mediterranean Sea water value is from Pierre
(1999).

In this ongoing study, water samples are collected from
depths of approximately -0.2 and -1 m in each cave, during
monthly site visits since December 2011.
Samples were collected at 0.5 m intervals throughout the
water column in each study pool during the April 2012 site
visit. The depth of the each study pool limited the depth of
each profile: the deepest reading in Vallgornera was -2.5 m;
the deepest reading in Drac was -2.9 m.

δD values display a similar pattern to that of δ18O, with
more negative values observed in Drac than Vallgornera
(Table 1). However, a consistent trend with depth is not
observed between the two caves. δD and δ18O values of
precipitation are more positive than the values observed in
both Vallgornera and Drac. More samples of precipitation
and fresh groundwater are needed to construct a local
meteoric water line (LMWL) for Mallorca, and to calculate
the deuterium excess value. The latter parameter may reveal
changing moisture sources in the region.

δD, δ13C, δ18O, and dissolved inorganic carbon (DIC) were
analyzed at the University of South Florida Department of
Geology Stable Isotope Lab using a Thermo Fisher
Scientific (Finnigan) Delta V Isotope Ratio Mass
Spectrometer.

Distinct δ13C and DIC ranges are observed in both
Vallgornera and Drac, with more positive δ13C values and
lower concentrations of DIC observed in samples from less
than -0.5 m in depth (Table 1). To exclude the effect of covariation of salinity-DIC, the DIC value was normalized to
salinity (Fig. 3). The data from each cave plot together, with
the
exception
of
the
shallowest
(0.0 m) samples from Drac, which are the most positive in
the dataset. The sample collected from -0.4 m in Drac has
a δ13C value and DIC more consistent with the deeper
values in Drac; this suggests that CO2 degassing has only
occurred in the uppermost layer (less than
0.4 m) in Drac.

4. Preliminary results and discussion
The preliminary δ18O data show distinct values for samples
from each cave, and distinct values for depths less than and
greater than -0.5 m (Table 1). Overall, Vallgornera has more
negative δ18O values than Drac, and in both caves, more
negative δ18O values are observed in the upper 0.5 m.
Table 1. Average stable isotope values for each type of sample,
where V and D indicates Vallgornera and Drac, respectively. δ13C
and DIC were not analyzed in the precipitation samples.
Sample
Precipitation
V <0.5 m
V >0.5 m
D <0.5 m
D >0.5 m

δD
(SMOW)
-20.9‰
-33.7‰
-38.2‰
-30.9‰
-28.7‰

δ18O
(SMOW)
-3.4‰
-4.5‰
-4.2‰
-4.0‰
-3.8‰

δ13C
(PDB)
–
-5.0‰
-9.5‰
-4.0‰
-11.2‰

DIC
(mg/L)
–
30.2
59.5
32.4
92.1

Water profiles indicate differences between both study
caves as well as stratification in each water column
(Fig. 4). δD values show a consistent offset, with Drac
samples more positive than Vallgornera at all depths
(Fig. 4A). δ13C values are more positive at all depths in
Vallgornera, with the exception of the surface sample (Fig.
4B). The Vallgornera surface sample δ13C value is more
negative than that of Drac; the Drac surface δ13C sample is
the most positive value between both profiles. δ18O values
generally become more positive with depth in both caves

A strong positive correlation exists between δ18O and
salinity in the cave water samples, Mediterranean Sea water
(Pierre 1999), and Alcúdia precipitation (Fig. 2), defining
a mixing line between marine and freshwater endmembers.
The difference between the Vallgornera mixing line and that
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(Fig. 4C). The concentration of DIC is generally higher in
Drac than in Vallgornera, but the surface value in Drac is
lower, making the surface reading in both caves very similar
(Fig. 4D).

Collection of more samples will allow for the construction
of a LMWL for Mallorca, as well as calculation of the
deuterium excess. Comparing the isotopic compositions of
water (phreatic and vadose) within each cave to currently
precipitating phreatic overgrowths and vadose speleothem
samples, respectively, will answer questions related to the
suitability of POS laminae for paleoclimate studies, mostly
with regard to considerations about kinetic effects during
precipitation, which are anticipated if CO2 degassing is so
rapid that the precipitate cannot equilibrate with the parent
solution.
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RADON MEASUREMENTS IN AUSTRIAN AND SLOVENIAN CAVES
WITH AN ALPHAGUARD INSTRUMENT
Christina Bonanati, Ingo Bauer, Stephan Kempe
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In September 2012, radon and CO2 measurements were carried out in Lipiška jama and Mačkovica in Slovenia and
Austria’s Dachstein-Mammuthöhle. The AlphaGUARD proved to be a suitable device for long- and short-term radon
measurements in caves. Values ranged from undetectable in some locations of Dachstein-Mammuthöhle to 4,920 ± 549
Bq m-3 in Mačkovica, presumably correlating with ventilation, material and size of the caves. A long-term measurement
in Mačkovica revealed no diurnal variation pattern. In the old parts of Dachstein-Mammuthöhle there is no threat for
workers or tourists from radiation.

1. Introduction

Beside bedrock material and cave-sinter, the cave
environment has different sedimentary facies. Near the
entrance it is often composed of fine sediments which were
transported from the vicinity of the cave by wind and water,
coarser clasts which were transported by slope processes,
or guano. The areas proximal to the entrance can be subject
to surface erosion, weathering or biochemical alteration.
Further inside the cave, sediments can be composed of
fluvial gravels and sands or fine-grained flood deposits
which can be intercalated by speleothems, or colluvial
material deposited under vadose conditions.

Radon measurements in caves can serve a variety of
purposes. Radon is a tracer for cave climate and air
circulation and important for the recognition of a potential
thread for workers, speleologists or tourists.
There are numerous parameters affecting the variation of
radon concentration in cave air. They are not easy to
identify. Basically the radon concentration is determined by
the release of radon from rocks, cave sediments and water,
diffusive and advective transport processes in the cave and
mixing with ambient atmospheric air.

Radon is a noble gas and therefore chemically inert. Being a
heavy gas, it displays a poor intrinsic mobility with diffusion
coefficients ranging from of 2.7*10-6 m² s-1 – 6*10-8 m2s-1
(Tanner 1964). As 222Rn has a half-life of only 3.82 days, its
diffusivity is limited and dependent on the porosity and
moisture of the material.

Rn is a naturally occurring radioactive daughter product
of 226Ra from the 238U decay chain. Thus, in a closed system,
the radon content in soil gas is depending on the soil or rock
type and its 226Ra concentration which is directly related to
the 238U concentration.
222

The radon concentration in cave air is strongly dependent
on the air circulation and thus the mixing of cave air with
ambient atmospheric air. The latter has a negligible radon
concentration of < 10 Bq m-3. It has been observed before
that radon levels increase with increasing distance from the
cave entrance even in smaller caves (Gillmore et al. 2002).
Main causes for ventilation are pressure and temperature
differences, the drag force from changes of water levels, or
harmonic movements which can occur due to compression
of air. Changes in the ventilation regime can be caused by
changes in pressure and the difference of outside and inside
air temperatures. These changes can be seasonal, diurnal or
affected by rapid changes of weather conditions. In
Postojnska jama it was observed that radon levels are higher
in summer than in winter (Kobal et al. 1988). A study by
Kies and Massen (1997) about the Moestroff Cave revealed
that in summer, radon concentrations were about two times
higher in the afternoon than in the morning. However all
the processes mentioned above are governed by the specific
shape of the cave.

The emanation coefficient of radon is dependent on
different factors such as the mineralogy of the material, its
density and porosity, its grain-size and -shape, the spatial
occurrence of radium in the mineral grains (Adler and
Perrier 2008) and moisture (e.g., Washington and Rose
1990). Uranium bearing minerals are for example uraninite,
zircone, apatite, monazite or zeolite. Moreover, uranium
occurs on alterated surfaces of iron and sulphur bearing
minerals. Within weathered rocks, weathering products e.g.,
iron- or manganese-oxides or -hydroxides or clay minerals
of alterated feldspar or micro-cracks filled with carbonate
or zeolithe can be enriched with uranium (Kemski et al.
1996, Schumann and Gundersen 1996; Wiegand 2001).
Grain coatings or cements can act as complexing agents or
sorb uranium or radium (Gundersen and Schumann 1989).
Organic matter is also commonly enriched with uranium.
The average specific 238U activity in carbonate is 23 Bq kg-1
and soils have average specific 238U activities of 40 Bq kg-1
(Kemski et al. 1996).
Bossus (1984) reported that the radon emanation coefficient
increases linearly with increasing specific surface area of
the material. Additionally, nanopores, and micro-scopic
fractures or fissures can provide pathways for radon
emanation (Schumann and Gundersen 1996).

Radon gas accumulates in spaces with impeded air
exchange and can reach radioactive equilibrium with the
source material if locked in a closed system. Cracks and
fissures in caves not only have an influence on ventilation
but are a potential source for enhanced migration of radon
from other areas. Radon can easily be dissolved in
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groundwater (Choubey et al. 2003). Being a surface active
element, it can be adsorbed at the gas-water interface of a
CO2-micro-bubble and therewith transported e.g., within
groundwater (Peirson et al. 1974).

Lipiška jama is located between Lipica and Sežana, 9 km
NE of Triest. The main entrance, a 14 m shaft, is at an
altitude of 397 m a.s.l. The cave is 1,395 m long and 250 m
deep and was formed in Upper Cretaceous limestone. In the
entrance chamber there are gravel and soil deposits. From
there to the “Labirint”, the cave features large sinter
formations that are white, red or brown in colour. Before
the entrance to the “Labirint” there are also fine sediments.
The “Labirint” is a very shallow and winding passage. The
“Kozinski rov” has less sinter but more loam than the
passages before. Scallops and anastomoses at the ceiling
suggest a cave formation in phreatic conditions and
occasional flooding. A connection of the cave with the
underlying water system is presumed. Digging has revealed
the “Dvorana Upanja”. Relative humidity was between
40 % near the entrance and 80 % in the lowest parts of the
cave. The temperature was 11–12 °C.

Vaupoti (2010) showed that radon levels in Slovenian show
caves vary from cave to cave and from place to place in the
same cave. Mean radon levels in the air of Slovenian tourist
caves which were obtained with alpha scintillation cells
range from 281 Bq m-3 (STD ± 362) for the lowest values
to 1,118 Bq m-3 (STD ± 1583) for the highest values (Kobal
et al. 1986). The highest value was measured in Tabor
Caves at 5,920 Bq m-3 (Kobal et al. 1986). In Slovenian
caves not open for public the values range from less than
210 to 7,220 Bq m-3 (Vaupoti, 2010). Mean values range
from 841 Bq m-3 (STD ± 1471) for the lowest
measurements to 2,575 Bq m-3 (STD ± 2132) for the highest
radon concentrations (Vaupoti, 2010).
Jovanovic (1996) showed that radon concentrations in caves
deep below the surface showed nearly no variation
throughout the year. This is most likely the case for the
230 m deep Lipiška jama. Jovanovic (1996) measured
radon concentrations of 310 ± 30 Bq m-3 in December, 310
±30 Bq m-3 in March, 1450 ± 90 Bq m-3 in July and 1,300
±80 Bq m-3 in September. However, the measuring sites
within the cave are not reported but are less than 50 m
underground and before the passage “Labirint”.

3. Methods
The AlphaGUARD PQ 2000 PRO radon device from
Genitron Instruments GmbH is a continuous active radon
sampling sensor with a pulse-counting ionisation chamber
which detects radon via alpha spectroscopy. It has a linear
response range from 2 Bq m-3 to 200 kBq m-3. As the air
flows through the ionisation chamber, alpha particles from
the radioactive decay of 222Rn, 218Po und 214Po ionize the gas
inside, producing a detectable electric current. 222Rn and
220
Rn are identified through their respective energies of 5.49
MeV and 5.29 MeV. The AlphaGUARD cannot distinguish
between 222Rn and 220Rn (thoron-radioactive daughter
product of 232Th), as both energies are similar. The signal
generated from the alpha detection is converted to a digital
output. Via the DataEXPERT database software, the data
were downloaded on a PC and configured into the MSExcel
sheet.

2. Study objects – the caves
Measurements were carried out in September 2012 in
Dachstein-Mammuthöhle (Austria) and Mačkovica and
Lipiška jama (Slovenia) (Fig. 1–3).
The Dachstein-Mammuthöhle (DMH) formed in the Upper
Triassic Dachstein Limestone near Obertraun. The new
eastern entrance is at 1,368 m a.s.l. The cave has a total
length of 65 km and an elevation difference of 1,208 m. It
is made up of older parts which were generated under
pheratic conditions and younger parts generated under
vadose streams. The measurements were carried out in the
old parts of the cave, a mixture of very large hallways, small
labyrinths and shafts. Proximal to the entrance
autochthonous boulders and breakdown material is
frequently found. In the “Kluftgang”, boulders are covered
with mangenes-oxides. Cave loam is present almost in all
parts of the cave which was visited for this study. Cavesinter, particularly recently generated, is rare. There is
permanent ice in the “Feenpalast”. Strong ventilation can
be felt almost everywhere in the cave. In the younger parts
there are many shafts and canyons, many with flowing
water. Relative humidity ranged from 60 % near the
entrance to 95 % at the end of the “Lehmhalle”. The
temperature ranged from -1 to 2 °C.

The measurement setup consists of an AlphaPUMP and the
AlphaGUARD PQ 2000 PRO (both from Genitron
Instruments GmbH). Cave air was pumped into the
ionisation chamber of the AlphaGUARD. A completely
filled 2 l plastic bag which was attached to the other end of
the AlphaGUARD indicated that the ionisation chamber
was completely filled with cave air. In order to determine
only radon, the ionisation chamber was kept closed for a
minimum of 11 minutes after it was filled, by connecting
the hoses with each other to produce a closed cycle. After
five minutes, approx. five half-lives of thoron have passed
and only 3 % of its original activity concentration is left.
The measurements were run at least another six minutes to
generate more values. For the long-term measurement, the
hoses were taken off and the AlphaGUARD was put into
diffusive mode in which every hour one average value is
documented. The AlphaGUARD measures and records
simultaneously atmospheric pressure, temperature and
humidity with integrated sensors.

Mačkovica is situated in Lower Cretaceous limestone at the
eastern border of Planina Polje near Laze. It is 670 m long
and 44 m deep. The entrance is inside a sinkhole at 483 m
a.s.l. The cave is predominantly dry but holds a lake with a
siphon at its north-western end. The lake level can vary by
about 10 m (Habič, 1992). The temperature was 9 °C and
relative air humidity 99 %.

CO2 concentration in the cave air was measured with a
handheld DRÄGER Multi Gas Detector. With a manually
operated bellows pump, a calibrated 100 ml air sample per
stroke is drawn through short-term Dräger Tubes. The
indicator inside the tube displays the CO2 concentration.
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Figure 1. Plan of Dachstein-Mammuthöhle with the measurement locations (Stummer 1980).
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Figure 2. Plan of Lipiška jama with measurement locations (longitudinal cross-section: Jakofčič 2006; ground plan: Dimnice 1977);
legend see Fig. 1.

Figure 3. Plan of Mačkovica with measurement locations (Habič 1992); legend see Fig. 1.
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4. Results

5 p.m. and stayed around this level until the next morning.
The lowest radon activity concentration was measured at
11 p.m. at 2928 ± 549 Bq m-3. During the measurement the
air pressure ranged from 969 to 965 mbar (Fig. 4).

The DMH measurements are shown in Fig. 1 and Tab. 1.
Radon activity concentration in the cave air ranged from
undetectable (error bigger than value) in “Kluftgang”
(DM10), “Lehmhalle” (DM9) and “Schnecke” (DM7) to
233 ± 44 Bq m-3 in the “Sturmtunnel” (DM4). The error of
the measurements at the west entrance (DM5), which were
repeated later at night, is bigger than their difference.

The weather during the measurements in Slovenia was
controlled by a stable anticyclone. Temperatures for the
relevant dates are shown in Tab. 2.
Table 2. Meteorological record (wetter-online).

The measurements from Lipiška jama are shown in Fig. 2
and Tab. 1. The values ranged from 340 ± 145 Bq m-3 in the
“Drča” (L1) between the two entrances to 3,644 ± 500 Bq
m-3 in the loamy passage connecting the “Suhi Izvir” with
the “Dvorana Upanja” (L8). CO2 concentrations ranged
from 3,000 ppm near the entrance (L1) to 1.5 Vol % in front
of the entrance to the loamy passage (L9).

Date

Measuring station

28.08.2012
29.08.2012

Postojna
Postojna

30.08.2012

Triest

Temperature °C
Min
Max
8
27
12
28
18

31

In Mačkovica, measurements were done at two sites, M1 at
the end of “Mala Dvorana” and M2 below the entrance to
“Velika Dvorana” (Fig. 3, Tab. 1). At site M1 the average
radon activity concentration was 4,920 ± 549 Bq m-3. At site
M2 the radon level was 4,250 ± 152 Bq m-3 and the CO2
concentration was 15,000 ppm. At this site, a long-term
diffusive measurement was run over 32 hours (Fig. 4). In
the first hours the values were around 4,000 Bq m-3. Then
they constantly dropped down to 3,104 ± 189 Bq m-3 until

Time

Figure 4. Long-term measurements in Mačkovica.
Date

Rel. Humidity /
%

Air pressure /
mbar

CO2 / ppm

222

Location

Rn / Bq m-3

Table 1. Measurements.

5. Discussion
DMH revealed the lowest radon activity concentrations in
the cave air. Radon levels show no correlation with the
distance from the entrance, with cave sediment material or
with the narrowness of the passages. The generally low
radon concentrations reflect the strong ventilation and
connection to outside air. Furthermore it might be possible
that the wet cave loam has an influence on a general low
exhalation rate of the cave material as water in the porespace can decrease the exhalation of radon (e.g., Fleischer
1987; Tanner, 1964). Even at the end of the “Lehmhalle”, a
dead end, the radon level was very low. A strong ventilation
could explain, that even in dry areas, and where boulders
were covered by manganese-oxides (DM 10), radon levels
were very low.

Dachstein-Mammuthöhle
206±49

862

74

15:15

DM2

212±139

863

66

15:50

DM3

217±71

862

71

16:05

DM4

233±44

864

83

16:30

DM5a

56±99

863

85

18:00

DM5b

166±53

863

94

DM6

86±45

854

92

DM7

0.02±41

854

93

19:15

DM8

70±59

856

94

19:50

DM9

0.06±47

858

94

20:20

DM10

0.08±36

855

95

20:55

M1

4,920±548

969

99

M2a

4,250±152 2,000

969

99

28.08.2012

Mačcovica

26.08.2012

DM1

22:30
18:30

The measurements in Lipiška jama reveal a general increase
of the radon and CO2 concentration with depth. However it
is noticeable that in the narrow passages of the “Labirint”,
the radon levels are particularly high. This part of the cave
does not contain much fine sediment and is not well
ventilated. The parts of the “Kozinski Rov” and the “Suhi
Izvir” are loamy but the halls are very large. Low values
which were measured here suggest a connection with
outside air through fissures. The very high radon level in
the artificial passage at the end of the cave reflects the
impeded ventilation resulting in radon accumulation. On
the other hand, the strong ventilation occurring between the
two entrances gives rise to the low radon concentrations in
the “Drča”. Local, however unlocatable CO2 sources and
impeded ventilation can give rise to the high CO2
concentrations in the lower parts of the cave.

22:25
22:45

Lipišca jama
L1

340±145

3,000

979

69

16:00

L2

176±146

4,000

982

77

16:40

362±174

988

71

17:00

L4

2,149±457

988

76

17:25

L5

2,553±157

979

86

L6

1,220±237 15,000

990

78

L7

1,336±390 14,000

995

80

18:05

L8

1,843±138 20,000

997

83

18:25

L9

3,644±500 15,000

991

84

18:45

30.08.2012

L3

19:30
17:45
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The long-term radon measurement in Mačkovica shows no
correlation with ambient atmospheric air temperature. It is
evident that the radon activity concentration levelled off to
a lower value after the first 16 hours. This drop is coherent
with a slight drop in pressure. However, even though air
pressure rose again, the radon level stayed constant. At the
time of the measurement campaign it had not rained for
months and water levels were low everywhere. Thus it is
unlikely that there was a change in water level in the siphon
at the back of the cave, influencing the measurement results.
The student group visiting the cave during measurement
M1 and M2a and at the beginning of M2b might have
affected the air movements.

References

6. Conclusions

Gillmore GK, Phillips, PS, Denman, AR, 2002. Radon in the
Creswell Crags Permian limestone caves. Journal of
Environmental Radioactivity, 62, 165–179.

Adler, PM, Perrier F, 2008. Radon emanation in partially saturated
porous media. Transport in porous media, 78(2), 149–159.
Bossus DAW, 1984. Emanating power and specific surface area.
Radiat. Prot. Dosim., 7, 73–76.
Choubey, VM, Bartarya, SK, Ramola RC, 2003. Radon in
groundwater of eastern Doon valley, Outer Himalaya.
Radiation Measurements, 36(1–6), 401–405.
Dimnice JD, 1977. Ground plan of Lipiška jama, cited in
Cerkvenik R, 2012. Impacts of visitors on cave’s physical
environment and its protection, Dissertation, 405.
Fleischer RL, 1987. Moisture and 222Rn-emanation. Health Phys.
52: 797–799.

The AlphaGUARD proves to be a suitable device for longand short-term radon measurements in caves. The highest
radon levels were measured in Mačkovica, the smallest of
all three caves with the least ventilation. In Lipišca jama,
radon levels were also high, but lower values in deeper parts
of the cave suggest the existence of unknown pathways,
enhancing the air circulation. Variation in moisture or
textural and mineralogical properties of the sediments may
influence the differences in radon levels in the less
ventilated parts of the cave. The measurements carried out
by Jovanovic (1996) in Lipiška jama suggest a seasonal
variation; this is only evident for the upper parts of the cave.
If due to fissures ventilation occurs also in deeper parts of
the cave, even here, an annual variation of radon levels
could be possible. The mean of the values, measured above
the “Labirint” resemble the 1,300 Bq m-3 which were
measured in September somewhere in the upper part of the
cave by Jovanovic (1996). However, as the exact locations
are unknown a comparison of the values is not possible.

Gunderson LCS, Schumann RR, 1989. The importance of metaloxides in enhanced radon emanation from rocks and soils.
Geological Society of America, 21(6), 145.
Habič P, 1992. Kras and Karst in Slovenia. In: Mirko Pak (Ed.)
Slovenia – Geographic aspects of a new independent European
nation, Assoc. of the Geographical Soc. of Slovenia, Ljubljana.
Jakofčič J, 2006. Longitudinal cross-section of Lipiška jama, cited
in Cerkvenik R, 2012. Impacts of visitors on cave’s physical
environment and its protection, Dissertation, 405.
Jovanovic P, 1996. Radon measurements in karst caves in
Slovenia. Environment International, 22, 429–432.
Kemski J, Klingel R, Siehl A, 1996. Classification and mapping
of radon-affected areas in Germany. Environment International,
22, 789–798.
Kies A, Massen F, 1997. Radon generation and transport in rocks
and soil. In: Massen F (Ed.) The Moestroff Cave – a study on
the geology and climate of Luxemburg’s largest Maze Cave,
Centre de Recherche Public – Centre Universitaire, 159–183.

The long-term measurements in Mačkovica suggest that air
temperature outside the cave is not a driving force in
ventilating the cave with outside air in summer. The
measurements would need to be repeated in winter.

Kobal I, Smodiš B, Škofljanec M, 1986. Radon-222 air
concentrations in the Slovenian karst caves of Yugoslavia
Health Phys., 50, 830–834.
Kobal I, Ančik M, Škofljanec M, 1988. Variations of 222Rn air
concentration in Postojna Cave, Radiat. Prot. Dosim., 25, 207–211.

In DMH, even at places where a high emanation rate from
rocks, due to e.g., manganese-oxide coatings or dry, fine
sediments is assumed, the radon levels were very low. This
suggests a strong air circulation and thus frequent mixing
of cave air with ambient atmospheric air. The radon levels
are too low in order to be used for any study on air
circulation within the cave, but on the other hand there is
no threat for workers or tourists from radiation.

Peirson DH, Cawse PA, Cambray RS, 1974. Chemical uniformity
of airborne particulate material and a maritime effect. Nature,
251, 675–679.
Schumann RR, Gundersen LCS, 1996. Geologic and climatic
controls on the radon emanation coefficient. Environment
International, 22, 439–446.

The measured radon activity concentrations in the cave air
are at least one order of magnitude lower than the specific
activities of the potential source material. Thus, radioactive
equilibrium has not been reached. Reasons are the
ventilation or impeded radon exhalation due to moisture or
low effective porosity of the material.

Stummer G, 1980. Atlas der Dachstein-Mammuthöhle 1:1000,
Verband österreichischer Höhlenforscher, Wien.

Acknowledgments

Washington JW, Rose W, 1990. Regional and temporal relations
of radon in soil gas to soil temperature and moisture.
Geophysical Research Letters, 17(6), 829–832.

Tanner AB, 1964. Radon migration in the ground: a review. In:
Adams JAS, Lowder WM (Eds.), Natural Radiation
Environment, University of Chicago Press, Chicago, 161–190.
Vaupoti J, 2010. Radon levels in carst caves in Slovenia. Acta
Carsologica, 39(3), 503–512.

We would like to thank Juri for the guidance in Lipiška jama
and Stephan Höll for the permission to visit DMH. Thanks
are also to Dr. Michael Schubert from UFZ Leipzig for
lending the measurement equipment.

Wiegand J, 2001. A guideline for the evaluation of the soil radon
potential based on geogenic and anthropogenic parameters.
Environmental Geology, 40(8), 949–963.
484

Cave Climate and Paleoclimate Record – poster

2013 ICS Proceedings

ELEMENT AND STABLE ISOTOPE AQUEOUS GEOCHEMISTRY FROM
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Sebastian F. M. Breitenbach1, Ola Kwiecien1,2, Francesco Sauro3,4, Vadim Loginov5, Yanbin Lu6, Evgeny
Tsurikhin5, Antonina Votintseva6
1
ETH Zurich, Geological Institute, Sonneggstrasse 5, 8092 Zurich, Switzerland, breitenbach@erdw.ethz.ch
2
Swiss Federal Institute of Aquatic Sciences and Technology (Eawag), Dübendorf, Switzerland
3
Associazione di Esplorazioni Geografiche la Venta, Via Priamo Tron 35/F, 31030, Treviso
4
Department of Biological, Geological and Environmental Sciences, Bologna University, Via Zamboni 67, 40126, Bologna
5
Ekaterinburg Speleological Club, Ekaterinburg, Russia
6
Institute of Global Environmental Change, Xi’an Jiaotong University, Xi’an, China, 710049

Palaeoclimatic information from Central Asia is sparse. The geographical setting in the semi-arid high altitude mountains
of Central Asia makes its karst regions hardly accessible. In a suitability study for palaeoclimatic work in the region, we
analyzed stable isotopic composition (δ18O and δD) and major element concentration in water samples collected in August
2012 in the Baysun Tau mountains, SE Uzbekistan.
δ18O and δD of snow and karst water fall on the Eastern Meteoric Water Line, while rainwater show strong evaporation
effects. These preliminary results indicate a dominant moisture source in the arid continental regions west of the Baysun
Tau (arid Uzbekistan and Afghanistan), and snowmelt as the major source for infiltration. Dripwater element ratios seem
to change in accordance with drip rates, suggesting prior calcite precipitation in the epikarst above the studied cave. We
speculate that isotope profiles from stalagmites should be biased towards the wet winter season. We advise robust
monitoring of dripwater chemistry as an essential means that allows for accurate interpretation of stalagmite
paleoenvironmental records.

1. Introduction

political instability brought all speleological work to a halt
and only now, after 20 years of inaction, was an international
team of Russian, Italian, Spanish, Chinese, and Swiss cavers
and researchers able to relaunch investigations there.

The climatic past of Central Asia, a region where the
westerlies and the Indian summer monsoon interact, is of
great importance for society. Changes in the intensity and
amount of precipitation may have severe repercussions on
the water availability in the semi-arid to arid countries of
Central Asia. Water availability and its distribution may
cause economic stress and societal unrest in the region, even
if conflict is not imminent on short time scales (Olsson et
al. 2010, Bernauer and Siegfried 2012). Palaeoclimate
reconstructions might help to assess the natural variability
in precipitation over this vulnerable region.

As part of the initial screening for the suitability of
stalagmites from the Hodja Gur Gur Ata range (Baysun
Tau) for palaeoclimatic studies, in 2012 we collected water
samples from the Tonnelnaya and Sifonnaya caves and the
accessible spring at camp Central, as well as from snow and
rain on the plateau. These samples have been analyzed for
their elemental and stable isotopic composition.

To date, few palaeoclimatic records have been established
and the long-term variability and influencing factors on
regional climate remain enigmatic (Huang et al. 2011;
Sorrel et al. 2007; Esper et al. 2002). Well-dated highresolution proxy records are therefore required, as they
might give insights into the governing climatic factors and
large-scale teleconnections.

2. Geographical setting
The Baysun Tau mountain range is located in the
southeastern borderland of Uzbekistan, close to Afghanistan
and Tajikistan, near 67°E and 38°N (for details, see
Tsurikhin et al. in these proceedings). The Hodja Gur Gur
Ata chain of the Baysun Tau range consists of a 50–60 km
long SW to NE-striking plateau which reaches 3,900 m
altitude. Its most prominent feature is a ca. 400 m high
vertical SE limestone wall that hosts a multitude of caves.
The geologic strata are Cretaceous sandstones and gypsum
(upper), and Jurassic limestones (lower). Southern
Uzbekistan is characterized by a dry hot summer (Csa) to
arid cold steppe (BSk) climate in the Köppen-Geiger
classification (Peel et al. 2007). Most of the precipitation is
delivered between autumn and spring (Aizen et al. 1996,
Sorg et al. 2012; see also Fig. S3 in Cheng et al. 2012),
while the summer season receives only very limited rainfall
from local thunderstorms.

The caves in the Baysun Tau mountain range in southern
Uzbekistan are the targets for palaeoclimatic studies using
stalagmites. Stalagmites can be dated with high precision and
accuracy and provide a multitude of geochemical tracers that
makes them excellent palaeoclimate archives (Henderson
2006; Fairchild et al. 2006; Fairchild and Treble 2009).
The geological setting prompted speculation that some of
the World’s deepest caves might be found within the Baysun
Tau and speleological expeditions were organized into this
hard-to-access region during the 1980s. Unfortunately,
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3. Water analysis – preliminary results

Fritz 1997). This is confirmed by direct observations during
the rainfall events; very light rain is largely evaporated
before even reaching the soil. It seems very unlikely that
such low intensity rains contribute to the infiltrating water.

3.1. Elemental composition
Tracing the changes in the elemental composition of the
dripwater and linking it to long-term and seasonal
variations, and short-term events is an essential prerequisite
in understanding the temporal variability of element
concentrations in stalagmites and hydrological conditions
in the epikarst (Fairchild and Treble 2009). The latter can
potentially be used to detect hydrological and atmospheric
changes through time.

The deuterium excess d=(δD-8*δ18O) can be used as a
tracer for the humidity at the source of the moisture. The d
excess is very high (and the samples plot above the GMWL)
if the humidity in the source region is very low (closer to
50% relative humidity, Clark and Fritz, 1997). The observed
d values, ranging from 18 to 22 are comparable with data
reported from Tian Shan glaciers (Aizen et al. 1996).
Together with the position close to the EMWL this can be
explained by a low-humidity moisture source in arid
Eurasia.

This first set of drip- and spring water samples collected
from Tonnelnaya Cave sets the baseline for future
monitoring. All measured concentrations are well within the
range of dripwater results reported elsewhere (Musgrove
and Banner, 2004; McDonald et al., 2007). The fact that
molar element ratios (Mg/Ca and Sr/Ca) increase with
lower drip rate (Table 1) points to prior calcite precipitation
(PCP). PCP is thought to occur during drier periods (low
drip rate), with prolonged degassing of CO2 and subsequent
precipitation of Ca in the epikarst (McDonald et al. 2007).
The preferential Ca-removal from the water leads to
enrichment of Mg and Sr. A much more frequent sampling
is required to understand the seasonal or long-term
variations mentioned above, and to characterize the Baysun
Tau hydrology.

Although we clearly need a larger database, we argue that
snowmelt during spring and summer is the major water
source for cave drips and spring water in the Baysun Tau
range. Since most of the annual precipitation is delivered
from the arid western regions between autumn and spring,
we speculate that the isotopic signal in dripwater (and thus
stalagmites) should be biased towards the winter season. To
disentangle the seasonal variation of the isotopic
composition of the infiltrating water a detailed sampling
and monitoring campaign is required.

4. Conclusions
3.2. Isotopic signature

Initial stable isotope and element characterization of waters
from the Baysun Tau mountain range in southern
Uzbekistan indicates that cave dripwater is influenced
mainly by snowmelt. Thus, dripwater and stalagmite stable
isotope signatures should be biased towards the wet season
(autumn to spring) and should possibly show temperature
dependence. Element studies further indicate that drip rates
have a strong influence on the composition of the dripwater,
with lower drip rates probably leading to enriched Mg and
Sr loadings in the water. This can be explained by prior
calcite precipitation, which preferentially removes Ca from
the solution. A larger dataset is needed before final
conclusions can be drawn. Stalagmites from the studies
cave in the Baysun Tau should be suitable for
palaeoclimatic reconstructions.

The stable isotope ratios of oxygen (δ18O) and hydrogen
(δD) in rain-, snow-, and dripwater are ideal tracers to
understand the source(s) and history of meteoric water.
They also help us understand the processes that lead to
variations before, during, and after precipitation.
Understanding the temporal dynamics of the chemical
composition of meteoric water is imperative for the
interpretation of isotopic variations in speleothems, which
is the goal of palaeoclimatic studies.
We measured water stable isotope ratios on a Picarro L2120
mass spectrometer at ETH Zurich, Switzerland. The
vaporization temperature was set to 110 °C and the samples
were run in high-resolution mode with multiple injections.
The first three injections were rejected to avoid any memory
effects.
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Table 1. Concentration of major elements (in mg/L) and (molar) elemental ratios.
Sampling
date

Sample character

Ca
(mg/L)

Mg
(mg/L)

Sr
(mg/L)

Ba
(mg/L)

Na
(mg/L)

K
(mg/L)

Mg/Ca

Sr/Ca
(*103)

07.08.2012

Camp Central
spring
cave lake water
very fast drip
(>100 drips/min)
fast drip
medium drip
slow drip

42.669

33.690

0.375

0.053

4.938

1.447

1.302

4.0

58.870
68.380

5.970
6.090

0.490
0.490

*
*

—
—

0.210
0.220

0.167
0.147

3.8
3.3

77.480
73.330
50.730

8.160
7.960
8.020

0.570
0.560
0.510

*
*
*

1.460
—
0.660

0.320
0.310
0.230

0.174
0.179
0.261

3.4
3.5
4.6

10.08.2012
08.08.2012
10.08.2012
10.08.2012
10.08.2012

* Ba concentration was detectable but below the calibration limit. Elemental analysis was performed on ICP-OES (Arcos) at Eawag,
Dübendorf, Switzerland.

Table 2. Stable oxygen and hydrogen isotope ratios of water samples collected in 2012.
Sample ID

Sampling
date

Location

Sample
character

δ18O (‰
VSMOW)

δD (‰
VSMOW)

d excess

1
2

08.08.2012
10.08.2012

Sifonnaya
Tonnelnaya

3

10.08.2012

Tonnelnaya

4
5
7
8

10.08.2012
10.08.2012
07.08.2012
08.08.2012

9

08.08.2012

10
11
12
13

12.08.2012
12.08.2012
12.08.2012
12.08.2012

Tonnelnaya
Tonnelnaya
Camp Central
Plateau above
Festivalnaya,
N38°23.211’,
E67°16.692’
Plateau above Ulug
Begh, 3750m:
N38°25.721’,
E67°20.100’
Baysun Tau
Baysun Tau
Baysun Tau
Baysun Tau

Syphon
several slow
drips
medium fast
drip
very fast drip
cave lake
karst spring
snow

-9.08
-8.83

-52.90
-51.98

19.7
18.6

-9.02

-52.74

19.4

-8.85
-9.00
-9.90
-6.14

-52.33
-51.93
-59.55
-27.28

18.4
20.1
19.7
21.8

snow

-9.74

-56.37

21.6

rainwater
rainwater
rainwater
rainwater

-1.19
-0.74
0.74
2.39

-3.99
-0.42
-2.39
12.96

5.5
5.5
-8.3
-6.2
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Figure 1. Diagram showing oxygen vs. hydrogen isotope ratios. The GMWL and the EMWL are shown for reference. All Baysun Tau
samples, except the rainwaters, are depleted and plot above the GMWL and are indistinguishable from the EMWL. Rainwater samples
show clear enrichment by secondary evaporation below cloud base.
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HOLOCENE TEMPERATURE FLUCTUATIONS IN CENTRAL EUROPE
RECORDED IN STALAGMITE M6 FROM MILANDRE CAVE,
SWITZERLAND
Anamaria Häuselmann1, Adam Hasenfratz 1,2, Hai Cheng3,4, Lawrence R. Edwards3, Dominik Fleitmann1,5
Institute of Geological Sciences, University of Bern and Oeschger Centre for Climate Change Research, Baltzerstrasse
1+3, CH-3012 Bern, haeuselmann@geo.unibe.ch
2
Geological Institute, ETH Zürich, Sonneggstrasse 5, CH-8092 Zürich
3
Department of Geology and Geophyics, University of Minnesota, 310 Pillsbury Dr. SE, Minneapolis 55455, USA
4
Institute of Global Environmental Change, Xi`an Jiaotong University, Xi`an, Shaanxi 710049, China
5
Department of Archaeology, School of Human and Environmental Sciences, University of Reading, Whiteknights,
PO Box 227, Reading RG6 6AB, Great Britain
1

Here we present new high-resolution oxygen (δ18O) and carbon (δ13C) isotope records obtained from stalagmite M6
(182 cm) from Milandre Cave in Switzerland. Stalagmite M6 covers the entire Holocene and Younger Dryas and provides
the most detailed absolutely-dated temperature-dependent δ18O record of Central Europe.
Stalagmite M6 was collected in Milandre Cave, located in the Ajoie region of the Swiss Jura Mountains (47°30’N; 7°01’E,
400 m asl), an area that is highly sensible to the North Atlantic climatic variations. The cave developed in the limestone
of St.-Ursanne Formation, 30–80 m below the surface. Previous and ongoing studies of the physical and chemical
parameters of the cave and drip water allow us to develop a good understanding of the factors that control the δ18O variation
in the M6 stalagmite.
The sample shows no hiatus and annual laminae are visible in its upper part. 26 230Th/U-ages were measured with the MC
ICPMS technique, using 2 mg powder from well determined layers. Stable isotopes measurements (3,980 samples) were
performed at a resolution of 0.5 mm, corresponding to 2–5 year time interval.
To convert δ18O calcite values into temperature we developed a transfer function by correlating δ18O calcite values to
regional historical temperature reconstructions covering the last 300 years. A variation of 1 ‰ in δ18O corresponds to an
increase of 1 °C in temperature.
We will compare our isotopic and temperature record with other precisely dated climate records on a regional and on a
global scale. The timing of Holocene climate changes in response to climate forcing mechanisms (i.e. solar variability,
volcanism, internal climate dynamics) will be also discussed.
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A MULTIPROXY APPROACH TO RECONSTRUCTING
PALEOENVIRONMENTAL CONDITIONS FROM SPELEOTHEMS
IN BARBADOS TO ADDRESS GROUNDWATER VULNERABILITY
Gilman Ouellette, Jr., Jason S. Polk
Hoffman Environmental Research Institute, Western Kentucky University, Bowling Green, KY, United States of America,
gilman.ouellette763@topper.wku.edu
Water resources on heavily karstified islands such as Barbados are highly sensitive to shifts in precipitation patterns. To
manage water resources most effectively, a solid understanding of regional karst/climate/groundwater interactions is
desirable. To this end, we are developing a high-resolution reconstruction of Holocene precipitation and climate variability
on the island of Barbados from multiple speleothems. Proxy climate records from speleothem stable oxygen isotope records
combined with high-resolution Uranium-series dating will be used on three speleothems collected from two caves on the
island. One half of each speleothem was sampled for uranium-series dating, in order to build a chronology of lamina
deposition. The other half is being sampled for stable isotope analysis (oxygen and carbon) at a 100-micron resolution.
The stalagmite data will be calibrated with a contemporary study of the isotopic signatures of in-situ rainfall, cave dripwater,
and recently deposited calcite. In order to improve the proxy reconstruction and explore the usefulness of non-destructive
analysis that may complement the isotopic data, speleothem samples were analyzed using a non-destructive large chamber
SEM in an attempt to compare lamina growth characteristics and inclusions to the isotopic variability to determine if a
relationship can be established between them along a growth axis. Additionally, differences in lamina mineralogy will be
derived from minimally destructive Raman spectroscopy. The three datasets, including the stable isotopes, SEM, and
Raman data, will be compared at a high-resolution and combined with the U-series dating to develop a chronology of
climatic change in the region. The reconstructed paleoprecipitation patterns will be analyzed using time-series analysis,
elucidating the role major climate influences play in modulating groundwater recharge from changing precipitation
throughout the Late Holocene. The modern precipitation calibration data indicate the climatic conditions operating under
the influence of the current atmospheric-oceanic teleconnections impacting the region, which include the ITCZ, El NinoSouthern Oscillation, and the North Atlantic Oscillation. Interaction among these systems can influence the amount of
rainfall occurring in the area over periods of decades to centuries. This research will help in managing the karst groundwater
resources of Barbados and the Eastern Caribbean in the face of future climate change scenarios.

1. Introduction

variability, as the island’s climate is likely affected by both
higher latitude and tropical climate mechanisms. A better
understanding of global climate change, as well as local
climate variability is essential in assessing potential climatic
impacts on water resources in Barbados (Banner et al.
1996). To fully understand how changes in climate could
affect Barbados, a long-term paleoclimate record is
necessary. Unfortunately paleoclimate records for the island
of Barbados are lacking, and the tropics in general have
received little attention in terms of paleoclimate
reconstructions. While there has been significant research
into the geochemical and hydrogeological properties of the
Barbadian aquifer, the robust climate data needed to assess
the potential future of water resources in the Caribbean is
minimal.

Throughout the spring of 2010, the island of Barbados
experienced a severe water shortage due to persistent
drought conditions. As an isolated island in the Caribbean,
water shortages are a very serious problem for the people
who live in Barbados. Unlike continental nations, if a small
island’s limited surface and groundwater resources are
depleted, there are few alternative sources and little
infrastructure in place for easily importing water from other
regions. The impacts of drought induced water shortage are
even more pronounced thanks to the relatively small area
of the island of Barbados, and the island’s karst geology,
which allows for rapid drainage and impaction from poor
agricultural practices, pollution, and land use changes,
exacerbating drought further. Such drought events can be
devastating, as water is a precious commodity even during
favorable conditions.

The aim of this research is to reconstruct paleoprecipitation
patterns affecting Barbados from oxygen, carbon, and
hydrogen isotope signatures recorded in cave deposits over
the Late Holocene, and identify the driving climatic
influences on these patterns to address potential future water
resource issues. Having a robust understanding of how
interconnected atmospheric-oceanic teleconnections have
affected hydrologic patterns in the past is integral in
understanding how climate shifts in the future can be
expected to affect Barbados’ sensitive supply of freshwater,
particularly groundwater, which comprises over 90% of the
island’s main water source.

Precipitation and water resource issues are not limited to
Barbados, as many islands in the Caribbean region face
similar problems. Though the islands in the Caribbean Sea
are sensitive to significant shifts in precipitation patterns,
there are still questions of what and to what extent different
climatic features and/or teleconnections have influenced
precipitation throughout the Holocene. Barbados lies at the
eastern edge of the Caribbean region; however it is actually
within the Atlantic Ocean. Barbados’s unique situation on
the precipice between the Atlantic Ocean and the Caribbean
Sea makes it a unique place for recording climate

This information is of direct importance to the Barbados
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Water Authority, for managing Barbados’ limited water
resources more effectively, especially in the face of
anthropogenic and natural climate change, growing
population and tourism impacts, and rising sea-level.
Additionally, the tropics have received far less attention in
terms of paleoclimate reconstruction efforts than mid- and
high-latitudes, which detracts from a spatially robust vision
of regional variations in the climate of the Holocene. The
relative lack of long term climate data in the tropics is
especially concerning, as many island nations in the tropics
are uniquely vulnerable to climate related issues such as sea
level rise, coral bleaching, and shifts in marine species
habitats. In addition to the applied value of this research it
provides a unique opportunity to simultaneously improve
the scientific understanding of speleothem ontogeny
through mineralogical analysis of sampled proxies, as well
as improving non-destructive analytical methodologies for
identifying post-depositional sources of error in individual
speleothem proxies so that reconstructions can be improved
while also preserving samples for reanalysis and posterity.
WKU is uniquely equipped through the Advanced Materials
Institute, and Non-Destructive Analysis Center, and Biology
Department’s SEM lab to not only better understand
speleothem proxies and assess them for post-depositional
alterations, but to develop methods with cutting-edge
technologies that are minimally invasive and allow for a
multi-proxy approach that leaves samples intact.

Figure 1. Map of Barbados, with Inset map of the Caribbean Sea.
Harrison’s Cave is labelled and indicated with a red star.

bedrock not only holds economic importance as the setting
for the islands greatest natural attraction (Harrison’s Cave),
but it is also the source of ~90 % of the island’s water
resources. Our sampling sites are located at Harrison’s Cave
and Mekkaman Cave, Barbados.

2. Geography and Geology

3. Methods

Barbados is the easternmost island in the Caribbean region
(Fig. 1), and its climate is shaped by both Caribbean and
Atlantic influences. Barbados itself is ~430 mi2, receives
between 1–2 meters of precipitation annually, and is
characterized by a tropical climate with distinct wet and dry
seasons (Köppen: Am). Barbados experiences a tropical
monsoonal climate, which results in the islands wet and dry
seasons. The island receives 1.4 meters of rainfall annually,
with most of it falling during the wet season (Schomburgk
2001). As an island, the only natural inputs of freshwater to
the country are through rainwater. Estimates of
Barbados’water resources suggest there is a total of
approximately 82 million m3 of fresh water naturally
available on the island. Groundwater refreshed by meteoric
waters accounts for 75.9 million m3 of the total, surface
resevoirs account for 5.8 million m3, and surface streams
account for the last 0.5 million m3 (Schomburgk 2001).
Groundwater withdrawals have yet to be thoroughly
quantified on Barbados. This makes calculations of overall
groundwater flux unreliable. While human use of ground
water resources dramatically affects how much
groundwater is within the island’s karst aquifer at any given
time, the total groundwater that can possibly be used is
modulated by precipitation.

3.1. Precipitation Calibration
In order to understand precipitation fluctuations on
Barbados through out the late Holocene, three speleothem
samples were collected and prepared for use as isotopic and
mineralogical proxies. Speleothem samples were slabbed
and polished. One half of each was hand sampled for U/Th
series dating, while the other half was milled at high
resolution along a transect following the speleothem growth
axes at a 100 µm resolution for stable isotope analysis
(Fig. 2). The radiogenic isotope samples are used to produce
a chronology of speleothem growth. The stable isotope
samples are being analyzed for δ18O and δ13C isotope ratios.
These ratios will be used in conjunction with a modern
calibration study currently being undertaken at our
sampling site in Barbados to reconstruct past precipitation
amounts.
Rainfall amount was measured above Harrison’s Cave at
ten minute intervals since July 2012 using a Texas
Electronics tipping bucket rainguage and an Onset HOBO
event logger. Surface temperature and cave temperature/
relative humidity were measured at ten-minute intervals
using an Onset HOBO temperature and relative humidity
data logger. Drip water and rainwater were collected weekly
at Harrison’s Cave. Tile plates were installed in Harrison’s
Cave and Mekkaman Cave to collect modern calcite
samples. Calibration of modern precipitation to modern
calcite will be used to understand relationships between
dripwater, rainwater, and current climate conditions; this
information is vital in understanding past climate conditions
derived from stalagmite isotope records.

Barbados is an island dominated by karst. The bedrock at
the islands surface is 85 % limestone, formed primarily in
the Pleistocene through the subaerial exposure and
lithification of coral terraces (Donovan and Harper 2005).
These terraces have been uplifted as the island is pushed up
by sediment scraped off of the sea floor as the South
American plate subducts beneath the Caribbean plate. The
karst aquifer that has formed in the islands limestone
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within a calcite cement (Fig. 3). Monocrystaline layers in
HC-1 alternated between dense calcite and inclusion rich
lamina as well.
Table 1. Uranium Thorium series dates obtained for HC-1 and
AH-2. Dates are before the Common Era, Uranium concentrations
are in parts per billion.

Figure 2. AH-2 (Left) and HC-1 (Right) stalagmites from Barbados.
Red line indicates sampling transect.

All stalagmites were Pleistocene in age or younger
(Table 1). HC-1 is 20,898 ± 349 years old; AH-2 is 3,002
± 635 years old. Isotopic and mineralogical analysis using
the Raman and SEM is underway and will provide three
independent techniques to understand the growth dynamics,
mineral formation, and changes in precipitation. Variability
in the oxygen isotope record is likely caused by the amount
effect, given the tropical location, and thus serves as a proxy
for rainfall changes throughout the growth periods of the
stalagmites.

3.2. Non-destructive Analysis
To extract further paleoenvironmental information from our
speleothem proxies, while producing as little damage to the
samples as possible, we analyzed them via Raman
spectroscopy (RS) and large chamber-scanning electron
microscopy (LC-SEM). Analysis was carried out on each
instrument by taking transects of data parallel to the stable
isotope samples along the speleothem growth axes (Fig. 2).
This allows for results to be easily compared with the
isotopic analysis and fit easily within the chronology. RS
was used to assess the mineralogical composition of
speleothem laminae. LC-SEM was used to identify shifts in
bulk chemical composition and examine laminae inclusions.
The expected results from these methods are several
additional data sets that can be compared to our isotopic
analysis to explore potential correlations between laminae
characteristics and isotopic trends (Railsback 1994).

Between July and December of 2012, 139.5 cm of rain fell
at Harrison’s Cave (Fig. 4). The average surface
temperature was 26.4 °C, while the average cave
temperature was 25.9 °C (Fig. 5). The relative humidity at
the sampling site remained at a constant 100 % for the
entirety of the measurement period. Modern calcite
collected at the sampling site in Harrison’s Cave displayed
a growth rate of around three millimeters per year.

3.3. Trend Extraction
To make this research valuable in planning and resource
management, the precipitation reconstruction will be
analyzed for cyclicity via spectral analysis and compared
to published reconstructions of oceanic-atmospheric
teleconnections that potentially influence precipitation
patterns in the region (Ghil et al. 2001). The teleconnections
that are likely most involved in modulating Barbadian
precipitation patterns include the ITCZ, ENSO, AMO, and
the NAO. If specific teleconnections can be identified as
heavily influencing precipitation patterns on Barbados, a
rudimentary predictive model can be produced that can help
guide water resource planning when combined with
teleconnection forecasts.

Figure 3. Detrital silica (a) and clay (b) in an extreme event layer
in HC-1 (Left). Dense calcite layer (bottom left to top right)
between two inclusion rich calcite layers (top left and bottom
right) in AH-2 (Right). Scale bars represent 100 μm.

4. Results
Stalagmite sample AH-2 is dominantly monocrystaline,
with alternating layers of fluid inclusion rich lamina and
dense inclusionless calcite layers. HC-1 is comprised of
units of monocrystaline calcite layers with hiatus and
extreme event layers interspersed. Extreme event layers
contained inclusions of silica sand, and marine invertebrates

Figure 4. Histogram of Precipitation amount at the surface of
Harison’s Cave Barbados between July and December 2012.
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Figure 5. Surface and in-cave temperature at Harrison’s Cave Barbados. The average surface and cave temperatures
varied by less than half a degree C over the period between July and December 2012.

5. Discussion

source of water is precipitation and ultimately their
groundwater. It is crucial that the karst aquifer of Barbados
be properly managed, especially in the face of
anthropogenic climate change.

This research sheds light on the complexity of eastern
Caribbean climate during the late Holocene. Mineralogical
analysis of HC-1 shows a unique history of inundation from
extreme events since the last glacial maximum, while AH-2
shows several hiatuses in the growth axis, and illustrates
flooding events and likely changes in precipitation amount
caused by transition from the last glacial period. Further
dating and analysis will shed light on the growth rates and
trends in precipitation variability.
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The mineralogical analysis of HC-1 illustrated the site’s
vulnerability to the effects of extreme meteorological events
through out the Holocene; analysis of AH-2 shows cycles
of recharge amount through the late Holocene via shifts
between inclusion rich and inclusion free calcite laminae.
Contemporary precipitation and temperature analysis
confirms that cave temperature is within half a degree C of
the average surface temperature and that humidity at the
sample site is virtually always 100%. This is testament to
the stable nature of the microclimate at the sample site
within Harrison’s Cave, and reduces the chances that the
cave environment adversely affected information obtained
from the stalagmite samples.
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GENETIC ALGORITHMS AS CORRELATION TOOLS – SPELEOTHEMS
STABLE ISOTOPE RECORDS AS AN EXAMPLE
J. Pawlak, H. Hercman
Institute of Geological Sciences, Polish Academy of Science, ul. Twarda 51/55 Wasaw, Poland, dzeq@twarda.pan.pl

The isotopic composition of oxygen and carbon in cave speleothems is a valuable source of paleoenvironmental
information. The oxygen isotopic composition reflects the mean annual temperature in the cave area and the isotopic
composition of the infiltering water. The carbon isotopic composition reflects the stage of development of soil and
vegetation type at the surface.
Calcites from cave speleothems can be usually dated by U-series method but these have limitations. One of the most
critical is cleanness of the analysed calcite. Any detrital admixture may cause contamination by initial thorium and dating
results become unreliable. In such a situation there is a problem with the time scale estimation of the isotopic data.
The oxygen stratigraphy of carbonate marine sediments is based on the correlation of oxygen isotopic sequence from
studied profile with the global standard curve. A similar method could be applied to the isotopic profiles obtained from
speleothems. In this case any isotopic record can be correlated with a record which has a well defined age profile. Such
correlations can be made on the basis of arbitrary decisions by the researcher; however, such procedures may be suffer
subjective evaluation. Therefore we decided to develop a tool that will enable the correlation of isotopic profiles.
Speleothems grow with a variable crystallization rate, so similar stretches of time can be represented by deposits of differing
thickness. The process of correlation of isotope curves consists of free shifting of data points (in accordance with the rule
of superposition) belonging to the record with the undetermined age, relative to the record with the well defined age. Each
generated position is evaluated. The best fit is accepted as the true position. Such procedure requires the use of an algorithm,
which is able to efficiently search large (almost infinite) sets of possible positions. The genetic algorithm is a tool that can
find the optimal solution in a set of large number of solutions. On our poster, we will present the genetic algorithm
application for isotopic record correlation. The algorithm constructed was tested on artificial and real data sets (stable
isotope records from speleothems).
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DIFFERENT TYPES OF LAMINAE IN A FLOWSTONE FROM
LA CIGALERE CAVE (PYRENEES, S. FRANCE)
Christine Perrin1,2, Laurent Prestimonaco3
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Aquila Conseil, Zone de la Piche, 11 Avenue Pierre Semard, 31600 Seysses, France
1

Due to its potential link with climate and seasonality, speleothem lamination has attracted growing interest in environmental
studies. We report here different types of lamination analyzed in a flowstone from a high-altitude cave in the French
Pyrenees. The aim of this research is to understand precisely the different mechanisms involved in the formation of the
various types of laminae and to evidence the different parameters controlling their scaling, geometry and stacking pattern.
While aragonite and calcite form the main part of the flowstone, other minerals have been also identified at different scales
(carbonates, oxides and hydroxides, sulfates). Post-depositional diagenesis, in particular aragonite-to-calcite
recrystallization may either alter or emphasize the primary lamination. Lamination pattern include: aragonite-calcite firstand second-order laminae, fluorescent laminae and geochemical laminae occurring either in aragonite or in primary calcite.
These different types of lamination likely reflect fluctutation in dripwater chemistry and drip rates and thereby, are linked
in some way to environmental changes within and outside the cave.

1. Introduction

Ordovician age. Ore deposits occur in rock formations
overlying the cave system and Pb-Zn mining have been
working until the middle of the 20th century.

The occurrence of lamination in speleothems and the idea
that these may formed annually dates back from the first
half of the 20th century (Allison 1926). Lamination is
produced by a repeated variation of a specific character of
the spelean precipitate (arrangement and geometry of
crystals, geochemical content in trace-elements,
mineralogy, UV fluorescence), either in alternating or
sequential order.

The speleothem presented here corresponds to a flowstone
which was sampled close to the porch entrance of the cave.

3. Methods
Following observation of sample slab in reflected light
under the binocular, a set of various analytical techniques
have been used on thin sections and selected small-sized
polished samples to characterize petrography, mineralogy
and trace-element content of the various types of laminae
and analyze their geometry: optical microscopy, UVfluorescence microscopy, secondary and backscatterred
SEM, X-ray Energy dispersive spectrometry (EDS), XRFEDS spectrometry and Raman microspectrometry.

Four different types of laminations have been evidenced in
speleothems, mainly from flowstones and stalagmites:
visible or petrographic laminae resulting from textural
variations of carbonate minerals, calcite-aragonite couplets,
fluorescent laminae, and trace-element laminae (for a
review see Fairchild et al 2007; Baker et al. 2008). While
all these different types of laminae reflect change in
environmental parameters and climate, lamination may
correspond either to supra-annual, annual, or even subannual cycles. The temporal scale of lamination is of
fundamental interest to environmental studies due to its
potential link with regional climate and seasonality.

4. Results
4.1. Mineralogy

The primary objectives of this project are 1) to characterize
the different types of laminae occurring in the studied
flowstone; 2) to document their scaling and geometrical
relationships and 3) to decipher the environmental
parameters controlling the various types of laminae. In the
medium term, the overall aim of this work is the precise
understanding of the successive mechanisms which produce
the various types of laminae and their potential link to
climate at different scales.

Identification of minerals has been performed at different
scales using optical microscopy and Raman
microspectrometry, eventually complemented by EDS
micro-analyses. So, far three main types of minerals have
been characterized in the flowstone. These are carbonates
(aragonite, calcite and smithsonite), oxides and hydroxides
of manganese, and low content of sulfates (anhydrite).
Aragonite and calcite form the majority of the sample.
4.2. Post-depositional diagenetic modifications

2. Location and geological setting

The most obvious diagenetic change is the complete or
partial recrystallization of aragonite layers into lowmagnesian calcite. As such, diagenesis can potentially

La Cigalère Cave is located on the northern side of the
Pyrenees, at an altitude of about 1,700 metres (Ariège, S.
France). The cave is open into limestones and marbles of
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Figures 1–4. 1. First-order mineralogical lamination formed by alternating layers of aragonite (white) and calcite (translucent to
brown), polished slab of flowstone. 2. Interlayering of calcite (white) and aragonite (brown and fibrous), second-oder lamination is
seen in calcite at the bottom of photograph, the layer at the top corresponds to diagenetic calcite (recrystallization of aragonite), thin
section, light microscope, plain-polarized light. 3. Second-order UV-fluorescent lamination in calcite, thin section, light microscope,
UV light. 4. Second-order geochemical lamination resulting from variation of Zn content in calcite, SEM backscattered electron detector.

evidenced when slightly etched polished slab-specimens are
observed with the SEM. This fine-scale lamination is
produced by the stronger effect of etching at preferential
levels in neighbouring aragonite crystals. Differential
response to slight etching is likely caused by minor
variations in geochemical composition.

emphasize or strongly alter the primary lamination, or even
generate lamination.
4.3. Aragonite – calcite lamination
First-order mineralogical lamination is formed by
alternating aragonite and calcite layers, a few mm to 10 mm
in thickness (Fig. 1). Within this pattern, a finer-scale
(second-order) aragonite-calcite lamination is visible with
thin-layers of aragonite occurring in some first-order calcite
layers, and thin-layers of calcite occurring in some firstorder aragonite layers (Fig. 2).

4.6. Second-order geochemical lamination in calcite
Backscattered SEM imaging clearly show alternating 10micron thick laminae occurring in some calcite layers. This
lamination is caused by variations of the Zn content in
calcite (Fig. 4). In some places, the top of these laminated
calcite layers is coated by smithsonite or Zn-oxides /
hydroxides, sometimes forming also a thin lamina.

4.4. Second-order UV-fluorescent lamination
Some calcite layers display fluorescent laminae when
excited with UV-light (Fig. 3). Thickness of the alternating
fluorescent and non-fluorescent laminae varies between a
few to 20 microns.

4.7. Geometrical relationships between the various types
of laminae
Detailed arrangement of the different types of laminations,
including overlapping and particular patterns such as
sequential order, is currently analysed using imaging and
scanning of thin sections at various scales.

4.5. Second-order geochemical lamination in aragonite
A sub-micronic scale layering of aragonite fibres is
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5. Conclusions and on-going research
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On-going research includes precise analysis of the stacking
pattern of the different types of laminae, isotopic
geochemistry, and U-Th dating of the speleothem, which
will help to constrain the timing of lamination, and the
precise understanding of the processes which have
generated this laminated flowstone.
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CLIMATE SIGNIFICANCES OF SPELEOTHEM δ 18O FROM MONSOONAL
CHINA: COMPARISON AND VERIFICATION AMONG STALAGMITE,
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The climatic significance of speleothem δ18O variations in monsoonal China on decadal to annual timescales remains in
debate, which prevent its application in climatic parameters reconstruction in the world’s largest population country. Here,
we analyses an annually layered stalagmite from Xianglong Cave, central China, which contains a seasonal record of δ18O
variations that cover a period of 98 years (1912–2009 AD). The annual δ18O record of XL21 shows close similarities with
local monsoon precipitation variations, suggesting that speleothem δ18O variations in this area were mainly controlled by
monsoon precipitation. Further in situ comparison between speleothem and historical records from another cave in this
area supports the inverse relationship between speleothem δ18O and precipitation variations. The speleothem δ18O records
from central China show anti-phase relationship with the stalagmite δ18O record from India, indicating that the intensity
of the Indian monsoon was not the dominant influence on speleothem δ18O in monsoonal China on decadal and centennial
timescales during the last 750 years.

1. Introduction

did not correlate well with either local precipitation amounts
or local temperature in eastern China. Breitenbach et al.
(2010) also found that the monthly δ18O values did not
correlate with patterns of temperature and rainfall variation
over northeast India, and argued for the importance of the
vapor transport distance. However, most of the rainfall δ18O
data used by Dayem et al. (2010) covered only short periods
and were uncontained, which may preclude a definitive
assessment of the relationship between rainfall δ18O and
climatic parameters (Sinha et al. 2011). The relationship
between rainfall δ18O and climatic parameters may differ
when comparing decadal to annual timescales with synoptic
timescales. For example, Sinha et al. (2011) observed a
significant inverse relationship between stalagmite δ18O
series and regional monsoon rainfall records during the past
100 years in northeast India, and suggested that changes to
the monsoon precipitation amount were the primary source
of δ18O variations in precipitation in this region over
decadal timescales. Tan et al. (2011) also found close
similarities in the semi-humid region of northern China
between a stalagmite δ18O record and nearby precipitation
amounts derived from historical documents spanning the
past 1860 years, supporting the direct relationship between
monsoon precipitation amounts and cave δ18O levels. In
particular, the relative impact of variations in monsoon
precipitation and intensity over India on speleothem δ18O
in monsoonal China (Pausata et al. 2011) has yet to be
determined. A way to resolve this problem is directly
comparing high resolved speleothem δ18O record with
observed meteorological records or other absolute dated
proxy records, which contain clear climatic significances.

During the past decade, speleothem studies from China
have generated great interest among climatologists.
Speleothem oxygen isotope (δ18O) records from China
extend over a period covering the past 500 ka (e.g., Wang
et al. 2001, 2005, 2008; Yuan et al. 2004; Cheng et al. 2009,
2012), and are widely distributed over monsoonal China,
from the Xiaobailong (Cai et al. 2006) and Dongge caves
in the southwest (Yuan et al. 2004; Wang et al. 2005) to the
Sanbao (Wang et al. 2008; Cheng et al. 2009) and Jiuxian
caves (Cai et al. 2010a) in the central region, and from Hulu
Cave in the east (Wang et al. 2001) to Tianmen Cave on the
Tibetan plateau (Cai et al. 2010b). These δ18O records show
consistent variations over orbital to sub-orbital timescales,
with relatively high values during glacial and stadial
periods, but relatively low values during interglacial and
interstadial periods, which mirrors changes seen in
speleothem δ18O records from low-latitude South America
(e.g., Wang et al. 2006; Kanner et al. 2012). The consistent
nature of the pattern of variation in speleothem δ18O values
indicates that they predominantly reflect changes in the
strength of the Asian monsoon on orbital to sub-orbital
timescales, which are dominated by the insolationcontrolled position of the Intertropical Convergence Zone
(ITCZ) (e.g., Yuan et al. 2004; Wang et al. 2006, 2008;
Fleitmann et al. 2007; Cheng et al. 2009).
However, the climatic significance of variations in
speleothem δ18O in monsoonal China over shorter
timescales, such as decadal to annual, remains uncertain
(e.g., Tan 2009a; Cai et al. 2010a; Dayem et al. 2010;
Pausata et al. 2011). Recently, Dayem et al. (2010) analyzed
instrumental measurements of δ18O values in precipitation
from stations in the Global Network of Isotopes in
Precipitation (GNIP), and found that monthly δ18O values

In this study, we analyses an annually layered stalagmite
from Xianglong Cave, central China, which contains a
seasonal record of δ18O variations that cover a period of 98
years (1912–2009 AD). By comparing the stalagmite δ18O
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3. Results and Discussion

time series with meteorological records, we provide robust
evidence to support the hypothesis that monsoon
precipitation controls variations in speleothem δ18O over
decadal to annual timescales in this area. This conclusion
is further confirmed by in situ comparison between
stalagmite and historical records from another cave in this
area.

3.1. Chronology
The uppermost 230Th date obtained from XL21 was 2012
± 9 AD, confirming that active growth was continuing at
the time of collection (Table 1). The high-resolution δ18O
record shows 98 cycles, which is consistent with the visible
lamina counts and also within the margin of error associated
with the 230Th dating (Fig. 2), and this indicates that the
DCL–WPL couplets and δ18O cycles are annual. We used
the δ18O cycles to develop a chronology for the entire δ18O
series obtained from XL21, and found that growth of the
top 2.9 cm of the stalagmite occurred between 1912 AD and
the present day (October 2009 AD; i.e. the time of
sampling). We calculated the arithmetic mean of the annual
δ18O cycles to derive an annually resolved δ18O series (Fig.
3). Small errors may be associated with the annual δ18O
values because the MicroMill device cannot accurately
sample the boundaries of the annual layers. However, these
small errors are not significant over a decadal timescale.

Figure 1. Location of Xianglong Cave and other sites referred to
in the text. GTOPO30 data distributed by U.S. Geological Survey’s
EROS Center (Earth Resources Observation and
Science;http://eros.usgs.gov/#/Find_Data/Products_and_Data_Av
ailable/gtopo30_info) were used to plot the topographic map. ISM
and EASM denote the Indian summer monsoon and the East Asian
summer monsoon, respectively.

2. Cave Location, Sampling, and Methods
Xianglong Cave (33°00’N, 106°20’E, 863 m above sea
level (asl) at the entrance) is located on the southern flank
of the Qinling Mountains, central China, and is strongly
affected by the East Asian monsoon system (Liu et al. 2003,
Fig. 1). The mean annual temperature and precipitation in
this area are 13 °C and 1,100 mm, respectively. Water
balance modeling (Thornthwaite 1948; McCabe and
Markstrom 2007) indicates that the water surplus develops
in this area from April to November, and is at its peak
between July and October. Consequently, recharge of the
aquifer over Xianglong Cave occurs mainly as a result of
summer monsoon precipitation.

Figure 2. (A) The δ18O time series obtained from contiguous
micro-milling at intervals of 50 μm plotted as a function of
distance from the top of XL21. (B) Comparison of age models
derived from counts of visible annual layers, annual δ18O cycles,
and 230Th dates.

3.2. Seasonal variations in stalagmite δ18O values

Stalagmite XL21 was 4.2 cm in length and was collected
about 700 m from the entrance of Xianglong Cave in
October 2009. The top of the stalagmite was receiving drips
when collected. The vertical stalagmite section showed
regular laminae that alternated between a dark, compacted
layer (DCL) and a white, porous layer (WPL). The top
3.1 cm of XL21 was aragonite, but the lithology changed
to calcite below 3.1 cm. Here, we focus on the uppermost
2.9 cm of XL21. A drill was used to recover subsamples
along the growth axis for 230Th dating using inductively
coupled plasma-mass spectroscopy (ICP-MS) (Edwards et
al. 1987; Shen et al. 2002; Cheng et al. 2009). Visible
laminae on the polished surface of the stalagmite were
counted. We obtained 582 samples for oxygen and carbon
isotope analyses at intervals of 50 μm, using a MicroMill
sampling device.

The cyclic nature of the variations in δ18O values in XL21
indicates a clear seasonal influence. The lower δ18O values
correspond to the WPL in XL21, while the higher δ18O
values correspond to the DCL. As XL21 was actively
growing when it was sampled in October 2009 AD, the
uppermost WPL was assumed to have been deposited
during the summer of 2009 AD. Monitoring of precipitation
outside the cave between June 2010 and June 2011 shows
that δ18O values in precipitation are lower during summer
and autumn than during winter and spring (Fig. 4). The δ18O
value of carbonate sediments deposited on a glass plate (at
the site of XL21) between May 2010 and November 2010
AD was –7.00‰, and between December 2010 and March
2011 AD was –6.58‰. This suggests that the lower δ18O
values in XL21 represent summer half-years, while the
higher δ18O values represent winter half-years, although we
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Table 1 U-Th data and 230Th dates for stalagmite XL21.
Sample
Number

238U
(ppb)

232Th
(ppt)

XL21-1A
XL21-1
XL21-2
XL21-3

4685.2±19.5
3601.0±13.1
4507.1±17.7
4925.6±13.2

4057.0±12.7
807.3±16.4
2517.7±51.3
1168.8±23.6

230Th /
232Th
(atomic x10-6)
3.5±0.2
24.9±1.2
30.1±0.8
84.9±2.1

δ234U
(measured)

230Th / 238U
(activity)

324.6±4.2
323.9±3.7
317.4±4.1
322.4±2.7

0.00018±0.00001
0.00034±0.00001
0.00102±0.00002
0.00122±0.00002

230Th Age 230Th Age δ234UInitial 230Th Age
(yr)
(yr BP)
(corrected)
(yr AD)
(uncorrected) (corrected)
(corrected)
15±1
-62±9
324.6±4.2
2012±9
28±1
-37±4
323.9±3.7
1987±4
84±2
12±9
317.4±4.1
1938±9
101±1
36±4
322.5±2.7
1914±4

Note: Analytical errors are 2s of the mean. Decay constant values are: λ230 = 9.1705×10-6 y-1, λ234 = 2.82206×10-6 y-1 (Cheng et al.,
2009) and λ238 = 1.55125×10-10 y-1 (Jaffey et al. 1971). Depths along the growth axes are relative to the top (youngest surface) of the
stalagmite.

are unable to assign calendar months to every δ18O data
point because of the varying growth rate of XL21
throughout the year.

Figure 4. The δ18O values of precipitation at the Xianglong Cave
site between June 2010 and June 2011.

monsoon precipitation was abnormally high (more than ca.
230 % of the average). If this data is excluded, the
similarities between the two series are more evident (Fig. 3).
Lower δ18O values correspond to increased monsoon
precipitation, while higher δ18O values correspond to
decreased monsoon precipitation. For example, monsoon
precipitation follows a decreasing trend from the 1960s to
the mid 1990s, and then increases. The stalagmite δ18O
values show a corresponding increasing and then decreasing
trend. On multi-year to decadal timescales, the lower δ18O
values closely follow high monsoon precipitation in the
early 1960s and 1980s, while the higher δ18O values reflect
low monsoon precipitation in the late 1970s and 1990s.
These comparisons indicate an inverse relationship between
δ18O variations in precipitation/speleothems and monsoon
rainfall amounts in this area, which may be caused by the
amount effect. It appears that changes in the moisture
source and transport pathways (Breitenbach et al. 2010) had
little effect on δ18O variations in precipitation/speleothems,
or possibly that the moisture source and transport paths
were relatively stable in this area during the study period.
However, they may affect δ18O variations in
precipitation/speleothems during extremely wet years, such
as 1981 AD, and disturb the amount effect. This amount
effect, as observed in Xianglong Cave (central China), is
also seen in India (e.g., Sinha et al. 2011), southwest China
(Tan et al. 2012), and at the northern edge of the Asian
summer monsoon area in China (Zhang et al. 2008; Tan et
al. 2011). This differs from the relationship seen in
southeast China, which may be more strongly affected by
changes in the moisture source; i.e. the circulation effect
(Tan 2009a; Maher and Thompson 2012).

Figure 3. Comparison of the XL21 δ18O record with (A) the
observed annual temperature, (B) annual summer monsoon
rainfall (excluding the anomalous data from 1981 AD), (C) the
East Asian monsoon index (Li and Zeng, 2002), and (D) the east–
west shift of the West Pacific Subtropical High (Mu et al. 2001).
All series are three-point moving averages, except the XL21 δ18O
series.

3.3. Comparison between speleothem δ18O record and
instrumental records
To confirm its climatic significance, we compared the XL21
δ18O record with the meteorological precipitation and
temperature records from Ningqiang station (32°49’N,
106°15’E, 803 m asl), the meteorological station nearest to
Xianglong Cave. If temperature is the dominant control on
the δ18O variations recorded in XL21, they would show a
positive correlation (Cai et al. 2010a), considering both the
temperature dependence of δ18O on precipitation (ca.
0.69‰/°C in high latitudes, Dansgaard 1964), and the
temperature dependence of δ18O fractionation in aragonitewater (ca. -0.20‰/°C at 25°C, Kim et al. 2007). However,
this inference is not supported by the comparison. For
example, temperature decreased between the 1960s and
1980s, but the stalagmite δ18O values increased during this
period (Fig. 3). By contrast, the δ18O series show close
similarities with monsoon precipitation (June–October)
variations. The only exception is in 1981 AD, when the

It is well known that the intensity of the East Asian summer
monsoon (EASM) has a significant effect on variations in
monsoon precipitation over East Asia (e.g., Ding 1992). In
addition to the EASM, the activity of the West Pacific
Subtropical High (WPSH) in summer also strongly affects
monsoon precipitation over China (e.g., Huang and Sun,
1992; Mu et al. 2001). While the south–north shift of the
WPSH is closely related to the intensity of the EASM, the
east–west shift is relatively independent (Mu et al. 2001;
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Guo et al. 2004). Figure 3 also shows good agreement
between the XL21 δ18O series and the EASM index (Li and
Zeng, 2002), as well as the east–west shift of the WPSH
(Mu et al. 2001). When the WPSH moves westward, the
area containing Xianglong Cave is under the control of the
WPSH. Meanwhile, if the EASM is weak, less moisture
will be delivered to the area, which reduces the monsoon
precipitation and causes enrichment of δ18O in speleothems.
In contrast, when the WPSH moves eastward, convective
activity occurs on the western margin of the WPSH, such
as the area around Xianglong Cave. If the EASM is strong,
more moisture will be delivered, which will increase
monsoon precipitation in this area, and result in depleted
speleothem δ18O.
3.4. Comparison between speleothem δ18O record and
historical records
Figure 5.(A) Drought events recorded by ancient inscriptions
inside Dayu Cave. The yellow panes indicate the dates of the
inscriptions, and the red panes indicate drought records. (B)
Comparison between drought events and the speleothem δ18O
record from Dayu Cave. The black dots indicate visits recorded
in the cave, and the yellow squares indicate six drought events.
The red line represents local monsoon rainfall (Jun.–Oct.).

Evidence supporting this inverse relationship between the
speleothem δ18O and precipitation variations in this area is
also provided by ancient inscriptions inside Dayu Cave,
15 km north of Xianglong Cave. These inscriptions indicate
at least 72 visits to the cave, with the earliest visit occurred
in 1193 AD. Most of this visits occurred during the Ming
(1368–1644 AD) and Qing (1644–1911 AD) Dynasties.
Among these inscriptions, six drought events are clearly
recorded (Fig. 5). They occurred in 1525 AD (the 4th year
of the Emperor Jiajing period, Ming Dynasty), 1596 AD
(the 24th year of the Emperor Wanli period, Ming Dynasty),
1707 AD (the 46th year of the Emperor Kangxi period, Qing
Dynasty), 1756 AD (the 21st year of the Emperor Qianlong
period, Qing Dynasty), and 1891 AD and 1894 AD (the 17th
and 20th years, respectively, of the Emperor Guangxu
period, Qing Dynasty). Of note, the drought events show
good agreement with the speleothem δ18O record from
Dayu Cave (Tan et al. 2009b). When droughts occurred,
higher δ18O values were recorded in the speleothem (Fig.
5). The first in situ comparison between stalagmite and
historical records further supports the inverse relationship
between speleothem δ18O and precipitation variations in this
area.

Indian monsoon during Heinrich events caused isotopically
heavier precipitation over India, and the export of
isotopically enriched water vapor to China, resulting in
enriched speleothem δ18O in monsoonal China. Here we test
if the variations in speleothem δ18O in monsoonal China
were driven by varying monsoon precipitation over India
over shorter timescales. We compared our XL21 δ18O series
with the monsoon rainfall index for the whole of India,
which is regarded as the intensity of the Indian monsoon
(Parthasarathy et al. 1995), and with the stalagmite δ18O
series from the core monsoon zone of India (Sinha et al.
2011). As shown in Figure 6, the stalagmite δ18O variations
from India resemble the Indian monsoon rainfall variations,
indicating a significant amount effect of precipitation
oxygen isotope in Indian monsoon region. However, no
similarities are observed between the XL21 δ18O series and
the stalagmite δ18O record from India, or the Indian
monsoon rainfall index. In fact, they show anti-phase
variations during most of the past 100 years. This inverse
relationship between the stalagmite δ18O records from
central China and India also exists on a centennial
timescale. As also shown in Figure 6, the stalagmite δ18O
record from Dayu Cave (Tan et al. 2009b) exhibits antiphase variability with the composited stalagmite δ18O
record from India (Sinha et al. 2011) at a centennial scale
over the past 750 years. Xu et al. (2007) found that the
precipitation intensity of the East Asian summer monsoon
was inversely related to that of the Indian monsoon on
decadal to multi-decadal scales during the past 500 years,
and suggested that the decadal to multi-decadal variability
of ENSO may be responsible for this inverse relationship
(Xu et al. 2007, and references therein). Overall, these
comparisons suggest that the intensity of the Indian
monsoon was not the dominant control on speleothem δ18O
variations in monsoonal China over centennial to decadal
timescales.

3.5. Regional differences in stalagmite δ18O from China
and India
The 750-yr speleothem δ18O record from Dayu Cave show
notable decreased values during the Little Ice Age (LIA),
which indicates wet conditions during this period (Tan et
al. 2009b). The wet LIA climate was also seen in a pollenreconstructed rainfall record from peat of Dajiu Lake in
central China (He et al. 2003). However, the speleothem
δ18O records from Wanxiang (Zhang et al. 2008) and
Huangye Cave (Tan et al. 2011) in the north margin of the
Asian monsoon show remarkable increased values during
the LIA, and the historical record from this area also show
remarkable dry climate (Tan et al. 2008). The anti-phase
relationship indicates significant regional differences in
speleothem δ18O and precipitation in monsoonal China on
centennial timescale.
Recently, Pausata et al. (2011) suggested that reduced
precipitation over the Indian basin and the weakening of the
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Preface
Dear readers, the Proceedings volumes you are holding in
your hands were issued within the 16th International Congress
of Speleology (hereafter 16thICS) on July 21–28, 2013 in
Brno, Czech Republic. Let us welcome you to its reading.
In total, over 320 contributions (over 250 oral presentations
and over 70 posters) by more than 750 authors have been
received to be included within the Congress Proceedings.
This represents over 2,300 received e-mails and a similar
number of responses during the last 6 months, approximately
4,300 electronic files and over 1,450 printed pages of the
text. To put it simply, “really, really much interesting stuff
concerned with cave and karst subject”. The author’s
guidelines stipulated that the particular contributions should
not exceed 6 pages of text and we were delighted to find that
most authors prepared contributions close to this upper limit.
Only very few contributions did not exceed one page of text.
This illustrates a clear willingness of the cavers and karst
scientist to share their discoveries and research conclusions.

last mentioned session you can also find a small part devoted
to extraterrestrial karst. Volume I is ended by a relatively large
portion of biology-oriented papers placed within the session
“Biospeleology, Geomicrobiology and Ecology”.

The presented contributions (abstracts/papers) stand for both
oral and poster presentations as indicated in the headings.
Contributions in each session are arranged alphabetically by
the last name of the first author. All contributions were
reviewed from the viewpoint of technical quality and scientific
content by members of the scientific committee and invited
reviewers. The authors had the opportunity to revise their
papers in response to reviewer’s comments and we were
pleased to see that the reviews have improved the clarity and
readability of the contributions. However, profound
improvement of the English language could not be arranged
due to the shortage of time and insufficient human resources;
the authors themselves are therefore responsible for the
linguistic level of their contributions.

Volume III also starts with traditional, heavily attended topics
organized in two sessions: “Karst and Caves in Carbonate
Rocks, Salt and Gypsum” and “Karst and Caves in Other
Rocks, Pseudokarst”. These topics are supplemented by the
related session “Speleogenesis”. This last volume of the
Proceedings is ended by the study of cave minerals, included
in a specific session “Cave Minerals”.

Volume II contains the traditionally heavily attended session
“Exploration and Cave Techniques” and by the related
session “Speleological Research and Activities in Artificial
Underground”. These exploration topics are, we believe,
logically supplemented with contributions from the field of
“Karst and Cave Survey, Mapping and Data Processing”. The
content of the second Volume is completed with a somewhat
more specialized session “Modelling in Karst and Cave
Environments” and with session “Cave Climate and
Paleoclimate Record”. The last mentioned session probably
better fits to the end of Volume III, but it was placed into
Volume II in order to reach balance in the extent of the
individual volumes.

It is clear already from the previous ICS meetings that the
range of the published topics becomes wider and wider,
including localities in the whole world but also – owing to the
access to high-quality spacecraft images – from other
planets. The range of the instrumental, analytical and
software methods employed in cave and karst research is
remarkable and shows that the topic of “cave & karst
exploration“ attracts an ever increasing number of
researchers even from already established scientific
disciplines.

Thirteen thematically different sessions and six special
sessions were scheduled within the call for your contributions
to cover the whole range of subjects to be discussed within
the wide scope of the 16thICS. The low number of
contributions for some of these “detailed” sessions
necessitated their merging with others. As a result, eleven
original and three joint sessions are presented within the
Proceedings. The contributions were grouped into three
separate volumes. The purpose of this arrangement was that
each particular Volume is filled with a certain logical hierarchy
of topics, and that related topics are presented together. It
was also the intention that the content of each Volume is
topically balanced and contains both generally interesting
(popular) topics with rich photographic documentation and
hardcore scientific topics dominated by tables and plots.

Let us also say a few words about the selection of the cover
photos for the Proceedings volumes. The idea was to select
such photos which would best represent all topics (especially
those enjoying the highest interest) in each particular volume
and be of high technical quality. Since we believe the cover
page is a place for a serious presentation of the inner content,
we made our selection from photos used in the presented
papers. In one case the additional photo was requested to
get a better representation of the topic. For our purpose, we
decided to place several photos on the cover page of each
volume. We hope that you enjoy them.
We wish to take this opportunity to apologize for the all
mistakes which might have possibly originated within the
operations with different versions of the manuscripts and
other related files and e-mails which passed through our
computers. We believe that everybody find their interesting
reading in the Proceedings and we wish that the whole
publication (Volumes I–III) becomes a valuable record of the
16th meeting of enthusiasts addicted to the fascination of the
underground world.

Volume I starts with three plenary lectures representing
three global topics related to 16thICS subject. Further it
contains papers concerned with history of research (session
“History of Speleology and Karst Research”), archeology and
paleontology (sessions “Archaeology and Paleontology in
Caves”), topics focused on management and preservation of
caves and karst areas and other social-related aspects
(sessions “Protection and Management of Karst, Education”;
“Karst and Caves: Social Aspects and Other Topics”). In the

10

2013 ICS Proceedings

Finally we wish to thank all the authors for their contributions.
Enormous thanks belong to the reviewers and especially
convenors (members of the scientific committee) of the
particular sessions for their time and effort in the
improvement of the overall message of the texts. We also
wish to thank Michal Molhanec who significantly helped with
the on-line form for the contribution submission, to Jiří
Adamovič who repeatedly helped us with the improvement
of our English, and to Jan Spružina, Zdeněk Motyčka, Jana
Holubcová, and Renata Filippi who contributed to the
preparation of the Proceedings.
After the few introductory words, let’s now enjoy the papers
from localities all over the world, presenting all forms of
activities in karst, caves and other related surface and
subsurface environments!

Michal Filippi and Pavel Bosák
Proceedings editors
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KARST HYDROGEOLOGY OF THE HANEY LIMESTONE,
SOUTH-CENTRAL KENTUCKY
Sarah M. Arpin, Christopher G. Groves
Hoffman Environmental Research Institute, Department of Geography and Geology, Western Kentucky
University, Bowling Green, KY 42101, USA, sarah.arpin759@topper.wku.edu, chris.groves@wku.edu
South-central Kentucky has one of the world’s most intensively studied karst areas, with most work focusing on the
Mammoth Cave System and its aquifers. However, slightly higher in the stratigraphic section than Mammoth Cave, the
Haney Limestone is an important but less well studied carbonate aquifer. This research provides the first comprehensive
hydrogeologic description of the Haney Limestone, synthesizing patterns of the cave and karst features developed within.
Joints are the most dominant control on passage development in the Haney Limestone within the study area; when
considered together the orientation of these joints is consistent with the orientation of regional joint sets. There is evidence
that the spaces along these joints in some cases may have been were enlarged by stress release fracturing. Bedding planes
and the presence of insoluble rock at the base of the Haney also exert significant control on conduit development in the
Haney Limestone. The strong influence of joints on conduit development in the Haney Limestone contrasts with the major
caves of the St. Louis, Ste. Genevieve, and Girkin Limestones below, in which bedding planes are a dominant influence.
Most of the caves of the study area developed in the Haney Limestone are single-conduit caves that receive water through
direct, allogenic sources. Cave entrances are frequently perennial spring resurgences; whereas the presence of active
streams suggests that the caves are a function of the current landscape, acting as drains for localized recharge areas. The
hydrology of the Haney Limestone plays an important, if localized, role in the regional hydrology of south-central
Kentucky; integrated into the current system of surface and subsurface drainage of the regional karst landscape. Evidence
supports the idea that caves of the Haney Limestone are, geologically, relatively recent phenomena. A majority of the
caves in the study area are hydrologically active, the water resurging from the sampled springs is undersaturated with
respect to limestone, and the caves are developed along potential stress release fractures associated with small, relatively
young valleys. This suggests that caves in the Haney Limestone were not directly influenced by the incision of the Green
River, like Mammoth Cave, but that cave development is a much more recent process.
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AN INTRODUCTION TO KALAHROUD CAVE,
NORTH OF ESFAHAN, IRAN
Shirin Bahadorinia1, Sayed Hassen Hejazi1, Alireza Nadimi2, Derek Ford3
Department of Geology, Islamic Azad University, Khorasgan Branch, Esfahan, Iran, sbahadorinia@gmail.com
2
Department of Geology, Isfahan University, Esfahan, Iran
3
School of Geography and Earth Sciences, McMaster University, Canada

1

Kalahroud Cave (Lat. 33° 22’ 21” N, Long. 51° 34’ 35” W, at 2,300 m a.s.l. near the village of Kalahroud, Esfahan Province,
Iran) is an interesting and complex cave formed in Cretaceous limestones. It is located on the southwestern boundary of
high mountains of the Urmiyeh-Dokhtar magmatic belt of Iran, which is a dramatically faulted, active tectonic area. The
cave has formed in the foot wall of the Kalahroud Thrust. The limestones are thick to massively bedded but contain thinner
shales, are locally tectonized, and are overlain (capped) by insoluble strata. Stratal dip is approximately 15°. The cave
entrance is in cliffs ~25 m above the floor of a strike-aligned river valley with a channel active only in rare storms. The
region is semi-arid, with only 51.8 mm average annual precipitation and a mean temperature of 22.1 °C.
The explored cave is ~200 m in length and has three morphologically distinct parts. From the entrance a steep breakdown
passage extends broadly down dip to a depth of ~50 m. There the form changes to two large solution notch chambers
beveling the dipping strata, with multiple notches, solution pockets and pendants, tapering ramiform extensions upwards
and laterally, and blind pits in the floors. Two constricted joint-guided tributaries enter at the notching level that display
irregular phreatic form, including slow flow scalloping, and terminations in blind pits. There were a-periodic pools many
metres in diameter in the main chambers, indicated by stranded calcite raft debris and many conulites built up to precise
paleo-water surfaces. On a visit shortly after rains in April 2012 one small pool with some raft accretion was found.
There is a variety of chemical and clastic sediments in the cave. Precipitates include the calcite rafts, widespread popcorn
and cave coral on walls and pits, anthodites, frostwork associated with ferruginous shale bands, and dogtooth spar. Very
significantly, cemented rinds of highly weathered bedrock overlain by dense layered calcite are the oldest chemical deposits,
reminiscent of those in Wind Cave, South Dakota, USA. ICPMS U-Series dating (courtesy of the Department of Earth
Sciences, Oxford University, UK) shows that the oldest rafts in the largest pool are ~ 9,000 y B.P. in age, and the uppermost
are modern. Clastic sediments are limited to breakdown and colluvial debris flows in the entrance passage, abundant clay
fines in the notch chambers and tributaries. There do not appear to be any vadose stream deposits.
From field observations, two main factors in cave development were tectonic uplift and deformation facilitating
groundwater circulation, and dissolution with prominent rest levels (notching). Surface river entrenchment has drained
and truncated the upper cave and there is only net deposition in the notch chambers. It appears that Kalahroud Cave is a
hypogene cave, but further studies are required to prove this.
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CAVE SYSTEM OF KITA GAĆEŠINA – DRAŽENOVA PUHALJKA
THE LONGEST CAVE IN THE DINARIC KARST
Teo Barišić, Darko Bakšić, Dalibor Paar
The Speleological Committee of the Croatian Mountaineering Association, Kozarčeva 22, Zagreb, Croatia
teobarisic@gmail.com, baksic@sumfak.hr, dpaar@phy.hr
The Croatian cavers have continued to explore the Crnopac Massif, the most northern, the highest and the most karstified
part of the south-eastern Velebit mountain ridge known thanks to its underground karst phenomena. In more than 8 years
of intensive research Cave system of Kita Gaćešina – Drazenova puhaljka reached the length of 23,334 m, depth of
737 m and became the Croatian and Dinaric karst longest cave. Speleologists have done some geomorphological research,
microclimatic and radon concentracion measurements, collecting and analysing some animal species. The whole area
shows enormous speleological and tourism potential.

1. Introduction

In higher parts of the massif, mentioned rocks are covered
with Oligocene to Lower Miocene carbonate breccias,
probably deposited on the flanks of tectonically uplifted
areas during older tectonic phase (Korbar 2009).

The Dinaric karst form a mountain chain in the Southern
Europe, spanning areas of Slovenia, Croatia, Bosnia and
Herzegovina, Serbia, Albania and Montenegro. They extend
for 645 km along the coast of the Adriatic Sea (northwestsoutheast), from the Julian Alps in the northwest down to
the Šar-Korab Massif. The highest mountain of the Dinaric
Karst is Mount Prokletije, located on the border of eastern
Montenegro and northern Albania (2,692 m a.s.l.).
The Dinaric Karst is the fifth most rugged and extensively
mountainous area of Europe after the Caucasus Mountains,
Alps, Pyrenees and Scandinavian Mountains.
The Dinarides are known as a place of origin of term karst,
the German name for Kras, a region in Slovenia partially
extending into Italy, where the first scientific research of
karst topography was made. This includes use of Croatian
karst phenomena terms such as ponor, dolina, polje, jama,
etc., in international geological vocabulary.
Dinaric karst is also the top of hotspots of world’s
subterranean biodiversity. The Postojnska Cave, described
for the first time in 17th century is one of the famous and
oldest tourist caves in the World. Since that time it was also
known as the longest Dinaric cave.

Figure 1. Geology of Crnopac Massif.

Due to dominantly carbonate structure of this part of
Velebit, waters flow subterraneous through the Crnopac
Massif generally southwards. Underground waters get
water from sinking streams that come from karst polje in
Lika and Gračac areas and appear in springs on right side
of Zrmanja and Krupa river valleys.

In last few decades, number of speleological explorations
in whole area grows. Hundreds of cavers in each country
have found new caving attractive zones with deep and long
caves.
The Crnopac Massif in Croatia is the most northern, the
highest and the most karstified part of the south-eastern
Velebit mountain ridge (part of Dinaric coastal mountainous
karst). Numerous surface and underground karst
phenomena are characteristic, including Cave system of
Kita Gaćešina – Draženova puhaljka, since 2011 – the
Dinaric longest cave.

In such conditions, polygenetic multilevel caves have
developed. Speleogenesis of the caves in the Crnopac
Massif probably have lasted continuously from the
beginning of the massif uplift (Upper Miocene).

2. Crnopac Massif

Mechanical properties of the Oligocene to Lower Miocene
carbonate breccias (Jelar breccias) play a significant role in
the cave morphology. Low frequency of cracks and joints
in these massive breccias enables the preservation of
underground passages and chambers of very large
dimensions.

The Crnopac Massif is situated between higher terrain of
the Gračac Polje on the north and Zrmanja and Krupa river
valleys on the South and East. The massif is built of thick
upper Triassic, Jurassic and Cretaceous carbonate deposits.

The most important caves of the Crnopac Massif are
Munižaba (9,318 m, -510 m, volume 2.3 millions of m3).
Cave system Kita Gaćešina – Draženova puhaljka
(23,334 m, -737 m, volume 1.3 millions of m3), Burinka
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Figure 2. Projected section of large caves in Crnopac Massif: N–S.

(930 m, -290 m, volume 1.1 millions of m3), Gornja (Upper
Cave) (1,292 m) and Donja (Lower Cave) Cerovačka
pećina (2,779 m), and Muda Labudova (2,490 m, -680 m).

Draženova puhaljka pit was found in 2005 (the SS
Željezničar), and 2009 connected to Kita Gaćešina. In 2010,
the system became the longest cave in Croatia and 2011 the
longest in Dinarides. Eighty-one explorations conducted by
cavers of the almost every caving club in Croatia brought
the total length of 23,334 m and placed system on the list
of 200 World longest caves. Caving accidents in 2011 and
2012 caused two most complex cave rescue operations in
Croatia ever with two blissfully happy ends.

3. History of explorations
While the Upper Cerovačka Cave entrance was known to
local people, Lower cave entrance was found during the
railway building in 1913. New found cave brought large
quantities of archaeological findings, sites of the cave bear,
cave lion and amazing speleothem forms. Both caves in a
total length of 4 km become most popular tourist cave site
in Croatia.

4. Cave system Kita Gaćešina – Draženova
puhaljka (KG–DP)
Cave system of KG–DP is a network of multiphase cave
passages, remnants of various levels of paleodrainage
systems that conducted waters from the higher terrain to the
base level springs on the south and south-east. Older
phreatic and epiphreatic channels are frequently crossed by
younger invasion vadose shafts, which provide entrances
and also connections between different levels. These are
three main levels in the system. The highest one
approximately at 800 m is developed in Jelar breccias. The
middle one is approximately at 600 m, similar to Cerovačke
caves and the Munižaba Cave. Even not in breccias, this
level also characteristics large passages, result of
simultaneous collapsing and removing of collapsed material
by big underground water flows during the hydrologically
active phase of their development. The lowest level
(250–400 m) is inclined according to carbonate layer
inclination (-20 to -35°, SW).

Modern cave explorations with rope techniques started in
late seventies. Year after year just a few cavers succeeded
to rich summit plateau. Members of Speleological section
(SS) Željezničar (Zagreb) in cooperation with others clubs
have found impressive chambers in Burinka (160 × 90 ×
90 m), Munižaba (185 × 60 × 70 m) and Veliko Grotlo pit
(100 × 85 × 130 m). War in Croatia stopped further caving
activity.
Explorations continued few years after the end of the war.
Members of SS Željezničar have found dozens of new pits
and caves (Michelangelo pit -274 m, Alibabina jama
-218 m, Muda Labudova pit -680 m). Today, there are more
than 250 known caves on the Crnopac. The SS PDS Velebit
(Zagreb) continued exploration of Munižaba channels with
massive use of alpine techniques; drilling, bolting and
spending a lot of time in underground camps what led to
the total length of more than 9 km. Using the cave diving
techniques, the DDISKF Dinaridi explored Kusa iI Cave
(3,010 m) and Krnjeza spring (sump, -106 m) in Zrmanja
and Krupa river valleys – the outputs of hydrologic system.
In 2004, cavers from the SS St. Mihovil (Šibenik) found
lower entrance of Cave system of Kita Gaćešina –
Draženova puhaljka. Cavers from the SS PDS Velebit and
SS Mosor (Split) join them and new cave rapidly grew up.

Lower entrance (Kita Gaćešina) is at 920 m, and the higher
one (Draženova puhaljka) at 985 m a.s.l. The lowest point
(-737 m) is at 248 m a.s.l. what means almost 300 m lower
than the Gračac Polje (545) and its sinkholes. All water in
system is the rainwater or melted water from ice and snow
caves in the Crnopac Massif. Permanent water stream –
Gračac Polje drainage system haven’t been found yet.

Figure 3. Cave system of Kita Gaćešina – Draženova puhaljka – 3D view.
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Figure 4. Plans of largest caves on Crnopac Mt.

7. Nature Protection and tourism potential

The KG–DP cave system in almost all parts and many
surrounding caves characteristics strong air flow. In
permanent air pressure during the summer it tends to came
out from the entrances and during the winter its changes the
direction. Cold air flows lowers the temperature and create
ice speleothemes in areas close to the entrances. There must
be some higher entrances placed close to the top of the
Crnopac Massif (1,402 m a.s.l.) and connected to the lowest
parts of the system. Measured temperatures in system vary
from 3.7 to 5.4 °C.

Existing known values, diversity of forest cover and
extraordinary landscapes with existing near tourist centers
makes exceptional tourism potential. Opening of the forest
road construction has made the area more accessible but in
karst areas hitherto untouched forests have been felled.
Speleological research results presentation initiates idea of
establishing a more nature protection zone – Speleological
Park Crnopac what become one of the Zadar County goals
(SPARC project). For now, cavers have succeed to stop
intensive logging

5. Biospeleological research
8. Conclusion

Biospeleologists collected KG–DP cave system fauna
material only twice and collected 20 different species. First
interpretation of results showed that organisms are similar
to surrounding caves that were visited much more times by
the biospeleologists. Some data still wait to be explained
and there are some indications that there must be at least
one new speciae.

Croatian cavers have found more than 250 caves, dozens
kilometers of subterranean channels and impressive
chambers showing Crnopac massif remarkable
geomorphologic phenomena. In more than 8 years of
intensive research Cave system of Kita Gaćešina –
Drazenova puhaljka reached the length of 23,334 m, depth
of -737 m and became longest cave in Croatia and Dinaric
Karst. The whole area shows high speleological and tourism
potential

Cavers were collecting remains of cave bats and it is
confirmed that at least 8 different bats lived in the cave system.

Despite
undertaken
geomorphological
research,
microclimatic measurements, radon, physico-chemical
analysis of water, the collection and analysis of animal
species, we can say that the systematic scientific
investigation of the whole area is still in its infancy.

6. Measurements of radon concentration
Measurements of radon concentration were performed
during 6 months in the upper level of the system at
7 locations. Concentration range, between 514 and
1,220 Bq.m-3 and it is higher during summer. These values
are comparable with the results of measurements in the deep
pits of the northern Velebit (Paar et al. 2008) and
significantly lower than the concentration of radon in
Žumberak caves (Paar et al. 2005). In complex caves like
Kita Gaćešina, there is no simple connection of radon
concentration with ground surface climate conditions.
Future investigations will try to connect radon dynamic
with cave microclimate and geology.
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Abstract. In 2011, to celebrate their 40th anniversary, the Préalpes Fribourgeoises Caving Club (SCPF) of the Swiss Society
of Speleology set out to explore the Colombian depths of South America. Following the discoveries made in 2011 in the
El Peñon karstic field located in the state of Santander, a second expedition was launched in January–February 2012. The
Colombia reveals a country with a rich speleological heritage. As proof 10 km of galleries were discovered in a few weeks
by a Swiss-Colombian team: the labyrinthine karst found at over 2,500 m, pastures punctuated by thick forests, tropical
mists, imposing verticals where cave-dwelling birds of prey circle, mysterious rumbling underground rivers and fossil
galleries with beautiful concretions. This article summarizes the discoveries made in 2011–2012 and makes a first attempt
to define the geological and hydrogeological context of the area.
Abstrait. En 2011, à l’occasion de ses 40 ans d’existence, le Spéléo-Club des Préalpes Fribourgeoises (SCPF) de la Société
Suisse de Spéléologie s’est lancé à la conquête des abîmes sud-américains de Colombie. Suite aux découvertes réalisées
en 2011 dans le massif karstique d’El Penon, situé dans l’état de Santander, une seconde expédition a vu le jour en janvier–
février 2012. La Colombie se révèle un pays au riche patrimoine spéléologique. Pour preuves, 10 km de galeries ont été
découvertes en quelques semaines par une équipe suisso-colombienne: karst labyrinthique à plus de 2,500 m d’altitude,
pâturages entrecoupés d’une épaisse forêt, brumes tropicales, grandes verticales imposantes où tournoient les rapaces
cavernicoles, rivières souterraines mystérieuses et grondantes et galeries fossiles magnifiquement concrétionnées. Cet
article résume les découvertes faites en 2011–2012 et fait un premier essai d’interprétation géologique et hydrogéologique
de la zone explorée.

1. Introduction

cave of 120 m), remapped during Speleo Colombia in 2011
and various other caves. During the next 30 years various
scientific authors became interested in Colombian karst but
it was not until 1975 that a Polish caving expedition
explored 24 caves using modern equipment.

In 2011, the Préalpes fribourgeoises caving club (SCPF)
decided to start an exploration of the Colombian karst.
Together with Colombian cavers, they find the unexplored
and interesting El Peñon karstic area. After a successful first
expedition in February–March 2011 and the very friendly
welcome of the local people, a second expedition was setup at the beginning of 2012. During both expeditions, more
than 10 km of galleries were discovered and documented
by the Swiss-Colombian team.
The karst is located at an altitude of over than 2,500 m
under pasture, thick forest and tropical mists. The climate
of the area is humid to very humid. The high annual
precipitations between 2.5 to 3 m combined to the
favourable geology are ideal for the development of major
cave systems. The anticline formed by the limestones of the
Rosablanca Formation is drilled by imposing vertical pits
and traversed by imposing decorated horizontal galleries.
The speleological potential proves to be important and the
two expeditions to date in this region have only scratched
the surface.

In 1977 a single reconnaissance expedition of the
Colombian karst was carried out by the Speleological
Group of Nice (France; Hof 1977). Three months of on-site
presence resulted in an impressive work of exploration and
data compilation extending over almost the entire country.
More than 100 caves and pit caves were visited, explored
and mapped. The Hermosura region, close to El Penon,
drew attention for the first time, and two large pit caves –
including the Hoyo del Aguila (-149 m, 105 m pit) – were
explored. Other French and American incursions, more or
less related to mineral and oil research, were occasionally
reported later, without it being possible to find published
material. For example, the list of the largest caves in the
world indicates that the longest Colombian cave is the
Hermosura Sistema (4,926 m, -193 m). However, the
bibliographic references, the geographical location and
topography currently cannot be found.

2. Short history of caving in Colombia

3. Geography and geology

The Colombian caves situated on the high central plateaux
or in the low south-eastern forests were known to the Indian
civilisations that used them as burial places and refuges.
The first descriptions of caves, often picturesque made by
foreign travellers, date from the mid-19th century. In 1878
Alexander von Humboldt published a work on the rifts and
caves of the Cordillera. Various caves are mentioned in the
first half of the 20th century but it was in 1940 that Luis
Cuervo Marquez described the famous Hoyo del Aire (a pit

The El Peñon Massif (cities of El Peñon and Bolivar, see
Fig. 1) is located in the Santander State in the Eastern
Cordillera of the Andes in Colombia about 160 km North
of Bogota city.
The area is sparsely populated and the few localities found
here have only FWD cars or even no car access. The
community of El Penon is only 50 years old and the access
road is only a few decades old.
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In caves, rivers, lakes or impenetrable siphons can be
observed at different levels. The lack of flooding cue in
caves despite the high precipitation indicates that the water
flow is certainly rapidly spread over the whole massif.
3.3. Geology
Lithologically, the Cretaceous limestone extends over
several hundred kilometers between cities of Bogota and
Bucamaranga at altitudes between 50 and 3,000 m. The
karst and all discovered caves of El Peñon and surrounding
areas are located in the Lower Cretaceous Rosablanca
Formation (Late Valanginian–Early Hauterivian). The
thickness of the whole formation can reach 400 m (Guerrero
2002). As described on Figure 2, it is composed of a
succession of grey dolomites, grey limestones, brown
limestones, marls, sandstone and finally limestone on the
top (Guerrero 2002; Mendoza-Parada et al. 2009; Toussaint
1996). Based on our observations in the Panama Valley, the
caves of El Peñon area seem to be located in the lowermiddle part of the Rosablanca Formation in the grey and
brown limestones. In some area, the thickness of this lower
part of the formation can reach 200 m (Guerrero 2002).

Figure 1. Location of El Peñon Massif and Santander Department
in Colombia.

The studied area lies at altitudes between 3,000 m in the
SW and lower than 1,000 m in the NE. The southern part is
bounded by a huge cliff on the Panama deep incised valley.
From the SW to NE, the massif dips slowly down. In the
NW, it dips fast to 400 m and then reaches the Magdalena
Plain at 100 m.
3.1. Climate
The climate is humid and annual precipitation is about 2.25
to 3 m. The mean annual temperature is about 22 °C
(Pabón-Caicedo et al. 2001).
Figure 2. Rosablanca Formation in the Mesa de los Santos area
(Toussaint 1996).

3.2. Hydrology – hydrogeology
The karstic hydrogeological systems of the area have been
little studied at present.

Structurally, the El Peñon area is located on a main anticline
structure with secondary folds forming the plateau where
the caves are located. The main fold axis is dipping slightly
to the NNE. As described by Coletta et al. (1990). The
Velez–El Peñon area is a large pop-up structure bordered
by two opposite verging thrust fault involving Jurrassic and
pre-Jurassic structure. The west verging thrusts are located
to the West of the El Peñon Area. The Cretaceous-Jurassic
deposits thrust over Tertiary deposits.

Based on maps and satellite images, some watersprings
seem to spread out along the W–NW cliff of the Massif but
they were still not observed. No major karst spring has been
found yet.
On the El Peñon Massif, small rivers are present. They flow
out of cave and they generally rapidly disappear by
infiltration in doline or directly in other cave. The El Peñon
area is surrounded by the Rio Dorada to the S and W and
by the Rio Horta to the NW and N. They seem to drain the
main part of the water of the massif and they both join at
an altitude of 385 m.

Geographical, hydrological and geological settings points
on a speleological potential of more than 2,500 m. Indeed,
the highest altitude in the SE of El Peñon is about 3,000 m
and the limestone deposits almost reach the altitude of
385 m where the two rivers draining most of the massif join
in the west of the massif.

22

Karst and Caves in Carbonate Rocks, Salt and Gypsum – oral

2013 ICS Proceedings

4. Area surveys and exploration
The two expeditions in 2011 and 2012 are the first of this
kind to be carried out in this region of Colombia. This is the
first systematic exploration and survey of the predominantly
vertical high altitude karst caves. After a few weeks of survey
and exploration, the surface of the karst field has barely been
scratched. The dead end sumps, the impenetrable squeezes
or cave-ins at depths exceeding 200 m, did not take anything
from the pleasure of caving. In fact, these discoveries have
succeeded one another at a frantic pace of nearly one cave
per day. Future expeditions, in connection with a better
hydrogeological knowledge of the region and search for the
access to a larger system, will take cavers deep into the depth
of the Rosablanca Limestones.

Figure 4. Horizontal gallery in the Cueva de los Carracos
(Bochud 2012).

los Carracos is the cave with the most important
development (1,500 m). The entrance pit of the Hoyo de la
Neblina is the deepest of the area with its 147 m.
Based on cave survey data (statistics based on measures of
more than 20 m), two main gallery directions were
emphased: N50° and N140° (Figure A). It is interesting to
note that they both correspond to morphologic lineaments
visible on satellite images.

Figure 5. A) direction rosediagram of cave survey data of more
than 20 m (150 measures); B) Lower hemispher equal area
projection stereogram of faults and bedding great circles.

Numerous caves finish on a mud plug on a level
corresponding to the base of the high pits. The mud level
seems to correspond to the contact of limestone with a
lower and less permeable geological layer at the base of the
Rosablanca Formation that allows the accumulation of
erosional products. In the Hoyo de los Ocelotes, two pits
zones linked by a horizontal gallery were discovered and
they both have a mud zone. These two levels could be
explained by the presence of a vertical fault that moves
down the Rosablanca Formation and allowed the formation
of the second and deeper pits zone. The fault can be
observed in a part of the gallery that link both zone. This
part is a straight, high roofed and narrow (~2–3 m) gallery
that follows directly the first mud zone.

Figure 3. Pit in the Tronera cave (Jutzet 2012).

Nine caves were explored and mapped in 2011, totalling
4,200 m of development. In 2012, 15 caves were mapped,
totalling 4,500 m. About ten other important caves (pits of
100 m and more, areas of large cave entrances) were located
and partially explored during area surveys. The Table 1
summarizes the discovered caves and their main
characteristics.

5. Field observation and discussion
5.1. Cave morphology
There are predominately three types of caves: shallow pits
50 to 150 m deep, sometimes giving access to large rooms
or horizontal galleries; horizontal caves sometimes with
2 levels; and more or less impressive hollow shelters in
cliffs leading sometimes to underground streams.

5.2. Tectonic properties
Only few measures were made until now. They are
represented on the steoreogram of Figure B.
Beddings are concordant with the main anticline structure
that has an NNE–SSW fold axis. Faults can be separated in
2 groups: vertical faults dipping to the north at 58/89 and

With a depth of -219 m, the Hoyo de los Ocelotes is the
deepest cave at present in the area whereas the Cueva de
23

Karst and Caves in Carbonate Rocks, Salt and Gypsum – oral

2013 ICS Proceedings
Twenty-four caves were explored and documented in a
relatively small area during two expeditions totalizing about
10 km of galleries. Geologically they developed in the
limestones of lower–middle part of the Lower Cretaceous
Rosablanca Formation. The caves morphology seems to be
closely related the structural deformation of the area.
Although the deepest discovered caves stop presently at
depth between 150–200 m, the speleological potential is
estimated at 2,500 m.

to the south at 222/87 and inclined faults (probably inverse)
dipping to the south at about 223/36. The N140° gallery
direction can be related to the faulting. The second main
gallery direction N50° is, as said before related to a surface
geomorphologic lineation but presently cannot be linked
neither with the bedding nor the measured faults. It is
probably linked to a conjugate fault system.
Another observation can be made on the alignment of pits
higher than 100 m on a vertical cross-section. On the Fig. 7,
five caves are represented in a 3 dimensional cross-section
on a W–E direction. High pits from 60 to 100 m can be
linked with a synclinal structure that can be related to the
structure of the limestones layer. Moreover, the high of the
pit can be related to the thickness of the Lower–Middle part
of the Rosablanca Formation that is estimated between 100
and 200 m.

In term of scientific observations, no systematic work has
been done until now except the detailed survey of the caves.
But the few observations indicate that the El Peñon area is
very interesting in term of caves and karst morphology but
also in term of biospeleology and paleontology.
Future expeditions, in connection with a better
hydrogeological knowledge of the region and search for the
access to a larger system, will take us certainly deeper into
the depth of the Rosablanca Limestones.

5.3. Biospeleology and paleontology
To date, no systematic work has been done on the El Peñon
area. Some interesting and punctual observations will be
related.
In several caves, the typical cave bird Guácharo (Steatornis
caripensis) can be observed. It is a night bird navigating by
echolocation in the same way as bats. Some crabs were also
observed until the bottom of the Hoyo de los Ocelotes at
-219 m. Some bats and spiders were also seen.
An interesting discovery was made in the Hoyo de los
Ocelotes: a cranium with two canines (Fig. 6). As a first
assumption, it was identified as an ocelot and it gave the
name of the cave. Afterwards, the picture was sent to the
specialist Michel Blant at the Swiss Institute of Speleology
and karst Research and he determined that it was a
Choloepus didactylus (Southern two-toed sloth).

6. Conclusions
The two expeditions Colombia 2011 and 2012 were carried
out in the El Peñon Massif in the Santander Department in
Colombia.

Figure 7. 3-dimensional cross-sections with 5 caves. It emphazises
the alignment of high pits along a syncline formed by the
limestones of the lower and middle parts of the Rosablanca
Formation.

The karst morphology is well developed in this humid area
with more than 2.5 m of precipitations per year. The El
Peñon area is structurally located on an anticline structure
with a flattened hinge.

Figure 6. The cranium Choloepus didactylus (Southern two-toed sloth discovered in the Hoyo de los Ocelotes (Bochud 2012).
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Table 1. List of discovered caves in El Peñon-Bolivar area (department of Santander, Colombia).
No

Name (place)

EP1

Cueva de los Carracos (El Peñon)

EP2

Hoyo del Caballo (El Peñon)

267

EP3

Cueva del Atun (El Peñon)

764

EP4
EP5
EP6
EP7
EP8
EP9

Hoyo de la Limpieza (El Peñon)
Hoyo de la Basura (El Peñon)
Cueva de los Elechos (El Peñon)
Hoyo de Pepero (El Peñon)
Hoyo de la Neblina (El Peñon)
Cueva del Hipocampo (El Peñon)

343
25
50
321
715
913

EP10
EP11
EP12
EP13
EP14
EP15
EP16

Cueva del Caracol (El Peñon)
Cueva del Krypton (El Peñon)
Cueva sin Fin (El Peñon)
Cueva de la Casa Virgen (El Peñon)
Hoyo de la Bollas de Oro (El Peñon)
Cueva de las Escuillas (El Peñon)
Hoyo de los Ocelotes (El Peñon)

EP17
EP18
EP19
EP20
EP21
EP22
EP23
EP24
EP25
B1
B2
B3
B4
B5

Length
[m]
1,500

Depth
[m]
(-81,
+4)
(-149,
+10)
-159

Altitude
[m a.s.l.]
2,488

Year

Comment

2011

2,593

2011

Underground river with fossil gallery.
Explored by local people.
Swallow hole with river and sump.

2,593

2011

2,612
2,617
2,636
2,601
2,686
–

2011
2011
2011
2011
2011
2011

324
~ 40
~ 50
102
159
310
812

-147
-15
-5
-167
-217
(-15,
+28)
-36
~ -40
~ -50
-78
-131
-53
-219

2,410
–
–
2,553
2,422
2,374
2,544

2012
2011
2011
2011
2012
2011
2012

Hoyo de las Professoras 1 (El Peñon)
Hoyo de las Professoras 2 (El Peñon)
Cueva de la Tronera (El Peñon)

130
79
1203

-92
-40
-167

2,633
2,636
–

2012
2012
2011

Cueva de las Gallinas (El Peñon)
Cueva de las Golondrinas
(Cruces, El Peñon)
Cueva Grande (Cruces, El Peñon)
Cueva de los Murcielagos
(Cruces, El Peñon)
Hoyo de los Golondrinas 1 (El Peñon)
Hoyo de los Golondrinas 2 (El Peñon)
Hoyo del Campesino / del Aguila
(La Hermosura, Bolivar)
Hoyo de la Campesina
(La Hermosura, Bolivar)
Cueva de la Puerta de los Cerros
(La Hermosura, Bolivar)
Hoyo Horrible
(La Hermosura, Bolivar)
Cueva de Los Ossos 1-2-3
(La Hermosura, Bolivar)

179
50

30
0

–
2,412

2012
2012

Stops on a sump in a big room.
Sinking river at the entrance.
Swallow hole with river and sump.
Swallow hole with river. Garbage.
Small horizontal cave.
Swallow hole with river.
Swallow hole with river and big room.
Cave with a river.
Numerous unexplored galleries.
Collapsed sinkhole with river and sump.
Swallow hole (no survey).
Swallow hole (no survey).
Swallow hole with river.
Swallow hole with sinking river.
Collapsed sinkhole.
Swallow hole with 2 entrances
and a river.
Swallow hole.
Swallow hole.
Collapsed sinkhole - swallow hole
with river
Cave with a river.
Huge entrance.

~400
~ 300

~ -40
~ -20

2,484
2,414

2012
2012

Huge entrance.
Cave with a river.

77
94
~ 120

-47
-48
~ -120

–
–
–

2012
2012
1977?

Swallow hole on a fault.
Swallow hole on a fault.
Big pit, probably explored by Hof 1977.

~ 100

~ -100

–

1977?

Big pit, probably explored by Hof 1977.

524

-205

1,835

2011

Cave with a large gallery.

~ 100

~ -100

–

1977?

Big pit, probably explored by Hof 1977.

~ 1,000

~ -50

1,130

2012

Cave with 3 entrances
and a river (not explored).
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RECENT SURVEY AND EXPLORATION IN LECHUGUILLA CAVE,
NEW MEXICO, USA
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1

Since the last ICS in 2009, considerable progress has been made in the survey and exploration of Lechuguilla Cave, located
in Carlsbad Caverns National Park, New Mexico, USA. The most important new discovery is an area called Oz, reached
by a long aid climb from Emerald City, in the western portion of the cave. Many smaller discoveries were made as well,
bringing the total length to over over 218 km. In addition, a big effort was put into improving the survey quality of passages
explored in the early years (1988–1991). Most of the poor survey loop closures were fixed, and quadrangle maps were
updated with improved detail.

1. Introduction

A large effort went into climbing domes. One such example
was the six-day effort to aid climb the Capitol Dome above
Mt. Vernon, in the Far East branch of the cave.
Unfortunately, the passages at the top ended after only a
short distance.

Lechuguilla Cave was known in the early 1900’s as a
relatively short cave with a 30 m entrance pit leading to a
rich deposit of bat guano, which was mined for a time. After
several unsuccessful attempts, cavers finally pushed
through a breakdown choke in 1986 to discover a vast and
beautiful cave (Reames, 1989). Over 100 km were explored
and surveyed by the early 1990’s, with the 200 km mark
being passed in 2008. The cave is most famous not for it’s
great length and volume, but rather for the spectacular cave
formations, such as the long selenite crystals in the
Chandelier Ballroom, or the impressive flowstone columns
in Tower Place (Widmer, 1998). The overall structure of this
single-entrance cave is large long borehole trunk passages
that connect extremely complex three-dimensional mazes
together. In recent years, the number of week-long
exploration and survey expeditions has been reduced in
number to just one every two to four months. Nonetheless,
new discoveries remain to be made, with about 4 to 6 km
of newly discovered passages being mapped each year. In
parallel, there has been an increased effort to improve the
quality of early surveys done in the “frenzy” years of
1988–1991. This effort includes removing survey blunders,
improving survey accuracy, and improving sketching
quality. Since the beginning of 2009, there have been 26
week-long expeditions, with almost 18 km of new passage
surveyed, and over 15 km of passage re-surveyed.

Figure 1. Plan and profile line plots of Lechuguilla Cave. Green
lines show passages mapped prior to 2009, while red lines show
new discoveries or passages that have been re-mapped since 2009.

More successful was the climb of the Kansas Twister, a
125-m-tall dome in Emerald City. The first 30 m were very
difficult, and were finally conquered using a sling-shot to
shoot a line over a bridge in 2010. The sling-shot technique
proved un-successful for reaching the second bridge, so in
2012 a team climbed straight up the overhanging wall in
very poor quality rock, reaching the summit five days later.
On the last day of the expedition, a large new area was
found, including big rooms, massive flowstone formations,
and lakes. It was named “Oz”, following the naming theme
of Emerald City below. Many leads remain to be explored,
as of this writing. As can be seen in Figure 1, the Oz area is
very high up in the cave stratigraphy, nearly matching the
elevation of the entrance. Maps and photographs of this new
area will be shown in the oral presentation.

2. New discoveries
Most of the newly discovered passages in the past few years
have been relatively small, and have resulted from pushing
smaller passages than was the norm in the early days of
exploration. This “mopping up” process was greatly
facilitated by cartographers drawing up detailed maps of
their sections of the cave, making it easier to identify which
passages had been surveyed already. Some of the most
productive areas included Southern Climes in the Far West,
the Chandelier Maze and Voids in the South, and the
Outback in the Far East. Some spectacular example of cave
formations were found, such as the “Wasp’s Nest” in the
newly discovered Coral Sea area of the Far East, and
individual gypsum flowers and selenite needles in Southern
Climes each over 110 cm long.

3. Blunder fixing
The method used for finding possible survey blunders used
a computer code that simultaneously closes all the loops in
a given section of the cave. The basic method is a leastsquares fit that minimizes that total corrections (added
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d) Distance reading was wrong for one reason or another.

quadraticly, and called χ2) to all of the segments, where a
segment is defined as a sequence of survey shots that
connect one junction to another. The corrections in each
case are weighted by the “expected” errors based on station
placement uncertainties of 5 cm, and compass and
inclinometer readings with random errors of 2 degrees.

e) Shot simply didn’t make any sense upon field checking
(for example, shot goes through solid wall).
f) Station marker was moved from its original location.

Once all the segments were closed simultaneously, a search
for likely blunders was made by removing one segment at
a time, and re-closing the remaining loops, starting with the
one with the largest contribution to χ2. Using the junction
locations defined by all other segments, a search is done for
the removed segment to see what could make it close with
a contribution to χ2 of less than two units. The following
possibilities were examined: reversed inclinometer reading,
reversed compass reading, both reversed, compass off by
100°, inclinometer read on percent scale instead of degree
scale, digits on distance reversed, and either starting or
ending station being different that the one noted in the
survey book. If any of these possibilities was considered to
be probable, an examination of the survey notes was made
to see if there had been a data entry error, or if the notes
contradicted the sketch. In about half of the cases, the
blunder was found in this manner.

4. Future prospects
A big effort is currently underway to produce high-quality,
detailed quadrangle maps of the entire cave surveyed to
date. In support of this effort, we will attempt to identify
and remove most of the remaining survey blunders, and
continue to re-sketch areas for which the original survey
notes were poor. In parallel, exploration of new areas such
as Oz will continue. With hundreds of leads remaining in
the cave, prospects are good for eventually passing the
250 km mark for the overall surveyed length of Lechuguilla
Cave.
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During 2008–2012, we were able to reduce the fraction of
loops that almost certainly contained a blunder from over
6 % to about 2 %. The area of the cave that we have
concentrated on the most, the Far West, currently has no
“very bad” loop closures, with closures worse than four
standard deviations.
The most common blunders were found to be (in order from
most common to least common):
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1

Coastal karst areas often host many indices of past sea level changes, such as marine terraces, fossiliferous sediments,
tidal notches and coastal caves. Tectonic movements can then displace these ancient coastlines vertically. The interplay
between rising or falling sea level and uplifting or subsidence can be very complex and difficult to unravel. The combination
of a detailed knowledge of marine terraces and the study of some flank margin caves located at various altitudes have
allowed to reconstruct the speleogenetic history of the coastal plain of Cornino-Custonaci (NW Sicily). Along the centraleastern coast of Sardinia, instead, the detailed study of the Fico Cave has allowed to recognise it as a flank margin cave
developed on five levels, related to Pleistocene sea level highstands. These studies show that this type of mixing corrosion
caves is much more widespread than previously thought also in telogenetic limestones. These caves, being excellent sea
level markers, might help coastal geomorphologists to understand more on both sea level rise and fall and tectonic
movements in coastal areas.

1. Introduction

described from New Zealand (Mylroie et al. 2008), and
Croatia (Otonicar et al. 2010).

Geomorphological evidences of past sea level changes are
best preserved in coastal karst areas around the world.
Carbonate shorelines exhibit some typical landforms created
at or close to sea level, like tidal notches (Furlani et al. 2011),
coastal caves (Mylroie and Carew 1988), biocorrosion (e.g.,
lithophaga borings) or bioconstruction (e.g., vermetid reefs)
morphologies. These sea level markers, combined with other
data derived from marine terraces and fossiliferous
continental or marine sediments, have been used worldwide
for sea level reconstructions (Dorale et al. 2010).

Where fresh water discharge on the carbonate coast is
greater, caves with a ramiform pattern will form. When
fresh water discharge largely overrules the salt water
entering the rock mass, caves will have very extensive
stream passages developing inland. In this case
speleogenesis is mainly controlled by normal dissolution
and erosion processes, and cave altitudes do not necessarily
reflect sea levels. The influence of mixing processes is
visible only in the cave passages closest to the sea, fading
slowly going landwards.

It is well-known that more or less horizontally developed
solutional caves in coastal areas often indicate the position
of sea level at the time of their formation (Mylroie and
Carew 1988; Florea et al. 2007). Among the different types
of coastal caves, flank margin caves are the most reliable
sea level indicators. In fact, flank margin caves form at the
top and the bottom of the freshwater lens in coastal karst
areas by mixing dissolution (Mylroie and Carew 1990),
showing clear evidence of widening at the fresh-salt water
boundary, often very close to sea level.
Flank margin caves develop easily in young immature
(eogenetic) limestones, where primary porosity facilitates
the ingression of salt water and its mixing with seeping
fresh water. Many of these caves have been reported from
carbonate islands such as the Bahamas and Bermuda
(Mylroie et al. 1995), Guam (Mylroie et al. 2001), Isla de
Mona (Puerto Rico) (Frank et al. 1998), and the Mariana
Islands (Jenson et al. 2006), or from eolian calcarenites such
as the case of Kangaroo Island, Australia (Mylroie and
Mylroie 2009). In more recent times flank margin caves
have also been found in older and mature limestones, where
mixing occurs along secondary permeability pathways such
as fractures and bedding planes. Nice examples are

Figure 1. Location of the study areas: 1) San Vito Lo Capo, Sicily;
2) Fico Cave, Sardinia.
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Where fresh water discharge is slightly more important than
salt water intrusion, ramiform caves develop, with passages
modified by mixing corrosion processes also far inland.
This type of caves, halfway between normal epigenic
stream caves and flank margin caves, can be reliable sea
level indicators only in their parts close to the coast (Smart
et al. 2006).
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The Fantasma and Rocca Rumena I caves are located in the
Cretaceous limestones that form cliffs surrounding the
coastal plain (Fig. 2). Seven marine terraces are present
between altitudes of 0 and 105 m a.s.l. (Di Maggio et al.
1999). The age of these terraces has been estimated based
on stratigraphical and paleontological evidences. The
marine terrace of VIth order, with upper boundary at
13–18 m a.s.l., contains the typical warm fauna with
Strombus bubonius and can be attributed to MIS 5e. A
speleothem sampled at 8 m a.s.l. in a notch related to this
terrace at San Vito Lo Capo has given a U/Th age of 19,625
± 5,300 years BP, confirming this terrace to be older than
LGM (Antonioli et al. 1999). Based on these observations,
terrace VII should thus be related to MIS 5a or 5c, terrace
V to MIS 7, terrace IV to MIS 9, terrace III to MIS 11,
terrace II to MIS 13, and finally the highest terrace to MIS
15 or older. The presence of Elephas falconeri in some
continental deposits at elevations above 40 m a.s.l., roughly
corresponding to terraces III or IV, confirms their age older
than MIS 9. A speleothem that covered the notch at 42 m
a.s.l. at San Vito Lo Capo is beyond the U/Th radiometric
dating method and indicates terrace III to be older than 300
ka BP (Antonioli et al. 1999).

In this paper we describe three interesting Pleistocene flank
margin caves in telogenetic limestones: two are located
respectively at 100 and 70 m a.s.l. on the border of the
Cornino-Custonaci plain in W Sicily, the other is situated
at 14 m a.s.l. in the Gulf of Orosei, E Sardinia (Fig. 1). The
timing of formation of these caves is based on a series of
correlations with dated marine terraces, geomorphological
observations, and dated speleothems and their phreatic
organic overgrowths.

2. Study areas
2.1. Cornino-Custonaci plain
The Cornino-Custonaci coastal plain is located on the
western edge of the San Vito Lo Capo peninsula, halfway
between Trapani and Palermo (W Sicily). The geology of
the area is characterised by Mesozoic dolostones and
limestones, and Eocene-Miocene limestones, marly
limestones, marls and clays. Since Upper Pliocene the
region is slowly uplifting (Nigro and Renda 2002).
Extensive both continental, transitional, and marine
Pleistocene deposits are present in the coastal plain, mostly
composed of calcarenites (Di Maggio et al. 1999).

2.2. Gulf of Orosei
The Gulf of Orosei is characterised by the outcropping of
Mesozoic dolostones and limestones that overly a
Palaeozoic Variscan basement composed of granites and
phyllites (Dieni and Massari 1985) (Fig. 3).

Figure 2. Geological map of the Cornino-Custonaci plain.

Figure 3. Geological map of the Gulf of Orosei.
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This carbonate sequence forms a monocline ridge dipping
gently eastwards to the centre of the Gulf, showing two
transcurrent arcuate fault systems directed NNW-SSE and
NNE-SSW (Pasci 1997). These Mesozoic rocks are locally
covered with alluvial conglomerates and quartz sands,
related to an intense erosion-deposition cycle caused by an
uplifting phase of Middle Pliocene age (Massari and Dieni
1973). In the same period Pliocene basalts with K-Ar ages
of 3.56 ±0.23 to 1.99 ±0.08 million years (Savelli and Pasini
1973) were put in place. Early Pleistocene alluvial sands
and conglomerates are found upon these basalts (Dieni and
Massari 1966). During Pleistocene stratified slope-waste
deposits (éboulis ordonnées), and aeolian sands visible in
karst pockets and coastal cave entrances have deposited.
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or similar forms. The southern sector of the Fantasma room,
however, hosts some evidences of phreatic (paragenetic)
and vadose morphologies.

The Fico Cave is located at 14 metres height along the
coastal limestone cliffs, about 20 km N of Santa Maria
Navarrese. Detailed geomorphological studies have been
carried out along the coastline, and especially in the Bue
Marino Cave located 8 km to the North. Pleistocene basalts
filling phreatic conduits in Bue Marino Cave (Mahler
1979), the Golgo shaft and Su Molente Cave testify the start
of speleogenesis to be pre-Quaternary (De Waele 2004).
Several tidal notches are well developed along the entire
carbonate coast of the Gulf and indicate present and past
mean sea levels. Such tidal notches are well described from
depths of 10 m below sea level to heights of 10.5 m above
sea level (Antonioli et al. 1999; Carobene and Pasini 1982).
The relict tidal notch, that has a decreasing height from
North to South between 10.5 and 7.7 m a.s.l., is attributed
to the isotopic stage 5e (125,000 B.P.) and its continuity
along the 37 km of limestone coast testifies a relative
tectonic stability since, exception given for the slight N-S
tilting (Antonioli et al. 1999). At the Fico Cave, although
not visible anymore, its height would have been 8.5 m a.s.l.

Figure 4. Map of the Fantasma Cave.

3.2. Rocca Rumena I Cave
Rocca Rumena I is a small mostly horizontally developed
cave formed at the foot of the 20 m high Pleistocene coastal
cliff (Ruggieri and Messina Panfalone 2011).

3. Cave morphology
3.1. Fantasma Cave
Fantasma (or Monte Cofano I) Cave opens at 198 m a.s.l.
in the area of Contrada Marcato Gnarosa, close to marble
quarries (Fig. 4) (Ruggieri and Messina Panfalone 2011).
The cave follows two main fault systems, NE–SW with
inclination of 75° toward the SE, on which the entire first
part of the cave is developed, and the second with
WNW–ESE direction and dipping 80º toward the SSW that
influences the deepest part of the cave. The first part is
developed along a rapidly descending low and wide fissure
with many indices of recent tectonic activity (broken
columns and deflected stalagmites). At 120 m depth (around
80 m a.s.l.) the cave changes its morphology, with rounded
passages, cupola, and a large ellyptical room called “Sala
del Fantasma”, which centre is occupied by a large heap of
old bat guano, while large white and corroded speleothems
contrast the dark background. The northern part of this
chamber is formed along a WNW–ESE fault with reddish
mylonite creating a perfectly straight wall up to 10 m high.
The roof and walls of this room have extremely well
rounded shapes, and at around 70 m a.s.l. the walls are
perforated by rounded tubes, forming a perfectly horizontal
notch. Nowhere in the cave there are fluvial sediments, and
the walls are always smooth and do not reveal any scallops

Figure 5. Map of the Rocca Rumena I Cave.

Its entrance opens at 100 m a.s.l. in correspondence of a not
well-defined notch and a clear level of lithophaga borings.
It is composed of a series of small chambers and passages
with rounded forms, small tubes and pillars (Fig. 5). The
passages develop parallel to the cliff wall, mostly along
fractures and bedding planes, but tend to tighten gradually
going away from the cliff. The roof and part of the walls
are covered with organogenic crusts, mostly scleractinian
corals that also fill part of the lithophaga holes. Also
speleothems are covered with these corals and are
perforated by lithophaga. One stalactite in particular shows
three growth hiatuses, suggesting submersion at least three
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4. Results and conclusions

times (Ruggieri et al. 2012). The corals have been dated
using 87Sr/86Sr ratio and appear to be 1,100 ± 200 ka years
old (Antonioli et al. 2012). δ18O measurements on the
continental stalactite layers and comparison with marine
and continental records suggest this speleothem to be
formed during MIS 27–31, around a million years ago
(Antonioli et al. 2012).

4.1. Cornino-Custonaci plain
Palaeontological and geomorphological evidences,
combined with absolute datings on speleothems and corals,
allow for a relatively detailed reconstruction of the
speleogenetic phases and relative sea level changes in the
Cornino-Custonaci plain. Rocca Rumena I Cave formed
during an interglacial period, with relatively high sea level,
around MIS 29. The Fantasma Cave, instead, is an enlarged
(Middle Pleistocene) fault intercepted by a flank margin
cave at 80 m a.s.l., located at around 500 m of the
Pleistocene coastline, with the main level of mixing
corrosion, corresponding to the longest stable position of
the sea level, located at 70 m a.s.l.. Based on tectonic uplift
rates calcolated using the Rocca Rumena date and the MIS
5e (terrace VI) (0.1 m/ka) (Antonioli et al., 2012) and other
geomorphological constraints (Di Maggio et al. 1999), the
horizontal maze-like chamber and conduits of Fantasma
Cave might thus have been created by the mixing corrosion
of fresh and salt water probably around 800,000 years ago
(ca. MIS 19) (Fig. 7).

3.3. Fico Cave
The Fico Cave has three entrances (respectively at -7, 0 and
14 m), and is characterised by a large passage running
parallel to the coastline, and by a much smaller mostly
submerged branch running perpendicular (Fig. 6).

Figure 6. Map of the Fico Cave.

The development of most passages is clearly influenced by
fractures directed NNW–SSE and NE–SW. Water flow is
present only along the small submerged branch, containing
sediments deriving from the weathering of granites and
carbonatic rocks, while the main branch has only few
sediments mostly of autigenic origin. Nowhere, except from
the active submerged branch, signs of phreatic flow have
been observed (e.g., scallops). Close to the entrance some
sands of aeolian and marine origin have been found at
altitudes up to 7 m a.s.l. Cave passages tend to diminish in
size the farher they develop from the coastline, ending
abruptly on blind walls. Five Cave levels can clearly be
recognised: the main branch at 14 m a.s.l., three fossil levels
at 22, 40 and 50 m a.s.l. respectively, and the active
submerged branch below present sea level. The level at
22 m a.s.l. has a perfectly flat ceiling, no sediments except
for residual clays, and a nice corrosion notch on its walls,
all testifying a relatively stable sea level. A stalagmite at 8
m a.s.l. in the “Ramo del Lago” shows organic overgrowths,
testifying a submersion during its growth.

Figure 7. Evolution of the Cornino-Custonaci plain.

4.2. Gulf of Orosei
The horizontal levels of Fico Cave have been formed during
high sea level stands prior to MIS 5e. Using estimated uplift
rates somewhat higher than those revealed by the
Tyrrhenian notch (0.02 m/ka) and those estimated by
Carobene and Pasini (0.03 m/ka), and considering that
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during MIS 7 the sea level highstand stayed around 10 m
below present, the active submerged level would have
formed during MIS 7 (ca. 250 ka), the main level at 15 m
a.s.l. during MIS 9 (ca. 350 Ka), the 22 m a.s.l. one during
MIS 11 (ca. 425 ka) and the upper levels would be older
than MIS 21 (> 865 Ka).
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1

Antonio De Vivo1, Leonardo Piccini1,2, Paolo Forti1, Giovanni Badino1,3
La Venta Esplorazioni Geografiche – Via Priamo Tron, 35F – 31100, Treviso – Italy, t.devivo@laventa.it
2
Department of Earth Science – Università di Firenze
3
Nuclear Physic National Institute – Università di Torino

This paper describes some of the most significant scientific issues of interest of a cave system in the island of Palawan,
Philippines. The Puerto Princesa Underground River and the surrounding protected area represent a unique karst
environment under several points of view. Its geographical position in the tropical area and its closeness to the sea, making
it a true underground estuary, create unique conditions in the fields of hydrology, meteorology, mineralogy and biology.
These aspects are analyzed as elements contributing to the comprehension of the exceptionality of this karst phenomenon.

1. Introduction
Palawan covers an area of 12,000 km2 and is located
between 11°50’ and 12°20’ latitude N, and 117°00’ and
120°20’ longitude E, in the south-western part of the
Philippines archipelago, not far from Borneo. The island is
narrow, elongated and mostly mountainous. Two important
N–S depressions, corresponding to valleys or lowlands,
divide the island into three tectonic sectors. Along the
depression which divides the northern from the central
sector, we find the Saint Paul Dome karst ridge (Fig. 1).
Here, since 1991, the Puerto Princesa Subterranean River
National Park was established in order to protect a unique
underground system and the surrounding area. Originally
covering only 3,900 ha, in 1999 the park was expanded to
over 38,700 ha, and in the same year it was inscribed in the
list of Unesco natural World Heritage Sites. Formerly
managed by the Dept. for Environment and Natural
Resources, since 1993 it falls under the rule of the City
Government of Puerto Princesa.

Figure 1. An aerial view of the Saint Paul Dome (1,028 m a.s.l.)
from SE (photo L. Piccini, La Venta).

2. Geological and morphological overview
The St. Paul area is located east of Ulugan Bay, about
50 km NE of Puerto Princesa. The length of the ridge,
placed between the Babuyan River valley to the E and the
Cabayugan River Valley to the W, is about 10 km and its
average width is 4 km (Fig. 2).

The first recorded explorations in the underground River
date back to 1930, witnessed by some writings on the walls
of the outflow and the area called Rockpile. In 1973 a first
sketch of the main gallery of the cave was carried out by
the Hungarian geologist Balazs (Balazs 1976). In the early
80s two expeditions from Australia explored the whole
main branch and some side tributaries, pushing the total
development of the cave to over 8 km (Hayllar 1980, 1981).
Between 1986 and 1992 several expeditions were organized
by the Italian Speleological Society, leading to the
discovery of giant fossil branches which brought the total
development to over 20 km (Piccini and Rossi 1994). The
first decade of the new millennium has seen a methodic
research project carried out by the Association La Venta
from Italy, also assisted by interesting explorations by the
Gaia Exploring Club from the Philippines (De Vivo et al.
2009). The last La Venta expedition, in 2011, has brought
the development of the cave to 32 km (Piccini and De Vivo
2012). In 2012 the PPUR has been elected on of the New 7
Wonders of Nature.

The carbonate rock covers an area of about 35 km2 and is
made of massive to roughly bedded, light to dark grey
limestone showing levels rich in fossils. Such rock
formation, more than 400 m thick, lays over sedimentary
(mudstones, sandstones and marls) and volcanic rocks,
dating back to Oligocene–Miocene and covering an older
metamorphic basement (Hashimoto 1973).
The limestone outcrop is shaped as a NNE–SSW-elongated,
asymmetric ridge sloping down to the west. From a
structural point of view it consists of a multiple NW dipping
homoclinal relief limited by NE–SW-oriented faults. Such
lineaments have controlled both the general shape of the
mountain and the karst landforms, determining the lining
up of dolines and the development of the major caves.
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The main access to this cave is from the sea. On the side of
a beach, a water stream carves a shallow canal through the
coralline sand. Going upstream, after a few dozen metres
you reach a small lagoon bounded by a calcareous cliff, at
the foot of which a portal opens the way into the
subterranean river. The main underground stream runs in a
large tunnel, with lateral minor diverting passages and in
some places upper old relict galleries joining with the active
one through large chambers. This cave represents the main
resurgence of the Cabayugan River, that disappears into the
limestone 7 km upstream.

The landscape of the area is a typical tropical karst
consisting of towers, cones, pinnacles, and large
depressions, occurring mainly in the northern and southern
sectors of the ridge. Large closed depressions (cockpits and
dolines) cover about 10 % of the total limestone surface.
Major depressions occur in the form of elongated blind
valleys on the east side of the northern zone, and are mainly
developed on clastic rocks.

Another marine spring cave is located a few hundred metres
further E and collects the water sinking in the closed basins
occurring along the east side of the karst in its northern
sector. This cave is named the Little Underground River.
Based upon the known hydrologic setting of the area at least
two drainage systems can be identified, one drained by the
Underground River and one by the Little Underground
River. However, the occurrence of submarine and presently
unknown springs cannot be excluded.
As the entrance of the Underground River on the coast is at
sea level, the tides affect a large part of the cave up to about
6 km inside the mountain (Forti et al. 1993). Along the
whole navigable part, the salt water lies under a thin sheet
of fresh water, just a few centimetres thick. This condition
is only found during the dry season and in absence of rain.
During the floods the cave is cleared of salt water, which
later returns slowly once the flood has passed. Mixing
phenomena between fresh and salt waters take place inside
the cave causing particular processes of rock corrosion,
which lead to the formation of water level notches (Mylroie
and Carew 1988). In the past, sea level was often lower than
now, so the PPUR has not always been a marine cave.

Figure 2. Geological sketch map of Saint Paul karst area.

Steep slopes and calcareous cliffs characterise the central
part of the St. Paul Ridge, while to the north the landscape
consists of an irregular plateau with several dolines.
Large and deep depressions occur along the eastern limit
of the limestone outcrop and can actually be considered
as small blind valleys (Fig. 2). Some of the eastern
sinking streams, located at 290 and 250 m a.s.l., feed two
active Nagbituka caves), which consist of large tunnels,
mainly vadose in origin, descending to the north along
the contact between limestone and sandstone. At present,
Nagbituka 1 is the deepest cave in the Philippines
(Laumanns 2010).
The southern part of the St. Paul Ridge has a different
morphology and is characterised by two mountains, which
have plain summit surfaces gently descending toward the
NW, intersected by large and deep elongated depressions
and large sinkholes.
Along the coastline, a notch, located about 6–7 m above the
present sea level, testifies the sea-level highstand which
occurred about 120,000 years ago, when the mountain
glaciers and polar ice-sheets had a much smaller extension
than today. A similar notch can also be found inside the
Underground River, up to 4 km from the entrance and at the
same elevation (Piccini and Iandelli 2011).

Figure 3. The Underground River just downstream the inflow,
where the effect of tides does not occur. The lower limit of
flowstone on the left wall indicates the water level during flood
(photo by R. De Luca, La Venta).

Indeed, despite the occurrence of corrosion produced by the
mixing of fresh water with saline water, the speleogenesis
of the PPUR is mainly due to solution by continental water
and to mechanical erosion by suspended load during floods
(Fig. 3). Only in its downstream part, mixing corrosion has
produced typical forms of coastal caves, such as waterline
notches, spongework and lateral conduits. From this
perspective, the system may be considered a classic
example of an underground estuary.

3. Underground Hydrology
The Underground (or Subterranean) River is a cave stream
about 8 km long which collects the water from a wide
surface basin, diverting it to the sea through huge galleries
flooded by water.
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This cave with its numerous branches houses, in fact, one
of the world’s largest and most important underground
ecosystems. There are hundreds of thousands of swiftlets
(salangane) nests, and almost as many bats. Seemingly, the
salangane and bats have reached an agreement about the
timing of their entry and exit from the cave, in general,
when the bats begin to exit, almost all the swallows are back
on their nests. Because of the great amount of organic
matter that swallows and bats bring daily into the cave,
there are many other animals present, made up of reptiles
(snakes), fishes, crustaceans, and insects (Piccini and Rossi
1994).
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The first part consists of a high gallery, about 10 m wide
and 40–50 m high. The floor is formed by a sand deposit.
On the right an upper sector hosts a hall with very nice
helictites. On the left we reach a part of the passage where
the floor is covered by extraordinary calcite crystals.
This branch probably represents the high inactive level of
the main drainage pathway of the cave (Fig. 5).
In several points it is possible to descend in little branches
that have typical epiphreatic morphologies until you reach
a network of small horizontal often waterfilled tunnels,
which lay at sea level. We can argue that the main tunnels
collecting the infiltration water of the karst area lay now
below the sea level, due to the present high-stand condition
and that a new epiphreatic system is now developing.
During the rainy season, the water level rises and inundates
the upper galleries.

A fact that has always been surprising is that the cave runs
all along the north-western side of the Saint Paul ridge, this
means that most of the karst surface lies on the right-hand
(eastern) side of the cave; despite this the Underground
River has no consistent tributary from the right side. Why?
Where does the water infiltrated all over the karst area flow
to? How does it reach the sea?

4. Geomorphology

The first part of the cave, close to the seaward exit, presents
a very complex pattern. Several branches divert from the
main gallery. One of these lateral branches, just 150 m
upstream of the outlet, was explored by the Filipino cavers
of the Gaia Exploring Club in 2003. A large gallery, which
they reached after a narrow flooded corridor, goes towards
the E and closes at a huge stalagmite formation, 15 m high.

The Underground River has a long and multiphase
evolution history which is strictly linked with the sea level
fluctuation and with the uplift phases (Piccini and Iandelli
2011). Features that indicate former water levels are present
along the PPUR up to 5 or 6 km upstream from the coastal
spring. In the last sector of the navigable path, where the
ceiling of the main tunnel rises up to 20 m or more, there
are two evident old corrosion notches carved by persistent
levels of water. The upper notch is at 11–12 m above present
mean sea level (pmsl). The second notch is at 7–8 m above
the pmsl. Some of the lateral branches contain alluvial
terraces consisting of sands and gravels, which are related
to this second high-stand notch. This circumstance allows
us to correlate the lower notch to the marine one, visible on
the coastal cliff at about 7 m above sea level (Maeda et al.
2004; Omura et al. 2004), which dates back to the last
interglacial phase (MIS 5e, about 125,000 years before the
present time; Linsley 1996).

Beyond this obstacle, which stopped the exploration of the
Gaia Club, a second dry and huge system of galleries exists:
it is like entering another cave, a parallel system of new
amazing galleries that are flooded only during very rainy
seasons (Fig. 4).

The morphology of the active level of the PPUR is clearly
adjusted to the current sea level, but we have to consider
that in the last 500,000 years, the sea was most of the time
lower than now (mainly 50–60 m lower; Haq and
Hardenbol 1987). This implies that the PPUR has
functioned as a vadose through-cave affected by fresh water
flow, with a substantial load of insoluble material, forming
a subterranean canyon that is buried by the alluvial
sediments that form the current riverbed.
The PPUR profile also shows several large passages at an
elevation of mainly 50–80 m above the pmsl. This level
consists of large inactive tunnels parallel to the current river
containing thick alluvial deposits covered by flowstones,
which in places almost completely fill the conduits.
In the upstream sector of the cave, erosion forms may be
found, indicating a long phase of vadose entrenchment. This
ancient “underground river” could reasonably be dated back
to the Early Pleistocene, as suggested by the extrapolation
of the recent low uplift rate of the coastal zone (Piccini and
Iandelli 2011).

Figure 4. The huge canyon of 150 Years Gallery formed by
downcutting of a large epi-phreatic tube (photo by A. Romeo, La
Venta).

Several morphologic features, such as the presence of
corrosion notches at 12.4 m above the pmsl, and the huge
37

Karst and Caves in Carbonate Rocks, Salt and Gypsum – oral
speleothems corroded and interbedded with alluvial
deposits, suggest that this lower and presently active level
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experienced more than two sea level highstands and could
have formed during most of the Middle-Late Pleistocene.

Figure 5. Survey of the PPUR in plan view.

From the mineralogical point of view, recent and still
ongoing investigations are evidencing that the number of
cave minerals is much higher than supposed. Most of the
minerals of the system are concentrated within the “black
crusts”, which are widespread along the main galleries of
the PPUR. These crusts, often completely detached from
the cave wall, are related to periods of strong biogenic
reactions induced by the mineralization of guano in water
filled conditions. The same process was active in all the

5. Speleothems and cave minerals
Huge stalagmites and flowstones are abundant in several parts
of the cave together with some rare speleothems. One of these
speleothems is “calcite grass”, an extremely rare kind of
helictite, consisting of bended and twisted calcite monocrystals
growing from the cave floor and covering several tens of
square metres of the 150 Years Gallery (Fig. 6).
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partially articulated bones (ribs and dorsal vertebrae)
exposed for approximately 10 cm of their length, were
observed about 3 m above the river (Fig. 7). The bones
emerge from the rock wall due to the differential dissolution
of the limestone with respect to bones and were not
extracted to preserve this rare paleontological site.

other caves of the St. Paul karst: in two of these cavities the
process also allowed peculiar black cave pearls to develop
(Forti et al. 1991). In general, the crusts consist of several
very thin layers of different colour: beside the far more
dominant black ones, other layers are present from black to
reddish and from yellow to white. Each colour corresponds
to one or more compounds. In the black layers most of the
minerals are manganese compounds, the reddish are
characterised by iron-manganese minerals, while the white
and yellow ones consist of gypsum and phosphates, many
of which are amorphous.

A detailed comparison of the bones with several available
photos of closely related taxa, and with the fossil specimens
present in many museums all over the world, has allowed
us to state that they belong to a sirenid. The specimen
discovered on the Island of Palawan represents the first
from the Philippines and the easternmost occurrence in the
region. The partially articulated thoracic elements include
a well preserved vertebra with exposed neural spine and
processes, partial centrum and complete articulation with
the head of the ribs. Several bone fragments are well
preserved in situ, showing broad and re-curved ribs typical
of sirenians. The specimen is approximately 60 cm wide,
whereas the vertebra is 10 cm wide and 15 cm high
including the centrum. It is therefore possible to estimate a
total length for the individual of 180 cm. This sirenid is
obviously coeval with the hosting rock, the St. Paul
Limestone, which is Oligo-Miocene in age.

Up to now eleven different minerals have been detected in
the PPUR: calcite (CaCO3), gypsum (CaSO4•2H2O), apatite
[Ca5(PO4)3 (C,F,Cl,O,OH)], variscite [AlPO4•2H2O)],
strengite [(Fe, Al)PO4•2H2O)], manganite [MnO(OH)],
rhodochrosite (MnCO3) pyrolusite (MnO2), robertsite
[Ca6Mn9(PO4)9O6(H2O)6•3(H2O)],
janggunite
[Mn5(Mn,Fe)
O
(OH)
]
and
serrabrancaite
[MnPO
•2H
x
1-x 8
6
4
2O)].
The first 8 minerals were already known from the cavern
environment while the last three (robertsite, janggunite and
serrabrancaite) are new cave minerals, being restricted to
the single St. Paul karst: in particular serrabrancaite is very
rare even outside caves, being found before only once in
Brazil.

6. The Sirenian fossil
During the scientific explorations carried out by La Venta
Esplorazioni Geografiche inside the Puerto Princesa
Underground River (February–March 2011), several

Figure 7. The bones of a Sirenian fossil along the main active
gallery of PPUR (photo N. Russo – La Venta).

7. Underground meteorology
The Underground River is a cave into which an external
river flows and which transports all the meteorological
events from the outside deep into the rocks: precipitation
peaks, large biological load and temperature jumps. The
peculiarity which makes this cave so unique is that it
reaches the sea level already within the mountain, in the
core of Mt. Saint Paul.
The flows of fresh water from upstream and salt water from
downstream are not connected to each other and, on the
contrary, for long distances they don’t mix, the former
flowing on top of the latter. This creates pockets of cooler
air in contact with the water and, seasonally, generates flows
of relatively warm and humid air which fills the galleries.
Micro-meteorological niches and extremely complicated
ecosystems are thus created, each having their own seasons,
which at the moment we have only barely glimpsed. The
island of Palawan lies directly on the thermal equator,
therefore the UR cave is at the maximum temperature
possible for a cave created by external water flows.

Figure 6. The crystallized pavement in the 150 Years Gallery
(photo by A. Romeo – La Venta).
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be guaranteed regarding its ecosystem, which might
undergo serious alterations.

Then there is the wind, which is very noticeable when you
pass through the portal to visit the cave on the bancas. The
galleries are crossed by an important airflow, with peaks of
up to 150 m2.s-1. The origin of air circulation within caves
is usually the temperature difference between inside and
outside. But, unique also in this, the PPUR is affected by a
subtle factor which is insignificant elsewhere: the variations
in the humidity of the outside air.

It is thus absolutely necessary that the cave managing
authorities pay particular attention to the problems that
might arise from its tourist overexploitation.
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1

Many karst areas in the UK have been glaciated one or more times during the last 0.5 Ma, yet there are few documented
examples of caves in these regions being affected by glacial processes other than erosion. The karst of South Wales is one
area where sub or pro-glacial modification of pre-existing caves is thought to occur. Evidence from the Ogof Draenen
cave system suggests that caves can sometimes act as subterranean glacial “underspill” channels for melt-water. This cave,
one of the longest in Britain with a surveyed length of over 70 km, underlies the interfluve between two glaciated valleys.
Sediment fills and speleo-morphological observations indicate that melt-water from a high level glacier in the Afon Lwyd
valley (>340 m a.s.l.) filled part of the cave and over-spilled into the neighbouring Usk valley, temporarily reversing nonglacial groundwater flow directions in the cave. It is suggested that this may have occurred during a Middle Pleistocene
glaciation.
(Note: Welsh terms used in this paper: Ogof = Cave, Afon = River, Cwm = Valley, Mynydd = Mountain).

1. Introduction

In the karst of South Wales, there is further evidence for
glacial modification of pre-existing cave systems through
melt water recharge. Copious amounts of sediment have
been introduced into some caves by glacial melt-water,
notably those under Mynydd Llangattock (Smart and
Gardner 1988). This has led to ponding and localized
paragenesis; blocking some passages, reactivating others
and in some cases, facilitating the development of new
conduits (Farrant and Smart 2011). In Ogof Agen Allwedd,
Simms and Hunt (2007) provide evidence of sediment
influx, glacial flooding and impoundment and suggest that
glacial damming and recharge from melt-water might have
been a significant factor in its development. The discovery
of a major new cave system Ogof Draenen in 1994 (Farrant
and Simms 2011) a few kilometers to the southeast of
Mynydd Llangattock has provided additional evidence for
the utilization of caves by glacial melt water.

Most of the upland karst areas in the north and west of the
UK have been glaciated several times during the past
0.5 Ma, particularly during the Marine Isotope Stage (MIS)
12 Anglian glaciation (equivalent to the Elsterian of
northwest Europe) and the MIS 2-4 Devensian glaciation
(equivalent to the Weichselian), but also during Middle
Pleistocene glaciations. Glaciations can have profound and
complex effects upon karst landforms and their underlying
aquifers, and may destroy, inhibit, preserve, or stimulate
karst development (Ford 1987). Sub-glacial water flow can
be considerable, especially in active, warm based glaciers,
and at the margins of glaciers and ice sheets. Where these
are in contact with karstified aquifers, there is scope for
significant input of allogenic melt water into pre-existing
cave systems (Lauritzen 1984, 1986).
The impact of glaciations on caves in the UK is poorly
understood, with few documented examples of caves being
affected by glacial activity except through valley incision
and erosion. One example of a cave system being affected
by glacial activity is Dale Barn Cave in the Yorkshire Dales
karst of northwest England, which is thought to have been
reactivated by sub glacial melt waters (Murphy et al. 2001).
This largely phreatic system connects two adjacent glacial
valleys, Chapel-le-Dale and Kingsdale near Ingleton,
Yorkshire. Speleothems dated to 343.4 (+86.0/-47.7) ka
within the Illusion Pot section of the cave suggest that the
conduit was drained during or prior to Marine Isotope
Stage 10. However, scalloping on these speleothems suggest
it underwent a second, later phreatic episode, with water
forced uphill from Chapel-le-Dale to Kingsdale, a distance
of approximately 1.5 km. Sediments preserved within the
conduit contain distinctive lithologies derived from the
Chapel-le-Dale end of the cave, and resemble those
described from sub-glacial eskers. The reactivation of the
conduit is most plausibly explained by sub-glacial drainage
near the snout of the Chapel-le-Dale glacier flowing through
to the higher, but unglaciated Kingsdale valley.

2. Ogof Draenen
Ogof Draenen [National Grid Reference SO 24631 1179]
is a complex multiphase intrastratal cave system located six
kilometres south-west of Abergavenny, South Wales
(Figure 1). It is currently one of the longest cave systems
in the UK at more than 70 km in length and spanning over
150 m in elevation (Chelsea Speleological Society and
Stevens 1997; Waltham et al. 1997). The cave is developed
within Lower Carboniferous limestones on the northeastern margin of the South Wales coalfield. The limestones
are overlain by Upper Carboniferous siliciclastics including
the Twrch Sandstone Formation (“Millstone Grit”) and the
“Coal Measures”, a cyclical sequence of sandstones and
mudstones with some coal seams (Barclay 1989). The
geological structure is relatively simple, with dips to the
south-west at between 5° and 20°. Ogof Draenen underlies
the interfluve between the deeply incised Usk valley and its
tributaries to the north and east, and the smaller Afon Lwyd
valley to the west.
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allogenic, derived largely from numerous small streams
draining the Upper Carboniferous clastics that cap the
escarpment above the cave.
The higher level passages in the cave system (those that lie
up dip to the east of the Score-Gilwern Passage conduit) are
considered to have drained south, initially to resurgences at
c. 360 m above sea-level (asl) in the Usk valley (Farrant
and Simms 2011), and then to progressively lower
resurgences in the Afon Lwyd valley at 360–320 m a.s.l.
Subsequent cave development occurred in response to
valley incision in the Clydach Gorge to the north,
effectively reversing the hydraulic gradient. This change
facilitated the development of a lower level series of
passages (the Score-Gilwern Passage conduit) that flowed
northwest to a former resurgence in the Clydach Gorge at
320–300 m a.s.l. (Figure 2). Subsequent valley incision in
the Afon Lwyd valley caused a second reversal in flow
direction, this time to the south, creating the present Beyond
a Choke stream-way, which resurges 10 km to the south
near Pontypool at 120 m a.s.l. This streamway is fed by a
series of small inlets and stream sinks along the margin of
the overlying sandstone cover.

Figure 1. Nextmap hill-shaded surface model image of the northeastern part of the South Wales coalfield and the Usk valley,
showing the location of Ogof Draenen.

The cave has had a long and complex evolutionary history
(Farrant and Simms 2011; Simms and Farrant 2011). It
essentially comprises three vertically stacked, genetically
separate, cave systems linked by phreatic under-captures,
shaft drains, chance passage intersections and invasive
vadose inlets.

3. Cave sediments

The present autogenic catchment is very small as the
limestone forms only a relatively narrow outcrop along the
steep scarp of the Usk valley. Consequently, recharge
throughout the cave’s history has been predominantly

Observation of the sediment fills in and around the northern
end of the main streamway and its tributaries (Gilwern
Passage, Upstream Passage, The Score and Pen-y-Galchen
Passages; Figure 2) suggested that two distinct sediment

Figure 2. Outline centre-line survey of Ogof Draenen, adapted from surveys by Chelsea Speleological Society and Stevens (1997). A.
The northwestern part of the cave. B. Inset of area around the cave entrance. The black passages are those developed during the ScoreGilwern Passage conduit phase of development, whilst the Beyond a Choke streamway (dark grey) represents the final phase of cave
development. Directions of water flow are those when the passage was formed. The rest of the cave is shaded pale grey.
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can be observed throughout the upper reaches of the
streamway (Upstream Passage) and surrounding passages.
Sedimentary structures are often picked out by conspicuous,
very distinctive, dark grey or black laminae, comprised of
coal, carbonaceous or manganese stained material. These
cross-bedded sands are more typical of the channel deposits
of Bosch and White (2007), but locally are capped by
laminated sediments of the slack-water facies.

facies occur in this area. These comprise coarse, poorly
sorted sands and gravels in the active streamway; and relict,
finer-grained, silt, sand and sandy gravel preserved at higher
levels. To characterize these sediments, samples were
collected from over 30 sites and subjected to clast size,
lithology and facies analyses (Pash 2003; Trowbridge
2003). Clast lithology data, together with two surface
streams for comparison is shown in Table 1, and particle
size cumulative frequency graphs in Figure 3.

Excellent exposures occur in Gilwern, Upstream and Peny-Galchen passages. At the southern end of Gilwern
Passage (307 m a.s.l.), >2 m of fine- to medium-, locally
coarse-grained, cross-bedded sand with coal-rich laminae
overlain by a few centimetres of fine grained, laminated
silts can be seen. Cross bedding here and ripple marks
200 m farther downstream indicate northward flow.
Significantly, no other deposits are known in the rest of
Gilwern Passage and its northerly continuation. A similar
sequence can be seen in Upstream Passage, 50 m north of
Cairn Junction at 321 m a.s.l. Here up to two metres of fineto medium-grained dark grey sands overlying boulders are
capped by 1 m of laminated silts (Figure 4).

Table 1. Clast lithologies for the 2,000–3,350 mm particle size
range (Mean %) for the present streamway, Gilwern Passage and
two surface sites. The “Total Sandstone” is a combination of
“Millstone Grit” and Sandstone. The glacial till samples were
collected from Forgeside, near Blaenavon [NGR SO 2471 0876],
whilst the Coal Measures sample was taken from a tributary
feeding the River Clydach at [NGR SO 2156 1254]. Data from
Pash, (2003).
Beyond
a Choke
Lithology (Mean %) StreamMudstone (Shale)
67.4
Sandstone
16.2
“Millstone Grit”
7.1
Quartz
6.7
Limestone
1.1
Total Sandstone
23.3
Carbonaceous clasts 1.4

Gilwern
Passage
58.9
20.7
11.5
7.5
0.7
32.2
0.7

Glacial
Till
(surface)
28
38.4
25.1
6.5
0
63.5
2
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Coal
Measures
(surface)
100
0
0
0
0
0
0

Figure 4. Desiccated, cracked laminated silts overlying finegrained silty sand, draped over breakdown, Upstream Passage
(photo M J Simms).

Another 100 m upstream at the same elevation, plaques of
cross bedded sands (Figure 5) can be seen high up on the
walls, at least 4–5 m above the current floor and within a
couple of metres of the roof. The 0.5 m high northerly
dipping foresets are picked out by the dark grey and black
carbonaceous or manganiferous laminae.

Figure 3. Cumulative frequency plots for the streamway and
Gilwern Passage sediments.

Sediments in the active streamway are dominated by poorly
sorted, sandy gravels comprising mostly allogenic
mudstone and sandstone clasts, often with a dark grey
manganese patina. Most of the clasts are angular to sub
rounded. Angular clasts of limestone, derived from passage
collapse and breakdown (largely caused by vadose incision
and secondary gypsum growth in fractures) are common,
but not appear to be undergoing significant transport. These
are typical of the thalweg facies of Bosch and White (2007).
A second distinct facies occurs as sediment banks and
remnant fills preserved up to 22 m above the present
stream-way and in neighbouring relict passages. This
consists of fine- to medium-grained, moderately sorted, pale
grey, brown and black, cross-bedded sand, silty sand and
laminated clays. Minor amounts of coarse sand and gravel
comprising mudstone and quartz occur in places, but few
large clasts are present. Remnants of this once extensive fill

A short distance further on the large passage ends in a
sediment choke, again comprised of fine-grained dark grey
sands with ripple cross-lamination showing northward flow.
Remnants of similar, but coarser sand again with northerly
dipping cross beds, and sometimes cemented by calcite can
be seen on the walls of Pen-y-Galchen Passage. Similar
coal-rich sediments occur further south in “The Score”, an
inlet passage off White Arch Passage, at 313 m asl. This
passage is the upstream continuation of the Gilwern Passage
conduit (Farrant and Simms 2011), and contains an
abundant sandy fill throughout, as does its southerly
continuation (“Crystal Mole” passage and “Pontypool or
Bust”). In the Entrance Series, a conspicuous tide-mark is
present on the passage walls up to an elevation of c. 325 m,
indicating the maximum sediment fill level.
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emplaced, hydraulic gradients were locally reversed to that
of the stream that formed the passage. This must have been
a temporary reversal, as these sediments have since been
largely flushed out and the former hydraulic gradients
restored. Moreover, the time during which the sediment was
emplaced must have been short lived as there is no
significant evidence for dissolution, scalloping or
paragenetic modification of the passage morphology
(Farrant and Smart 2011). No pendants, notches, wall
anastomoses or half tubes have been identified in Upstream
Passage or in Gilwern Passage. Clearly, fluvial transport
under present climatic conditions cannot account for these
anomalous sediments. An alternative explanation is that the
sediments were emplaced during glacial or pro-glacial
conditions when glacial melt water was able to transport
significant amounts of sediment into the cave. This
hypothesis has been invoked for the extensive sediment fills
in the Mynydd Llangattock caves, notably Ogof Agen
Allwedd (Smart and Gardner 1989; Simms and Hunt 2007),
a few km to the north across the Clydach Gorge (Figure 1).

Figure 5. Cemented remnants of cross-bedded coaly sands
preserved several metres above the floor of Upstream Passage.
Cross bedding indicates flow to the left (“upstream”). Height of
face shown is about three metres. Photo M J. Simms.

It is clear that these passages were largely filled with
sediment in the past. The sedimentary structures preserved
in the deposits within Upstream Passage and its tributaries
indicate flow “upstream” into progressively smaller vadose
inlet passages. This is in the opposite direction to the present
stream and the regional hydraulic gradient. Moreover, these
sediments overlie extensive breakdown indicating they
were deposited after considerable vadose incision and
collapse. The sands bear no resemblance to the poorly
sorted, manganese stained, fine-medium grained fluvial
sand and gravel currently in transport. Today, even in
extreme flood conditions, water levels in Upstream Passage
rarely exceed a metre in depth, barely enough for the stream
to be visible above the boulder floor and 4–6 m below the
relict cross bedded sands observed on the passage walls.
Very little sediment is transported during these floods;
indeed, many of the gravel banks in the inlet streams are
cemented with a manganese and iron oxide coating.

4. Discussion
4.1. Age of the sediments
Although these relict cave sediments have not been dated
directly, two strands of evidence suggest that they are of
considerable antiquity and predate the last Devensian
(MIS 2-4) glaciation. Firstly, the lack of fine-grained relict
sediments in the “Beyond a Choke” streamway is in marked
contrast to the abundant sediment fills in the passages
associated with the relict MS&D-Score-Gilwern Passage
conduit. This suggests that the finer grained sediments were
deposited prior to the development of the streamway. This
passage, which is up to 30 m high in places, is too large to
have developed since the end of the last glaciation. It
currently flows south to resurgences in the Afon Lwyd
valley and probably developed during and subsequent to the
last interglacial (MIS 5). Secondly, much of the sediment
fill has been flushed out, leaving remnants preserved up to
6 m above the floor. Whilst sediment removal can be a very
efficacious process, it is hard to imagine this amount of
sediment being removed since the end of the last glaciation.

Significantly, no relict sediment deposits occur in the
southerly continuation of the streamway downstream of the
junction with Gilwern Passage. This part of the streamway
(“Beyond a Choke”) is a late-stage under-capture off the
relict MS&D-Score-Gilwern Passage conduit (Farrant and
Simms 2011), and only carries a small amount of sandy
gravel in the active stream. Unlike Upstream Passage, no
sediments are preserved above stream level. The point of
capture is clearly marked at the southern end of Gilwern
Passage where the stream that flows down Upstream
Passage swings south into a smaller, lower level passage,
whilst the roof tube swings north into Gilwern Passage.

A speleothem in Gilwern Passage was taken for Uranium
series dating at the NERC Isotope Geosciences laboratory,
at the British Geological Survey, Keyworth. The sample
(OD-07-96E) was dissolved in hydrochloric acid, and the
uranium and thorium were co-precipitated with Fehydroxide and separated by ion exchange (AG1x8 and
UTEVA). Uranium isotopes were measured by TIMS
(Triton) and Thorium by MC-ICP-MS (Nu HR). The
sample yielded an age of 302.9 ± 2.8 ka (Table 2) which
suggests the passage was vadose by this time. However, it
is not clear whether the sediment fill predates speleothem
deposition or represents a later stage reactivation of the
passage. Either way, it is probable that the sediments
predate the last interglacial (the most likely period when the
present streamway developed), and possibly as old as the
Anglian (Elsterian) glaciation (MIS 12). Further U-series
dating work is currently in progress to constrain the age
better.

It is clear that these finer grained, carbonaceous and
manganiferous sands seen in Gilwern Passage, The Score
and Upstream Passage are genetically distinct from those
currently in transport in the active stream. Although both
are fluvial sediments, there is a striking difference between
them in composition, fabric and volume of sediment in
transport. As such they must have been brought into the
cave system under very different hydrological conditions.
The presence of fine fragments of sandstone and mudstone,
together with abundant quartz clearly indicates an allogenic
source, most probably from the overlying Upper
Carboniferous Coal Measure sandstones and the Twrch
Sandstone Formation. The cross bedding preserved within
these relict sediments indicate that when they were
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Table 2. U-series data. U and Th total procedural blanks were
<26 pg and <8 pg, respectively. Data reduced using an in-house
spreadsheet and Isoplot with decay constants from Cheng et al.
(2000).
Sample
OD-07-96E
[230Th/238U]
1.637
ρ 08-48
0.000

232
Th ppm
U ppm
25.9
0.0014
2σ%
[234U/238U]
0.22
1.566
Age (ka)
302.9±2.8

[230Th/232Th]
9.088E+04
2σ%
0.04
[234U/238U]initial
2.335±0.010

4.2. Glacial geomorphology
Mid and South Wales was glaciated on at least two
occasions during the Pleistocene; during the Anglian
(Elsterian) and more recently during the Devensian
(Weichselian) glaciation (Barclay 1989). A further three
Middle Pleistocene glaciations have been postulated, during
MIS 16, 10 and 6 (Saalian glaciations) (Lee et al. 2012).
Whilst the extent of some of these Middle Pleistocene
glaciations across Britain may be controversial, it seems
likely that upland parts of Wales would have been at least
partially glaciated during these events. During any of these
glaciations, it is probable that Ogof Draenen would have
lain at or close to the southern margin of the ice sheet at
various times (Ehlers and Gibbard 2004).

Figure 6. Proposed glacial setting during periods of subterranean
glacial under-spill through Ogof Draenen. Contours at 100 m
intervals. Glaciated areas are pale grey.

passages extending through the intervening mountain
provided suitable conditions for the reactivation of these
passages by glacial melt-water. Sediment laden melt water
flowed into the cave via inlets along the eastern margin of
the Afon Lwyd valley around Blaenavon (>320 m a.s.l.).
From these and other inlets, water flowed north via a
currently sediment choked passage (“Pontypool or Bust”)
into “The Score” and then into the start of Gilwern Passage
and the surrounding area. In doing so, it deposited finegrained sand and silt up to an elevation of c. 320–325 m asl.
With outlets to the north (the Clydach Gorge) blocked by
glacial ice, sediment or collapse, and the present streamway
not yet in existence, the only available outlet was into Cwm
Llanwernarth, a small tributary valley to the Usk.

These ice caps probably had several spreading centres,
principally in mid and north Wales, but a local dispersion
centre was also likely over the Brecon Beacons. These
reconstructions are supported by the presence of till up to
elevations of 445 m asl on the flanks of the Usk valley and
its tributaries (Barclay 1989), and glacial striae on the
Llangattock plateau. The uplands of Mynydd Llangattock,
Gilwern Hill and Mynydd Garnclochdy were probably
occupied by ice caps (as they were during the Late Glacial
Maximum where glacial till forms an extensive sheet at c.
350–400 m around Brynmawr). To the south the ice was
funneled into a series of valley glaciers, including the Afon
Lwyd glacier. Locally derived gravelly till (of presumed
Devensian (MIS 2-4) age) over 10 m thick is present in the
Forgeside borehole [SO 2504 0828; 345 m asl], and thin
pre-Devensian tills extend south as far as Pontypool. To the
north, the major glacier in the Usk valley was largely
confined to the present valley (Barclay 1989). During the
Devensian, the ice surface was not much above 250 m in
the Abergavenny area, terminating in a complex series of
moraines around Kemys Commander [SO 340 040] south
of Abergavenny. Patches of morainic material demonstrate
that the small north-east facing cirques on The Blorenge
contained small glaciers or snow patches, but there is little
evidence for a major glacier in Cwm Llanwernarth during
this time. We suggest that during either the Anglian
(Elsterian) glaciation, or possibly during MIS 10 and 6,
similar conditions prevailed (Figure 6). It is possible that a
comparable glacial setting may have occurred during the
early Devensian (MIS 4), but the size and maturity of the
Beyond a Choke streamway suggests that the sediments
were deposited prior to this time.

Although this valley probably contained a small cirque
glacier, the glacier surface was considerably lower than the
Afon Lwyd (Figure 7). Consequently, the water then flowed
out “upstream”, via a series of passages at the eastern end
of Upstream Passage, including Pen-y-Galchen Passage.
These former inlet passages had previously been truncated
by valley incision at the head of Cwm Llanwernarth, but
because they form the lowest overspill point in the cave
system, they were subsequently reactivated as series of
temporary resurgences.

The presence of a glacier in the Afon Lwyd valley at
elevations above 350 m, and an ice surface less than 250 m
in the lower Usk valley, coupled with open, relict cave

Figure 7. Schematic cross section between the Afon Lwyd valley
to the west (left) and the Cwm Llanwernarth valley to the east.
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Within Ogof Draenen, several distinct sediment facies can
be observed in the network of passages around Gilwern
Passage, Upstream Passage, The Score and the present
streamway. In particular, the deposition of a distinctive suite
of fine grained sediments that infilled parts of the cave to
depths of over 20 m is ascribed to the influx of sediment
laden glacial melt water, either during the Anglian
(Elsterian) glaciation or possibly during MIS 10 or 6. This
melt water, derived from the base of a glacier in the Afon
Lwyd valley flowed into the lower part of Ogof Draenen
via many pre-existing inlets. As the level of glacial ice in
the neighbouring Usk valley was significantly lower, this
melt-water was able to flow north through the cave (in the
opposite direction to normal interglacial drainage), over
spilling through various truncated inlet passages in the
headwall of the Cwm Llanwernarth cirque to form a series
of temporary springs at c. 320 m. The cave thus acted as a
subterranean glacial spillway, transferring water from one
catchment to another.
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NAMAK Project (“namak” means salt in Persian language) is an informal association of geologists and speleologists who
cooperate on exploration and scientific research of the salt karst in southern and southwestern Iran. During the Project
(from 1998 until 2013) about 16 salt diapirs were visited and more than 60 caves were discovered, 30 of which were
mapped. The most exciting scientific and speleological discoveries were made in the Namakdan, Hormoz and Jahani salt
diapirs; however, many other remarkable discoveries have been made on other several Iranian salt diapirs. This contribution
summarizes the most interesting findings achieved during the ten expeditions carried out by the NAMAK team.

1. Introduction

Mesijune have been visited (for location see the Fig. 1 in
Bruthans et al. 2009). The climate in the visited areas is arid
or semi-arid. Main precipitation occurs from November–
April. The annual average temperature is 27 °C in the
Persian Gulf region and 20 °C at mountainous diapirs.
Temperature can reach 50 °C in the summer. During our
expeditions (usually in the period from January to May),
temperatures varied between 15 and 40 °C. The humidity
on the surface varied from 50 % to 98 %. Strong
precipitation events occur sporadically every several years,
usually during the winter season.

The NAMAK team studies Iranian salt karst since 1998. Up
to now the 10 full-scale expeditions and several shorter trips
were carried out between 1998 and 2010. Members of the
NAMAK team assisted during film documentaries made by
the BBC, Iranian TV and the Czech TV. The discovery and
documentation of the 3N Cave by the NAMAK team
positively influenced declaring a part of Qeshm Island as a
National Geopark, which was also recognized as part of the
UNESCO Network of Geoparks in the year 2006.
The southern and southwestern part of the Zagros Mts. in
Islamic Republic of Iran (provinces Hormozgan, Fars and
Bushehr) represents an area with the largest number of
piercing salt diapirs in the world. Numerous diapirs teem
with a variability of well-developed karst phenomena,
including countless salt caves with brine springs and rich
secondary halite deposits. However, the area was not
previously subjected to some systematic geological
research, except the tectonic and structural studies (see
references in Talbot and Alavi, 1996). New knowledge from
other geological fields has been obtained within the last
circa 10 years. Characterization of the karst phenomena and
notes to the speleogenesis in this area were presented by
Bosák et al. (2002). Evolution of the surface morphology
in relation to the karstification on some coastal salt diapirs
was described by Bruthans et al. (2008, 2009, 2010).
Overview of the various types of secondary cave deposits
was presented by Filippi et al. (2011). Also the speleological
findings will be summarized in detail soon (Filippi et al. in
prep.). The presented contribution extracts some of the most
spectacular findings made by the NAMAK team.

Geologically salt karst areas are situated in the eastern part
of the Zagros Mountain Range and the Persian Gulf
Platform, which is composed of elongated whaleback or
box-shaped anticlinal mountains, generally NW–SEtrending (Bosák et al. 1998). The relief is young; the
principal folding started only in Middle Pliocene. Rock salt
composing the diapirs belongs to the Hormoz Complex,
which was deposited during Upper Precambrian to Middle
Cambrian times, i.e. more than half a billion years ago
(Bosák et al. 1998). The salt deposits have been covered by
other sedimentary rocks, which attained a thickness of
several kilometers. Due to high pressure in such depths,
tectonic factors, and due to the high plasticity and low
density of salt, the deposits started to rise towards the
surface in form of salt diapirs (plugs, domes).
Salt diapirs in Iran are represented by more or less circular,
cylindrical, etc. bodies with diameter between ca. 1 to
18 km. The rock salt is folded into tight to isoclinal folds,
with alternating white to grayish and reddish salt with
varicolored carbonate, siliciclastic, iron oxides and volcanosedimentary rocks and rarely anhydrite and gypsum. Blocks
of exotic (igneous and sedimentary rocks) transported by
halokinesis from depth reach diameters up to 2 km across
in many diapirs.

2. Geography and geology of the area
Four salt diapirs were studied in detail during the NAMAK
expeditions: Hormoz and Namakdan diapirs on islands in
the Persian Gulf (Hormozgan Province), Kuh-e Jahani
diapir near Firuzabad (Fars Province) and Namak diapir
(Busher Province) in the Zagros Range. However some
other salt diapirs (e.g., Namak, Gach, Saadad Abad,

3. Methods
Topographical maps (1:25,000 and 1:50,000), satellite
images (presented by the Google Earth utility), and aerial
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photographs were used as a basis for morphological and
geological surveys. Global positioning system (GPS)
instruments, with a horizontal accuracy of ±5 m, were used
for field orientation and identification of sampling sites.
Altitudes of the important points were determined using
precise barometric altimeters (BARIGO 43, GARMIN
eTrex Summit) with accuracy better than ±2 m. Some points
with small elevation differences were measured using a total
station (Leica). Cave passages were mapped by compass,
clinometer, and a tape or a laser rangefinder. Polished
sections were prepared for the mineralogical study of the
speleothems followed by the scanning electron microscope
(SEM) and X-ray diffraction spectroscopy (XRD).
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the thick overburden; salt dissolution is concentrated into
cave passages. On the contrary, the denudation rate of
ground surface in case of bare salt surfaces is very fast
(centimeters per year) and could simply exceed the rate of
halokinesis (Bruthans et al. 2008).

5. Speleological finds
5.1. The longest/largest salt cave
Absolute majority of caves discovered in the Iranian salt
karst reach first tens to few hundreds of meters in their
lengths. So far, there are only three caves exceeding one
kilometer: the White Foam Cave (1,262 m) on Jahani diapir,
the Ghar-e Daneshyu (Students’ Cave; 1,909 m) on Hormoz
diapir and finally the 3N Cave (6,580 m) on Namakdan
diapir. The 3N Cave is probably the most impressive and
remarkable salt cave in Iran. The 3N Cave is located in the
southeastern part of the Namakdan diapir in the western part
of the Qeshm Island (Persian Gulf). Since the detailed
description of the cave was presented in English and in
French by Bruthans et al. (2006) and Filippi et al. (2006),
respectively, we present here only general description and
underline some most important knowledge about this
unique cave.

4. Karstology of the Iranian salt karst
Iranian salt karst is very a dynamic landscape, especially
during and after heavy rains. In such time intense transport
of sediments and abundant rock falls occur on the surface
and also in caves. One would expect that salt caves will
originate on salt diapirs with large areas of exposed rock
salt, but that’s not the case. Caves usually do not occur in
bare salt diapirs. Runoff water reaches very rapidly
saturation with respect to halite and looses ability to
dissolve rock salt. Runoff water leaves the bare salt diapirs
via dense net of surface streambeds and canyons in lower
reaches. Fortunately for cavers, surfaces of the salt diapirs
in Zagros Mountains are mostly covered by various types
of surficial (residual) deposits (detail see in Bruthans et al.
2009). Regardless of the type of surficial deposit, its
thickness and areal extent, its presence is the key factor
governing the degree of karstification and cave
development on salt diapirs in Iran (Bruthans et al. 2000).
Thickness of surficial deposits above cave does not
influence the cave itself; more important is the thickness of
surficial deposit in recharge area of the cave. The surficial
deposits act as impermeable cover that enables
accumulation of large amount of fresh water. Also large
blocks of exotic rocks act similarly as impermeable surficial
deposits. Thickness of overburden above the cave usually
influences intensity of breakdowns when caves in shallow
subsurface are less stable compared to those in greater
depth. The two very important geomorphological and/or
karstological features affected by thickness of the surficial
deposits (overburden of halite) are as follows (for details
see Bruthans et al. 2000, 2009 and Filippi et al. in prep.):
• Density (and character) of recharge points, which has a
negative correlation with thickness of overburden. Surface
of diapirs with no surficial deposits is typical by presence
of steep canyons and gullies, sharp Rillenkarren on rock
exposures. Thin overburden is permeable for water at
numerous places and therefore prevents development of
extensive drainage networks that transmit and concentrate
fresh water. As a result, dense fields of small dolines and
ponors develop. On the contrary, thick impermeable
overburden enables evolution of landscape with well
developed drainage network terminated in valleys and deep
canyons with scarcely distributed large ponors (followed
by large caves) and also with large dolines.

Figure 1. Comparison of the first and the second world’s longest
salt caves.

Generally, the 3N Cave consists of a singular large
meandering passage (Fig. 1) opened to a valley, via lower
entrance (resurgence partly filled by brine) 8 m wide and
2 m high. A large salt lake, usually 100–300 m long
(changing based on presence/absence of natural dams
formed by salt precipitates) and up to 1 m deep, is at
intervals forming approximately 160 m from this entrance.
The roof is lowered here to only 20–60 cm above the water
level. Very high salt concentration (up to approximately
330 g.l-1 of dissolved salt) made it easy to swim because of

• The rate of lowering the surface of salt karst. There is
relatively very low denudation rate of surface in case of
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of large a volume of incoming water during heavy rains.
Collapses from the ceiling are very often and may endanger
possible visitors.

similar buoyancy effect to that of the Dead Sea. However,
the oversaturation with salt is badly etching to skin
scratches and open cuts, which are unavoidable when
exploring caves. About 700 m from the southern entrance,
the “Hangar” chamber (35 × 20 × 16 m) is situated. Behind
this point, the width of the mostly muddy and collapseprone passage decreases from 10–15 m to only 6 m. One
kilometer from the entrance, several collapse domes occur.
Three shafts connecting the cave with the surface are
situated behind them, all about 40 m in height. Since the
year 2000 the NAMAK Project has used one of these shafts
as a main entrance to the cave. North of the shaft mounts
the draught inside the cave dies out and makes progress
extremely uncomfortable with a temperature of 28 °C, high
humidity and no air draught. Also, the general character of
the cave changes: the common arched cross-sections caused
by breakdown occurring south of the shafts turn into
passages with flat ceiling without any breakdown –
resembling to a large underground garage. This is probably
related with a larger depth of this part of the cave below
surface. 150 m long low crawl named the “Bend” is very
uncomfortable part of the cave. After it, the passage
increases in size. On the right side a small inlet creates a
permanent brine shower called “Waterfall”, the 10 m high
vertical chimney with a window into approximately 170 m
long narrow meandering passage ending in dangerous
narrow collapsed space. However, in 2010, this inlet was
hidden by a rock fall, so its recent accessibility is
questionable. The main passage named the “Namakdan
Highway” is 40 m wide and up to 6 m high. The most
challenging and endless long “Azadi´s Crawlway” starts
after this large sapces. After approximately 800 m creeping
over fine mud one reaches “Megadomes” (see the next
chapter). Fortunately, a bypass of “Azadi´s Crawlway” was
discovered in 2004 providing a shortcut dug through an
older +6 m higher level. This shortcut was named
“Motashakkeram”, what means “Thanks a lot” in Farsi.
Behind the Megadomes, the main passage changes into a
sandy to gravelly crawlway called “Active Passage”. The
Big Ponor Cave entrance is the main inflow into the cave
(for details see next section).

One of the largest underground spaces was documented also
in the 3N Cave. The space called as the Megadomes
consists of two connected relatively low halls (from 2 up to
8 m in the height), which together occupy an area of 200 m
by 100 m (Fig. 3A). In general, these halls have flat ceilings
only locally interrupted by fallen rocks; the walls often
consist of fluvial sedimentary infill which points at their
possible larger extent. The Megadomes are situated at a
confluence of streams from two main sinkholes. The main
stream is coming from the Big Ponor part and the second
from other important tributary, the neighboring Upper
Entrance Cave. Unfortunately, the connection with this cave
is impossible due to a complete sedimentary infill.
The Coffee Bar Hall in Eugen’s Cup of Coffee Cave on the
Mesijune salt diapir is the largest and most impressive cave
hall found in the Iranian salt karst and probably also
worldwide (Figs. 2A, 3B). It has an extent of 70 × 30 ×
35 m (length, width and height). The Eugen’s Cup of Coffee
Cave is situated close to the northern margin of the diapir
and is developed in apparently unstable environment – in a
rock salt covered by relatively thin surficial sedimentary
overburden. The relatively short cave (the length 235 m)
consists of a large meander passage with common width of
5 to 10 m and the similar height and already mentioned
large hall. The cave has a flat bottom which is periodically
flooded by rain water coming from the surficial valley. The
large volume of sweet water coming quickly into the cave
after the heavy rains is the main reason for development of
such a large underground space located close to the cave
inlet. Fallen rocks from the ceiling are quickly dissolved
and thus the space remains partly empty (from the bottom
to the ceiling). The inactive part of the passage is progress
towards the surface. The lack of fresh water causes
successive infilling of the space by rock fragments and
fluvial sediments in many other documented underground
spaces.
5.3. The deepest shaft

5.2. The largest underground spaces

Based on vertical cross-section, there are two general
groups of caves in the Iranian salt karst: (i) more or less
sub-horizontal caves, and (ii) vertical shafts. The first group
of caves is typically situated as endings of larger elongated
valleys with intermittent streams. Shafts are typical for short
circular valleys and dolines, commonly without a
significant water supply. Important factor for the shaft
development seems to be sub-surficial subrosion, especially
in the early stadium of their development. One of the one
of the largest and deepest shafts was found in the western
part of the Jahani salt diapir and was named the Goat’s
Shaft, according to numerous goats grazing all around. The
shaft has a typical morphology for such environment – a
short streambed on the bottom of circular funnel-shaped
doline ends in a vertical shaft (Figs. 2B, 3D). The doline
and first meters of the shaft are created in unstable only
partly consolidated surficial sediment with large blocks of
exotic rocks. The shaft with an oval crosscut and a flask
vertical profile is mostly developed in rock salt. Narrow

Width and height of accessible parts in most of the visited
caves usually range from one to several meters. However,
sometimes a large corridors and underground halls may
develop. The Big Ponor is one of the largest natural semiunderground spaces in the rock salt. This cave (actually part
of the 3N Cave – the main ponor of this cave) contain an
incredibly large entrance hall consisting of a huge portal
(35 × 15 m) and an entrance hall (approximately 50 m by
50 m, 15 m high). The hall continues by dozens of low
manholes in sedimentary infill leading in different
directions and getting (with one exception) inaccessibly low
after several tens of meters. Besides the mapped parts, there
are many more inlets leading in westerly direction. This
makes sense as Big Ponor is actually developed in a 200 m
(probably more) wide underground alluvial fan where sheet
floods model the cave. It actually represents an underground
alluvial of a meandering underground river channel. Bottom
of this great hall changes very significantly in time because
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terrace composed of large blocks of rocks that are cemented
by halite and gypsum occur 30 meters below the shaft
mouth. Shaft bottom covered by rock boulders can be
reached after another 40 m. The shaft continued by a
sloping cave starting with relatively extensive dome with
an unstable ceiling. After approximately 120 m the cave
terminates in inaccessible riverbeds in sediment and debris.
5.4. Caves formed in two different rocks
Rare examples of caves may develop in areas where salt
glaciers (overflow) cover the surroundings country rocks
(mostly limestone). Bottoms of such caves and partly also
walls are formed in limestone and ceilings consist of rock
salt. Cave of Deliverance in western part of the Khurgu salt
diapir (about 2 km SEE from the south portal of the road
tunnel situated on the main road from Bandar-e Abbas to
Yazd) is one of the best developed examples of such caves
(for cave map see Bosák et al. 2002). The cave drains a huge
blind canyon, which is developed on the border of salt
diapir and a limestone anticline. The small southern cave
branch drains a funnel-shaped doline developed on contact
between limestone and salt. Originally, the cave was
exclusively developed in salt on the contact with limestone
bedrock. After having been enlarged enough to enable the
transport of a clastic load, the vadose canyon entrenched
into the limestone. An inclined (35°) contact between salt
and limestone is visible in the small southern branch of
cave.
5.5. The most remarkable doline/canyon
Iranian salt karst is rich in various types of blind valleys,
shafts, abysses and dolines. Mostly they are represented by
funnel-shaped depression with gentle slopes. Sometimes
these depressions are followed by vertical shafts continued
by relatively short steeply inclined inlet cave. For unusual
morphology and complex genesis, the Puzzle Canyon on
the Jahani salt diapir is quite different and unique. The
branched labyrinth-type canyon with up to 13 m high, but
only 0.5–1.5 m wide walls is situated on a flat bottom of
the doline 100 × 200 m wide (Fig. 3C). The bottom of the
doline is formed by fine deposits which settled there by
numerous floods after heavy rains before the swallow hole
in the bottom of doline was activated. The canyon
developed due to headword erosion of sediment during
heavy rains when streams enter the doline from several
sides and rapidly carve several canyon branches and sink
into the Puzzle Canyon Cave (Fig. 2C). The cave starts with
a 15 m deep vertical step followed by relatively high and
apparently unstable underground space formed in sediment.
Fallen blocks of the sediments and rock fragments are
common there. Gradually decreasing height of passages
ends the passability of the cave on a distance 128 m from
the entrance.
5.6. The highest “waterfall”
Majority of the visited caves are more or less subhorizontal. However, few caves located on margins of salt
diapirs with significant positive morphology are

Figure 2. Maps of the selected speleological objects.
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classified into several groups, on the basis of the site and
mechanism of their origin (Filippi et al. 2011). Some
speleothems are similar to those known from carbonate
karst, others are different. Macrocrystalline skeletal
speleothem is surely one of the most interesting and most
unusual halite forms (Fig. 3F).

characteristic by a relatively steep slope and/or sharp
vertical steps. Waterfall Cave on the southeastern margin of
the Jahani salt diapir is the most interesting locality from
this point of view. This cave is situated in an area consisting
of a valley interrupted by several caves and drained by
relatively permanent stream of brine. The cave is usually
entered from the lower entrance (resurgence),

Halite macrocrystalline stalactites have been documented
earlier (see references in Filippi et al. 2011). However, even
the discovery of rich occurrences of macrocrystalline forms
in the Iranian salt karst helped to understand their
formation. Macrocrystalline skeletal forms (stalactites,
stalagmites and wall/bottom crusts) are connected to
irregularly splashing brine around waterfalls and on cave
ceilings with strong dripping. Rich but more or less random
water supply, accompanied by gravity- and capillaryinduced water movement are the main prerequisites for
growth of these forms. Compared to some other forms,
macrocrystalline speleothems exhibit no internal feeding
tube and the brine is distributed on their surface. Euhedral
to skeletal, mostly irregular and sometimes hopper-shaped
crystals are clustered into “twigs” forming the whole treelike formations. Macrocrystalline speleothems consist of a
central columns and side “twigs”. The side twigs typically
occur in groups of three, mutually forming an angle of 120°,
with an angle of ~70° to the central column. The directions
of the central and side columns thus correspond to the four
body diagonals of a cube. Each twig is terminated with a
cube when all the cubes are equally oriented, again
documenting that the whole form is actually a single crystal,
albeit with a fractal appearance (a “fractal cube”). As the
form grows more and more, the central column and the
twigs can be completely buried under the growing cubes.
For other details about this unusual form see Filippi et al.
(2011).

that is accessible from the valley on the south-eastern
margin of the diapir. The 15 m high step occurs at the hinder
part of the cave, approximately 30 m from the inlet
entrance. The flow rate is usually small up to several liters
per second; however, during heavy rains it rises
significantly. Splashing and aerosol brine causes
precipitation of interesting halite speleothems on the walls
around the waterfall (see Filippi et al. 2011).
5.7. The greatest speleothems
Speleothems consisting of a microcrystalline to grained
porous halite matter are the absolutely prevailing type of
secondary precipitates in the Iranian salt karst. The initial
microcrystalline deposits start to form on halite-/rockssaturated sites. The microcrystalline halite matter is able to
create quite a large speleothems like sinters, stalactites and
stalagmites (Fig. 3E). Their initial formation is primarily
related to the presence of dripping water; however,
evaporation of capillary water is the key factor governing
their growth. Usually, the microcrystalline stalactites form
only when the water feed decreases so that capillary
transport prevails over gravitational dripping. This is the
stage when the “primary” forms finish their development.
In fact, microcrystalline stalactites are mostly the second
stage in the secondary halite deposition (for details see
Filippi et al. 2011). The largest microcrystalline stalactites
and stalagmites reach up to approximately 4 m in length
and up to approximately 30 cm in width. The stalactites are
usually not vertical but are wildly curved or zigzag shaped.
This is caused by the shape of the original form and by
successive development, i.e. periodic changes in the shape
at the tip of the stalactite, and by outer factors, such as the
air draft direction or spatial distribution of the atmospheric
humidity.

6. Important notes
We ask all possible visitors of the Iranian salt karst to be
considerate and protect them. Project NAMAK has its own
website where you can find other information:
http://home.gli.cas.cz/namak/. All important speleological
findings are summarized in the work of Filippi et al. (in
prep.).

Straw stalactites are another common speleothem type,
which may reach notable proportions. Straw stalactites
grow directly from rock salt or from older and destroyed
secondary halite precipitates. This is caused by reopening
of the central channels inside the grained stalactites after
the rains. Straw stalactites display more or less uniform
diameter usually of 0.5 up to 1 cm and a smooth surface
composed of compact glazy halite. In ideal cases, the halite
straws are straight and regular, like in carbonate caves.
More often, they are irregular, slightly curved and combined
with microcrystalline (grained) growths or rarely with
filamentary helictites. Straw stalactites commonly have a
length of 0.1 up to 1 m, but can reach up to approx. 3.5 m,
as was documented in the White Foam Cave.
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Figure 3. A) The Megadomes in the 3N Cave; B) Upper part of the Coffee Bar Hall in the Eugen’s Cup of Coffee Cave; C) The Puzzle
Canyon; D) Goat Shaft and a caver on a step in -30 m; E) An example of a microcrystalline grained halite speleothem, the Octopus
formation in the 3N Cave; F) An example of a macrocrystalline skeletal halite speleothem; narrows point at persons in the photos.
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KARST DEVELOPMENT IN THE GLACIATED AND
PERMAFROSTREGIONS OF THE NORTHWEST TERRITORIES, CANADA
Derek Ford
School of Geography and Earth Sciences, McMaster University, Canada dford@mcmaster.ca

The Northwest Territories of Canada are ~1.2 million km2 in area and appear to contain a greater extent and diversity of
karst landforms than has been described in any other region of the Arctic or sub-Arctic. The Mackenzie River drains most
of the area. West of the River, the Mackenzie Mountains contain spectacular highland karsts such as Nahanni (Lat.
62° N) and Canol Road (Lat. 65° N) that the author has described at previous International Speleological Congresses. This
paper summarizes samples of the mountain and lowland karst between Lats. 64–67° N that are located east of the River.
The Franklin Mountains there are east-facing cuestas created by over-thrusting from the west. Maximum elevations are
~1,000 m a.s.l., diminishing eastwards where the cuestas are replaced by undeformed plateaus of dolomite at
300–400 m asl that overlook Great Bear Lake. In contrast to the Mackenzie Mountains (which are generally higher) all of
this terrain was covered repeatedly by Laurentide Continental glacier ice flowing from the east and southeast. The thickness
of the last ice sheet was >1,200 m. It receded c.10,000 years ago. Today permafrost is mapped as “widespread but
discontinuous” below 350 m a.s.l. throughout the region, and “continuous” above that elevation. The vegetation is mixed
taiga and wetlands at lower elevations, becoming tundra higher up. Access is via Norman Wells (population 1,200), a river
port at 65° 37’N, 126° 48’W, 67 m a.s.l.: its mean annual temperature is -6.4 °C (January mean -20 °C, July +14 °C) and
average precipitation is ~330 mm.y-1, 40 % falling as snow.
In the eastern extremities a glacial spillway divides the largest dolomite plateau into “Mahony Dome” and “Tunago Dome”.
The former (~800 km2) has a central alvar draining peripherally into lakes with overflow sinkholes, turloughs, dessicated
turloughs, and stream sinks, all developed post-glacially in regular karst hydrologic sequences. Tunago Dome is similar
in extent but was reduced to scablands by a sub-glacial mega-flood from the Great Bear basin; it is a mixture of remnant
mesas with epikarst, and wetlands with turloughs in flood scours. Both domes are largely holokarstic, draining chiefly to
springs at 160–180 m a.s.l. in the spillway.
The eastern limit of overthrusting is marked by narrow ridges created by late-glacial hydration of anhydrite at shallow
depth in interbedded dolostones and sulphate rocks. Individual ridges are up to 60 km long, 500–1,000 m wide,
50–250 m in height. They impound Lac Belot (300 km2), Tunago Lake (120 km2) and many lesser lakes, all of which are
drained underground through them. In the main overthrust structures, the Norman Range (Franklin Mountains) is oriented
parallel with the direction of Laurentide ice flow. It displays strongly scoured morphology with elongate sinkholes on its
carbonate benches. In contrast, the Bear Rock Range is oriented across the ice flow, has multiple cuestas, is deeply furrowed
and holokarstic but preserves pinnacle karst on higher ground due to karst-induced polar thermal (frozen-down) conditions
at the glacier base there.
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LITTLE LIMESTONE LAKE: A BEAUTIFUL MARL LAKE IN MANITOBA,
CANADA
Derek Ford
School of Geography and Earth Sciences, McMaster University, Canada, dford@mcmaster.ca

Marl lakes are those accumulating fine-grained bottom sediments that include at least 15 % CaCO3. They are found
worldwide. The most visually attractive, however, have higher proportions of CaCO3, with crystallites precipitating in the
water to give it a rich and opaque duck-egg blue colouration. From the literature, such lakes are largely limited to recently
glaciated carbonate rock terrains. Most are also shallow, with much or all of the water column being in the photic zone.
Little Limestone Lake, (Lat. 53°47’N, Long. 99°19’W in the province of Manitoba) is the finest example that the author
has seen. It stands out sharply from neighbouring lakes in summertime colour satellite imagery due to the intensity and
uniformity of its colour. The lake occupies a shallow glacial trough scoured in a plain of flat-lying cyclothem dolomites.
It is ~12 km long, 1–5 km wide, rarely >7 m deep. Including bordering wetlands, it occupies ~45 % of the area of an
elongated, narrow topographic basin. Recharge is through impoverished boreal forest with little soil cover; it discharges
chiefly as springs and seeps along and below the shore. Mean annual temperature is ~0 °C, and precipitation is
~475 mm.y1.
Previous studies of springs in the surrounding region showed ground waters to be simple bicarbonate composition, with
TDS = 230–300 mg.l-1 (Ca 40–60 mg.l-1, Mg 30–40 mg.l-1). Grab sampling at 27 sites throughout the lake found the waters
de-gassed to 125–135 mg.l-1, placing them in the mid-range of one hundred marl lakes investigated in more detail in the
British Isles. Ca was reduced to 25–30 mg.l-1, while Mg was stable at 30–40 mg.l-1. There were 2–3 mg.l-1 of free CO3 in
two fully analysed samples, indicating that plankton photosynthesis might be occurring. However, samples of the bottom
marl were predominantly inorganic in their composition.
Little Limestone Lake is visually spectacular because it is almost entirely groundwater-fed, with a ratio of recharge area
to lake area that is low. It has no large, chemically equilibrated, surface streams entering it. In contrast, the dozens of
nearby lakes (similar, larger or smaller in size) are regularly flushed by channelled storm water and, although they also
produce some carbonate marl, cannot maintain high densities of crystallites in suspension. Little Limestone Lake was
placed under legislated protection as a provincial park in June 2011.

1. Marl lakes

marl lakes everywhere is that there are also calcium
carbonate micro-crystals (“crystallites”) in suspension in
sufficient concentration in the water column to scatter
sunlight and create strong and opaque blue colouration.

Sediments accumulating on lake floors may be divided into:
(1) clastics, which are fragments of insoluble rocks carried
into the lakes by rivers or the wind; (2) organics, consisting
of animal or vegetal material carried in by air or water
currents from surrounding land, and the remains of fish,
molluscs, plankton, etc. created in the water body itself; (3)
precipitates and evaporites, crystalline or micro-crystalline
minerals created by organic or inorganic chemical processes
along the lake shore, on the bottom, or in the water column
and mechanically settled out of it. At the global scale,
mixtures of clastic and organic sediments in varying
proportions are overwhelmingly predominant in the world’s
lakes. Amongst the chemical class evaporite lakes and
ponds are more numerous than precipitate lakes (including
marl lakes), and probably quantitatively predominant in
bulk terms because much greater tonnages are being
deposited in them each year. Lakes in which carbonate
precipitates make up a significant proportion of the
sediment accumulating on the floors are thus comparatively
rare. In a popular sedimentological classification of them
mixtures of 25–75 % calcium carbonate with clay or silt or
non-carbonate organic debris are considered to be “marl”
(Schurrenberger et al. 2003). They have the feel and
appearance of soft mud or ooze. Some authorities would
extend “marl” to include sediments with up to 95 % calcium
carbonate provided that they remain soft, i.e.
unconsolidated. An essential feature of the most attractive

Lakes where marl contributes between 5 % and 95 % of the
bottom sediments (marl lakes sensu lato) are found in every
region of the world where there are large quantities of
limestone and/or dolomite to contribute the essential
calcium ions, and the climate is humid enough to maintain
the lakes and keep the concentrations of dissolved solids in
them well below the levels where evaporite deposition
begins. Most climatically humid regions and the wetter
fringes of the sub-humid/semi-arid regions qualify.
However, it is recognised that a disproportionately large
number of marl lakes are to be found in the glaciated
regions, including perhaps a majority of the visually very
attractive. Most marl lakes that have been described in the
scientific literature are located in the glaciated regions of
northern Europe and North America.
Following Pentecost (2005, 2009) there are two different
paths to the creation and deposition of the marl, biogenic and
abiogenic (inorganic). Processes in a given lake may be
completely dominated by one of them, or be a mixture of
both that may differ in its proportions as the seasons progress.
The abiogenic is the simple process of limestone or dolomite
inorganic dissolution, with crystallite precipitation following
when CO2 degasses from the Ca, Mg, HCO3 solution due to
warming or loss of pressure or both.
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totalling approximately 80 m in thickness that dip very
gently westwards (Bezys 1991; Bezys and Kobylecki
2003). Local relief upon them is never more than 70 m,
created chiefly by glacial scour, or the deposition of glacial
moraines during the recession of the last Laurentide
Continental Icesheet ~11,000 years ago. A sample bedrock
section exposed in a road cut a few km south of the lake is
shown in Figure 3. The strata are a cyclic succession of
regular beds varying from “medium” (10 cm) to “massive”
(>100 cm) in thickness. The thicker beds are mechanically
stronger and so survived glacier scour more readily. Clintand-grike solutional pavement (epikarst) has developed on
them in post-glacial times (Ford 1987; Ford and Williams
2007). They also have a high density of vugs, which can
increase the matrix permeability of the rock and thus the
quantities of dolomite taken into solution by groundwater
permeating through it. Examples of the cliffs on massive
dolomites and epikarst on thinner beds along the shores of
Little Limestone Lake are shown in Figures 4 and 5.

Figure 1. Location of Little Limestone Lake, Manitoba.

Wholly biogenic deposits may arise because photosynthesis
in fresh waters creates many species of microscopic algae
and bacteria. Pentecost (2009) focuses on the common
green alga Chara but there are a host of alternatives. In the
first step: 2HCO3- → CH2O (photosynthesis) + O2 + CO32-. There
is abundant HCO3_ in karst lake waters, e.g.,
McConnaughey et al. (1994) found that macrophytes,
chiefly Chara, extracted ~23 grams C/m2 during the growth
season in a Minnesota marl lake. With abundant Ca2+ also
being present via the inorganic path, step 2 proceeds: Ca2+
+ CO32- → CaCO3 (calcite). “calcite begins to form in strongly
alkaline surface regions of the internodal Chara cells and
subsequently envelops almost the entire plant. During the
later stages of calcification additional inorganic
precipitation may be taking place but this has been little
studied” (Pentecost 2009). The inorganic calcite probably
accretes to the outer surface of the alga in the manner that
it accretes to larger plants to form tufa deposits in many
streams and lakes around the world. The algae remain very
tiny, however, suspended in the water and scattering
incident light, settling slowly downwards only if conditions
become very calm.

In Figure 2 the boundaries of the Lake basin are drawn
conventionally to follow the surface topographic divide
because no karstic diversions of groundwater flow are
known. The basin is ~20 km in length, 5–8 km wide. It has
an area of ~91 km2, of which 36 km2 is occupied by the
Lake itself. Pond A (~2 km2; Fig. 2) is a former arm of the
lake that is now separated by wetlands but still drains into
it; it has negligible ground water supplies of its own and its
water is clear, not opaque and blue. The dry land area that
is believed to contribute to the lake is thus ~53 km2.
Wetlands at or very close to the lake level occupy ~3.5 km2
of this and the balance consists of gentle side slopes and
broad plateaus. The lake is at ~267 m above sea level and
the highest ground is around 290 m a.s.l.

2. Little Limestone Lake and its setting
Little Limestone Lake (Figs. 1, 2; Lat. 53°47’N, Long. 99°
19’W in the province of Manitoba, Canada) is the finest
example of a marl lake that the author has seen in many
years spent in glaciated karst regions. It stands out sharply
from the neighbouring lakes in summertime colour satellite
imagery due to the intensity and uniformity of its duck-egg
blue colour. Viewed from the shore or in a boat it is equally
colourful. For these reasons the Manitoba chapter of the
Canadian Parks and Wilderness Society, a national
conservation body, argued for its protection for many years.
The Conservation Branch of the provincial government
requested an independent evaluation by a specialist (Ford
2010), which resulted in a park protection area being
proclaimed in 2011.
Little Limestone Lake is one amongst hundreds of small
lakes in the Interior Lowlands geologic region of North
America. It is located a few kms northwest of the much
larger Lake Winnipeg, and drains to Hudson Bay (Fig. 1).
The bedrocks are platformal dolomites of Silurian age

Figure 2. Sketch map of Little Limestone Lake. The watershed is
shown by dashed line.
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Figure 4. Cliffed shore with groundwater outlets at and below the
waterline.
Figure 3. A typical section of the cyclic dolomite beds at Little
Limestone Lake.

spaced, slow-growing or stunted in many places, reflecting
the edaphic drought that occurs where the dolomite surfaces
are efficiently drained by epikarst (Figure 6). Forest fires
have broken up the karst on thinner beds, increasing the
efficiency of groundwater recharge. The greatest straightline distance that groundwater must flow from these
uplands to the lake is no more than 3–4 kms, giving
hydraulic gradients (depth/length gradients) of 5 m.km-1 or
more. There are some seepages in the cliffs and at the water
line in the lake but most ground water discharge is below
that, perhaps because industrious beavers have raised the
lake level by ~0.5 m in recent decades.

There is no bathymetric map of Little Limestone Lake and
the bottom is always obscured by the suspended load in
summer. The geologic and physiographic setting indicates
that the lake is likely to be shallow everywhere. A few
measured depths suggest that much of it has a flat floor at
7.0 to 7.5 m. This is comparatively deep for a marl lake but
not as great as the deepest mentioned in Pentecost’s 2009
sample of 100 such lakes in the British Isles. At 7.5 m the
waters are fully in the photic zone. Sample cream-coloured
carbonate oozes were dredged from the bottom there.
At its north end Little Limestone Lake is drained by a
regular stream channel that passes through a wetland into a
lake about one metre lower (266 m a.s.l.). A small springfed stream flows into the southern end. To the west William
Lake, a much larger water body, is at 265 m a.s.l. To the
east and south there are extensive wetlands and smaller
dolomite plateaus draining 18–20 km eastwards into Lake
Winnipeg at 217 m a.s.l. The important consequence is that
the Little Limestone Lake basin, although it functions as a
water-retaining shallow trough, can be envisioned as an
elongated hydrological ridge or “high” perched between
drainage to lower lake levels around it. The Lake plus Pond
A and associated wetlands occupy nearly 46 % of the basin,
a very large proportion. Recharge from the remaining
~54 % is almost entirely by groundwater that has passed
through the dolomite. The basin is not prone to flushing by
mud-laden flood waters from proportionally greater
recharge areas, as the majority of other lakes in the region
are. Under the natural conditions that have prevailed for at
least some thousands of years here a delicate physical,
chemical and (probably) biogenic balance has been able to
build up and establish the remarkable marl blue colouration.
The current climatic conditions are Cool Continental
(Koppen type D). The mean annual temperature is ~1.0 °C
and precipitation is 475 mm.y-1. The natural vegetation is
Boreal Forest (coniferous).

3. Water chemistry
The water chemical characteristics of the Lake itself have
not been studied in detail. However, McRitchie (1994,
1995) carried out systematic sampling at springs and seeps
in the dolomite escarpment immediately south of it, plus
two water samples from springs on William Lake. Seventy
water samples were analysed for the standard water quality
variables plus trace concentrations of economic minerals
and of contaminants. All of the waters were simple calcium
bicarbonate ground waters typical of clean dolomite
terrains. Total hardness ranged between 230 and
300 mg.l-1; Ca 40–60 mg.l-1, Mg 30–40. The waters were
saturated or supersaturated with respect to calcium
carbonate under standard atmospheric conditions. Na, K,
SO4 and Cl were negligible in amount. At each site there
was one-time sampling only and in most cases the water
was taken from the spring itself before it had had any
opportunity to de-gas its CO2 content or make other
adjustments to open air conditions.
McRitchie (1994) described what happened downstream,
however – precipitates quickly appeared, as sand-sized
particles at first but rapidly shrinking in size downstream
and ceasing to form after 200–300 m of flow in the open
channels. In the ponds at some springs there were organicrich mats of material. Downstream there was only
cream-grey carbonate ooze, very like that collected from
the bottom of Little Limestone Lake. The oozes were almost
entirely CaCO3, chiefly of inorganic origin although one of
four samples may have contained as much as 10 % organics
(i.e. from photosynthesis, as described above).

Nearly flat plateau and bench surfaces in bedrock are
predominant in the recharge areas. There is thin and
discontinuous glacial till cover on them due to erosion by
over-wash immediately after the ice receded. There is a
nearly 100 % cover of mosses, lichens, flowers, juniper and
other low shrubs, and forest litter. The trees are widely
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Figure 6. Recently burned forest on medium-bedded dolomite. The
epikarst surface has been broken up by the heat, by toppling and
by frost.

In September 2010 the author took one near-shore bulk
water sample from the surface of Little Limestone Lake and
a second from -2.0 m in the centre. Comprehensive standard
analyses (ALS Laboratory,Winnipeg) found the two samples
nearly identical, indicating that at least the upper two metres
of the lake are uniform in composition. Na, K, Cl and SO4
were negligible in amount. Total hardness (as CaCO3) was
200 mg.l-1. This is significantly less than the values between
230 and 300 mg.l-1 that Ritchie obtained at the springs and
seeps from the dolomites. It suggests that the Lake waters
have de-gassed CO2 and precipitated large amounts of their
dissolved load. This explanation is substantiated by the Ca:
Mg ratios of 26: 33–34. In the large majority of published
dolomite karst water compositions the ratio is the reverse of
this (60: 40 to 70: 30 in favour of Ca2+ until vigorous
precipitation begins). The detection of 2–3 mg.l-1 of CO32also indicates de-gassing, at a pH above 8.3.

Concerning the stability of the density and hue of the colour,
my previous visits to the Lake (1984, 2004) were of short
duration during warm sunny afternoons which led me to
wonder whether there might be a daily “blooming” of
crystallites in response to solar warming, such as occurs in
knee-deep water on the Bahamas Banks for example. It is
now appreciated that this is not the case; the crystallites can
have a duration of at least many weeks in suspension during
the ice-free period on the Lake, giving sufficient time for
winds to mix them thoroughly across the surface. Further,
many authorities contend that lakes that are as shallow as
typical marl lakes do not develop strong thermal or other
stratification (Pentecost 2009); the physical and chemical
conditions are broadly similar from surface to the bottom.
From the physical chemistry some increase in the rate of
precipitation is to be expected at the warmest times of the
day: at Little Limestone Lake other observers have reported
their qualitative impressions that there is some increase in
density (opacity) then.

Determination of free CO3 in the lake waters is a hint that
photosynthesis was occurring.
Water temperature and electrical conductivity were
measured at a depth of ~1.0 m at 27 different points in the
Lake. The Krawczyk and Ford (2006) “best fit” equation
for “clean” bicarbonate waters (salts + sulphates + nitrates
+ phosphates <10 %; electrical conductivity <600 µS) was
used to calculate total hardness as mg.l-1 CaCO3:-

4. Conclusions and recommendations
Little Limestone Lake has outstanding blue (“marl laketype”) colouration because its elongated, small and shallow,
basin is delicately perched between much larger basins
draining to east and west respectively and thus is protected
from flushing or clastic or organic detrital input by large
surface streams during any strong thaw or rain flood events.
The ratio of recharge area to lake area is low. Almost all
annual recharge is from the combination of seasonal
snowmelt and perennial groundwater flow directed through
the enclosing dolomites. From current knowledge it appears
that the water chemical behaviour that determines the
striking blue colouration of the Lake during the summer is
quite robust. The bulk of CaCO3 crystallite precipitation
appears to be of physical origin but the contribution of
photosynthesis is not adequately understood at present.

TH = 0.53 EC -1.6 (R2 = 0.93; n = 2300) (1)
The principal finding was the uniformity of shallow water
chemistry everywhere on the Lake proper. Despite a range
of temperatures from 12.8 to 17.4 oC during the two days
of sampling, EC was in the narrow range of 240–250 µS
with one exception. From Equation 1, estimated CaCO3
concentrations of 126–132 mg.l-1 place the Lake waters
comfortably in the mid-range that Pentecost (2009) has
cited in his sample of more than one hundred marl lakes and
ponds in the British Isles.
The one exception was the small spring-fed stream draining
the southern epikarst. It entered the Lake at a temperature
of 11 °C, EC = 296 µS, and was clear (no blue opacity).
Twenty metres further out into the Lake sampling a few
minutes later yielded T = 14.4 °C, EC = 247 µS. This
suggested rapid warming with net precipitation of
~25 mg.l-1 CaCO3.

The location is remote and the local population is very
small. However, there are nickel exploration prospects in
Canadian Shield rocks beneath the dolomites around
William Lake that touch the western side of Little
Limestone Lake. Physical threats to the lake could arise if
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the volumes of water flowing into it were substantially
increased or diminished by any exploration or other
development. Both could impact the colouration and its
chemical stability in ways that are difficult to forecast.
Chemical hazards could include acidification or
introduction of other contaminants that kill off the pertinent
biota if biogenic activity is a crucial contributor to the
carbonate precipitation. Heavy gasoline-powered boat
traffic could also pose a threat. It is hoped that the creation
of the provincial park will deal with these problems.
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CAVES AND KARST HYDROGEOLOGY OF JERUSALEM, ISRAEL
Amos Frumkin
Israel Cave Research Center, Geography Department, The Hebrew Universit of Jerusalem, Israel 91905,
msamos@mscc.huji.ac.il
The city of Jerusalem, Israel, is growing for ~4,000 years on karst terrain. Lacking closed depressions, surface topography
seems fluvial, but karst is well demonstrated by speleology and subsurface hydrology. Several caves in the city were
truncated by construction works, including an 800 m long river cave (longest limestone river cave in Israel), and a 200 ×
140 × 90 m isolated chamber cave (largest chamber cave in Israel). Caves are being discovered at a growing rate, as
construction works dig deeper into the subsurface in the crowded city. Some of them are eventually destroyed by the
construction works; only presently accessible caves are discussed here. The hydrogeology and hydrochemistry of the
Gihon, Jerusalem’s main karst spring, was studied in order to understand its behavior, as well as urbanization effects on
karst groundwater resources. High-resolution monitoring of the spring discharge, temperature and electrical conductivity,
as well as chemical and bacterial analysis demonstrate a rapid response of the spring to rainfall events and human impact.
A complex karst system is inferred, including conduit flow, fissure flow and diffuse flow. Electrical conductivity is high
compared to nearby springs located at the town margins, indicating considerable urban pollution in the Gihon area. The
previously cited pulsating nature of the spring does not exist today. This phenomenon may have ceased due to additional
water sources from urban leakage and irrigation feeding the spring. The urbanization of the recharge area thus affects the
spring water dramatically, both chemically and hydrologically.

1. Introduction

2. Setting

Famous as a sacred city for the western world religions, it
is rarely mentioned that Jerusalem is built on karst. The city
was founded just above the Gihon karst spring. This paper
briefly presents the karst underlying the city. In addition to
the well-developed karst features, human impact on the
karst is also discussed. The data comes from ongoing
research by Israel Cave Research Center (ICRC) which
monitors closely the new caves and karst phenomena found
during urban development. The paper deals with presently
accessible features, neglecting small isolated chambers and
vadose shafts which have been destroyed or filled during
construction works.

2.1. Topography
Jerusalem is located on hilly surface on both sides of the
main water divide of Israel, ~600–800 m above sea level
(Fig. 1). The Jerusalem Hills (20 km around Jerusalem) is
a structural and topographic saddle within the plateau-like
Judean Mountains, at the center of the Judea and Samaria
Mountain range. The present topography demonstrates an
uplifted Tertiary erosion surface entrenched by fluviokarstic
wadies (rarely flowing streams) which drain westward to
the Mediterranean and eastward to the Dead Sea. Closed
depressions are not observed within the city, but do exist a
few km to the north (Frumkin 1993).
2.2. Geology
Jerusalem is underlain by Late Cretaceous rocks. Most of
the city is built on Judea Group, dominated by shallow,
epiric marine carbonates, on which karst is well-developed
(Gill 1997; Picard 1956, Sneh and Avni 2011). The eastern
suburbs of the city were recently built on the overlying Mt.
Scopus Group, dominated by chalk and some chert
deposited in a deeper southern basin of the Neo-Tethys Sea.
The dominant rocks are well-bedded to massive limestones,
dolomites and chalk, with smaller amounts of marl and
chert. Stratal dip across Jerusalem ranges from 5 to 15° to
the southeast, associated with several stages of uplift and
folding. Jerusalem was last inundated by marine water
probably during the early Eocene. Following regional
regression and exposure during the late Eocene, an erosion
surface has cut the dipping strata, exposing older layers to
the west and younger to the east of the city. Periodic uplift
and mild folding was accompanied by continuous
karstification and erosion, truncating hundreds of meters of
the bedrock (Frumkin 1993).

Figure 1. Location topographic map with roads and mentioned
caves.
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The section of Judea Group underlying Jerusalem is divided
into six sub-units (Sneh and Avni 2011): (A) Cenomanian
Kefar Shaul Formation (Dir Yasini, 10–80 m thick) – chalk
and well-bedded limestone; (B) Cenomanian-Turonian
Weradim Formation (Mizi Yahudi-Ahmar, 55 m thick) –
karstified massive to bedded crystalline, dense dolomite;
(C) Turonian Shivta Formation (Meleke, 20–40 m thick) –
karstified massive, porous biosparitic limestone; (D) Nezer
Formation (Mizi Hilu, 40–90 m thick) – well-bedded dense
biomicritic limestone; (E) Santonian–Campanian Menuha
Formation (60–150 m thick) – biomicritic chalk with some
chert; (F) Campanian Mishash Formation (90 m thick) –
mainly chalk and chert.
2.3. Climate
Jerusalem is located at the boundary between the temperate
Mediterranean climatic belt to the west and the rain-shadow
Judean Desert to the east. Mean annual temperature is
18 °C, and precipitation averages 550 mm.y-1, falling during
the cool winter (October–May), when potential evaporation
is ~2 mm/day. The summer (June–September) is hot and
dry with potential evaporation ~7 mm/day (Goldriech
1998). During December–January about 2/3 of the annual
rainfall occurs, typically concentrated in rainfall events
lasting from a few hours to several days. Less commonly,
some precipitation falls as snow. August is the hottest month
with an average temperature of 24 °C, while the winter
average is 10 °C.
About 30 % of precipitation flows and infiltrates to the
subsurface, and the rest is mostly evapotranspirated. Natural
surface runoff amount to few %, but has increased due to
urbanization (Benami-Amiel et al. 2010).

Figure 2. Vadose shaft with a trace of meandering canyon at its
ceiling. Tsidkiyahu Cave, view upward. Photo by author.

Speleothem stable isotopes indicate that glacial periods
were wetter and cooler than interglacials (Frumkin et al.
1999; 2000). Increased dust input has contributed to local
terra rossa soils, mainly during glacial periods (Frumkin
and Stein 2004).

3. Caves in Jerusalem
Few small natural caves were known within the present city
borders prior to human intervention. Most known karst
caves were truncated by construction works since ancient
times. Thousands of years ago, the City of David water
systems have truncated some phreatic and vadose voids of
local nature. Of these, Warren Shaft is the largest vadose
cave, and the Gihon Spring Cave is the largest phreatic
cave. Both caves are connected to (but not part of) the
famous Siloam Tunnel (Frumkin et al. 2003). In general,
most ancient water systems did not follow karst voids
(Shimron and Frumkin 2011), but were artificially
excavated (Frumkin and Shimron 2006). Underlying the
Old City, the large ancient underground quarry dubbed
“Tsidkiyahu Cave” (also called “King Solomon Quarry”)
truncated some karst voids, mostly vadose shafts (Fig. 2).

2.4. The urbanization of Jerusalem
During the 2nd millennium Before the Common Era (BCE),
Jerusalem occupied ~0.04 km2 on the hill above the Gihon
Spring. The area increased to ~1 km2 around 700 BCE, and
to ~2 km2 during the Roman period (1st century CE).
Following the Arab conquest the city contracted to
~0.85 km2, within the presently walled Old City (BenAryeh 1977), covering only a small portion of the Gihon
Spring catchment. This was followed by rapid growth
outside the walls of the Old City, since the mid 19th century.
Population has increased from 4,700 in 1525 CE, through
45,000 in 1896, to 933,000 in December 2011.

Modern construction has truncated many caves, some of
which much larger than known before. The longest one is
the 800 m long Hauma Cave (Figs. 3, 4), truncated by an
artificial shaft 80 m below surface. It is the longest
limestone river cave at the northern edge of the SaharaArabia desert belt in the Levant, and the 8th longest cave in
Israel (Langford and Frumkin 2013). It was explored by the
ICRC upstream until becoming a narrow tube-like conduit,
and downstream down to a sump.

Today, Jerusalem covers ~130 km2 (Kaplan et al. 2000).
Open area accounts for 65 % of the land-use within the
municipal area of the city. Land uses in the catchment
include small industrial areas, archaeological parks, public
administration buildings, religious compounds and mostly
residential quarters. The main anthropogenic activities that
pose threat to the quality of groundwater are small industry
and human residence where sewage infrastructure is old.
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Hotsvim Cave (Fig. 7) is another chamber cave, truncated
by a building at Har-Hotsvim industrial zone. This cave is
a symbol of cave conservation in Jerusalem, as the building
plan above it was altered in order to preserve the cave.
Among the vadose shafts truncated by construction works,
the Jerusalem-West Cave is one of the most studied in the
city. This small shaft system in the western suburb of HarNof was blasted by a contractor; consequently its
speleothems were used for paleoclimatic reconstruction of
the last 220,000 years (Frumkin et al. 1999; 2000). This
exceptional, almost continuous record has shown that
regional climate was much wetter and dustier during glacial
periods (Frumkin and Stein 2004).
Relict karst features in Jerusalem include a wide range of
dissolution voids filled with breccias of chert fragments,
derived from collapse, erosion and disintegration of
Menuha and Mishash Formations chert layers. Some of
these voids reach deep into the Judea Group rocks. These
voids are probably associated with deep karstification of the
Tertiary Judean erosion surface. An age of at least early
Pleistocene is indicated by archaeozoologic deposit in one
such pit at nearby Bethlehem (Hooijer 1958). Their geology
has been properly described following their discovery
(Picard 1956; Shaw 1961), but unfortunately, they were
misinterpreted in later publications (e.g., Horowitz 1970;
Sass and Freund 1977).

Figure 3. Vadose canyon in Hauma Cave. Photo by author.

The cave is mostly a low-gradient dip passage perched on
Kefar Shaul Formation, with a ten m vertical segment. The
cave is mostly a vadose canyon with remnants of an original
phreatic tube. Some 16 vadose shafts are connected to the
stream passage, forming “domepits” up to 32 m above
stream level.

4. Gihon Spring hydrology
Gihon is the largest karst spring in Jerusalem (Fig. 7), and
the reason for its original location. Gihon recharge zone is
within the older parts of Jerusalem, on Judea Group
outcrops (Cenomanian–Turonian carbonates). The Spring
emerges 635 m asl within a small phreatic cave, 3 m below
the current Qidron Valley level, whose lower channel is
filled with thick debris. The spring hydrology was studied
by Benami-Amiel et al. (2010).

The largest volume chamber under Jerusalem (and in Israel)
is Atarot Cave, at Atarot industrial zone (Fig. 5). It is a
200 × 140 m large isolated chamber cave (Frumkin and
Fischhendler 2005), with 90 m maximal depth. It was
formed in Shivta Formation probably under phreatic
(hypogenic?) conditions, but large scale collapse features
conceal the original solutional morphology. The chamber
intersects some vadose shafts. The Atarot Cave is welldecorated with speleothems (Fig. 6), but unfortunately, it
was partly rubble-filled by construction contractors before
it was known to speleologists and authorities.

We cleared out the Gihon Spring cave from debris. It was
found that the water emerges into the cave from an
underwater (~130 cm below water surface) vertical fissure
~1.5 cm wide in Mizi Ahmar dolomite (Gill, 1997).
Discharge, temperature and electric conductivity (EC) were
measured continuously during 2004/5. Discharge during the

Figure 4. Hauma Cave – vadose river cave, survey by Boaz Langford.
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ranged from 3.5 to 89 hours, depending on rainstorm type,
rainfall amount, and the previous saturation of the system
with water. A century ago Vincent (1911) observed
discharge pulses (“ebb and flow”) in the Gihon Spring:
“… water emerges accompanied by loud echoing noise
heard 1–2 min before the water rises and during the whole
period of the strongest flow… water rushed out
unexpectedly every two or three hours, running for twelve
or fifteen minutes at a time.”
Today the Gihon Spring is not pulsating any more, possibly
due to anthropogenic impact. We suggest that water sources
added to the recharge (from irrigation and pipe losses)
within the city may continuously fill the underground
“siphon” feeding the spring. External water import to
Jerusalem has increased substantially overtime with the
development and expansion of the city.

Figure 5. Atarot Cave survey – the largest chamber cave in Israel.
In gray areas the fill reaches the ceiling.

Figure 7. Hotsvim Cave survey.

The average EC is relatively high (1.54 mS.cm-1) compared
with other springs around Jerusalem, especially those in
nearby natural open areas (~0.6 mS.cm-1). The EC
fluctuates considerately: Maximal EC (2.39 mS.cm-1) was
recorded at the end of the dry season and minimal EC
(1.278 mS.cm-1) on February at the peak of the rainy season.
Temperature of the water is more stable – between
19.03 °C during wintertime (February) up to 19.42 °C at
the end of the dry season (September).

Figure 6. A stalagmite in Atarot Cave.

dry summer is relatively stable, ~0.01–0.03 m3.s-1. During
the investigated hydrological year (2004/5; 564 mm
precipitation) spring discharge started at 0.025 m3.s-1
(October), peaked at 0.164 m3.s-1 (February), and recovered
by the end of the year (September) to 0.031 m3.s-1. During
rainstorms and soon afterwards, quick-flow response time

Water temperature and EC minima are closely associated
with rainfall peaks. The EC and temperature values began
to decline 9–18 hours after rainfall began, and reached
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5. Conclusions

minimum values 8–48 hours later. After about 8 days, both
values recovered to their initial values.

Although the topography of Jerusalem seems fluvial, its
karstic nature is revealed by underground features and, to a
minor extent, by subaerial morphology. The underground
karst voids incloude a river cave, vadose shafts (Fig. 9) and
ancient isolated chambers. The discussed caves were found
due to truncation by anthropogenic construction works. The
Gihon karst spring reflects typical karst hydrology with
increasing human interference by pollution and
modification of the flow regime. Modern infrastructure is
increasingly moving to the subsurface; karst features are
intercepted at an accelerated rate and should be closely
monitored and preserved wherever possible; the ICRC is
doing its best in both these respets.

Despite large air temperature variations, water temperature
fluctuates only slightly, indicating the dominance of rock
temperature on fissure water. Water temperature is higher
than average air temperature, explained by the geothermal
gradient of the Judea Group stratum and the water residence
time in the host rock.
The Gihon Spring rather small temperature fluctuations
correlate with the EC. As expected, arrival of fresh
rainwater results in lower solute concentration, EC and
temperature.
The saturation index (SI) of the water indicates that the
water is always under-saturated with respect to dolomite
(and evaporites). Super-saturation with respect to calcite
was recorded in some samples, suggesting possible calcite
precipitation. Historic calcite tufa deposits of the Gihon
waters (Frumkin and Shimron 2006) indicate that supersaturation with respect to calcite is a recurring phenomenon.
These results match the characteristics of the aquifer: the
quick flow component of the water is often under-saturated,
although baseflow waters can become super-saturated with
respect to calcite, especially under free-flow conditions in
the Siloam Tunnel downstream of the spring, where rapid
CO2 degassing occurs.

Figure 9. Vadose shaft truncated by construction works. Close and
similar to Jerusalem West Cave. Photo by author.
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Figure 8. The study of Gihon Spring.

Due to the quick flow component of karst springs they are
vulnerable to rapid pollution. Indeed, a major pollution
event occurred on May 2002. This event occurred due to
leakage from a sewage pipeline about 1.2 km north of the
spring.
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Six speleological sites are known to exist at the premises of the Dubrovnik Airport in Croatia. This is a highly weathered
area that has been in the focus of attention of speleologists ever since the airport was built in 1961/62. Two vertical caves
with the depth of 31 m and 10.5 m were discovered at that time. Both are now situated right underneath the new control
tower of the Dubrovnik Airport. A tunnel entrance to the cave that has been known to local population for a long time is
situated in the immediate vicinity of the control tower. In late 1950s, the cave entrances were closed with concrete because
of a military airport construction, but a tunnel was built to enable access to the cave. The cave is about 200 m long and it
fully occupies the space underneath the concrete runways of the Dubrovnik Airport. Thanks to efforts made by speleologists
in 2010 the cave was adapted to enable tourist visits, and it is now the world’s only tourist cave underneath an operating
airport. During apron extension activities in May 2012, three additional speleological sites were discovered and examined,
together with other previously discovered caves, from the standpoint of geophysics, geology and speleology.

1. Detailed speleological
(research and exploration)

investigation

of the Dubrovnik Airport. It should however be noted that
during airport construction in early 1960 as many as three
greater speleological sites were subjected to speleological
study in the area presently occupied by the control tower
and terminal building. Two speleological sites are vertical
with the depths of 31 m and 10.50 m, while the remaining
site is complex and measures about 200 m long, and about
30 m deep. All this, in addition to the discovery of new
caves, level of weathering of Senonian limestones in this
area, and intensive tectonic situation, has pointed to the
need to study the newly discovered cavern systems in more
detail, and to propose the best possible method for their
improvement. The decision was made to conduct the
speleological study and to investigate possibilities for
penetrating into the deeper parts of the caverns, and also to
prepare geophysical profiles so as to cover the surface
weathering zone, and to present the area all the way down
to compact rocks. To facilitate the analysis of geological
situation, the cavern systems were marked with K-1 (cavern
No. 4), K-2 (widened space around the opening measuring
0.57 x 0.33 m – Fig.1), and K-3 (area in which the material
caved in, but the entrance to cavern was not found). The
zones K-1, K-2 (Fig. 2) and K-3 were connected by
geophysical profiles (Fig. 6) which were then analysed in
form of a geophysical presentation. Three profiles were
prepared. The speleologists descended into the K-1, while
in K-2 the cavern system could not be penetrated even after
the widening. No search of cave entrance was conducted in
K-3.

Three cavern systems were discovered at the site of the
Dubrovnik Airport’s future apron on May 2012. Out of
these systems, only the cavern No. 1 (K-1) complies with
size requirements for speleological sites according to
classification proposed by the UIS (Union Internationale de
Spéléologie – International Union of Speleology) where it
is specified that speleological sites are only those sites that
can be entered by humans. The entrance to the cavern K-1
was discovered during construction works conducted on
March 2012. The original entrance measuring 0.30 × 0.30 m
was subsequently widened to 1.09 × 0.82 m (Fig. 1). After
the initial opening of the cavern, its depth was measured,
according to the supervising engineer, by lowering the
measurement rope (Garašić and Cvetković 2012).

The cavern was formed in Upper Cretaceous (Senonian)
limestones and dolomites and the layer thickness varies
from 20 to 50 cm. Limestones alternating with dolomites
are quite frequent in this zone (Marković 1966, 1975).

Figure 1. Narrow passages in Cave 4 (or K-1) at Dubrovnik
airport.

It was established that the cavern is about 22 m deep. The
width of this vertical cavern (Fig. 3) was not established at
that time. Former geophysical measurements by the GPR
(ground penetrating radar) and exploratory drilling did not
greatly point to the existence of cavern systems in this part

Limestones are light to dark grey in colour, and brown
intercalations of carbonate calcitic binder are locally found
between the layers. In the speleological site, and in its
immediate vicinity, the inclination of carbonate formations
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parts, joints are rough and undulating, while they are
smooth in lower parts of the cavern.

2. Hydrogeology of caves
From the hydrogeological standpoint, it can be stated that a
permanently active (but not primary) underground stream
has not been found at this speleological site (caves),
although the dripping water is probably present. The water
flow in the cavern varies depending on climatic conditions
on the ground surface. The water reaches the cavern via
joints directly from the ground surface (to a lesser extent)
or in deeper parts via joints and paraclases from other parts
of Cretaceous carbonates (in most cases).

Figure 2. Cave 5 (or K-2) at Dubrovnik airport.

varies between 10° and 15°, while the formations strike
toward the northeast (from 55° to 58°). Joints observed in
the cave and in its immediate vicinity are up to ten cm in
width, they are planar and smooth, and are locally filled
with very fine-grained clayey material and with carbonate
calcitic binder, in crystalline or amorphous form (Garašić
1986, 1991). Intensive joint and fault zones varying from
3 to 4 m in width are situated in the area. Together with
lithological and hydrogeological conditions, these zones
have greatly influenced the genesis (formation) of the
cavern. According to speleological survey, these are
relatively young but presently inactive neotectonic faults,
as locally proven by thin dripstone coatings that freely cover
fault paraclases, especially in top parts of the cavern and,
at that, they are neither fractured nor deformed. From the
tectonic standpoint, the apron area is a part of the paraautochthon. The para-autochthon occurs in a coastal part,
and is formed of Maastrichtian and Middle Eocene
limestones and dolomites, preceded by Eocene and Lower
Oligocene flysch deposition. Endogenetic movements
during geological past, as well as exogenetic processes,
have caused formation of the present day structure. Thus,
orogenetic movements that occurred during the Helvetian
phase resulted in thrusting of the geotectonic unit “High
Karst” over the para-autochthon, from the northeast
direction. Then the intensive faulting took place in the area
under study, and significant faults of general NE–SW-trend
(Slivnica Fault), and N–S-trend (Zubak Fault), were
formed. Structure inclinations and further reverse
overthrusting occurred along these formations. Such past
movements caused formation of blocks on which,
especially next to transverse faults, we even now experience
movements, which results in a pronounced seismic activity
in the area under study. The Konavle Zone, as well as its
wider surroundings, is characterized by linear folds of
northwest-southeast strike, but transverse deformations of
secondary significance are not so frequent in this area.
Strikes are of the NE–SW orientation and are manifested as
transverse faults with frequent relative lowering of one of
the blocks. From the engineering-geology standpoint, the
following can be said about Upper Cretaceous limestones
or dolomites: the uniaxial compressive strength of the
substratum (limestones at cavern level) amounts to
100–170 MPa, the RQD value differs, but is mostly higher
than 75 percent, on an average discontinuities are spaced at
50 to 200 cm intervals, and are locally filled with clay. Cave
systems sometimes exceed 20 m in length, and are normally
10 m long. Joints vary from 0.1 to 1 mm in aperture. In top

Figure 3. Vertical entrance in Cave 4 (or K-1) at Dubrovnik
airport.

Even today, the dripping water exerts an intense mechanical
and chemical action on the surrounding rocks (erosion and
corrosion), thus creating speleothems (stalagmites,
dripstone crusts – Figs. 4, 5) The weathering depth in the
area of this speleological site, despite the fact that these are
practically impermeable rocks, is estimated at 300 to 500
m, and the zone of vertical circulation varies from 50 to 150
m. It is followed by the zone of horizontal circulation in
which the ground water is carried via Cretaceous limestones
toward submarine springs in the Adriatic Sea (Cavtat Bay
and Molunat, Ćilipi coast).
As the Upper Cretaceous (Senonian) and Paleocene
(Danian) carbonate rocks are permeable from the
hydrogeological standpoint, and this due to intensive

Figure 4. Cave 4 (or K-1) speleothems near bottom of the cave.
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4. Geophysical investigations and surveying

secondary (joint) porosity, it may be expected that several
similar caverns that can not be accessed from the ground
surface are situated in the continuation of this joint, or
parallel to it in a zone with genetically correspondent joints
formed in the area of the same or similar fault due to general
subduction. These caves might even be connected with the
mentioned hydrogeological system in deeper zones of this
part of the Konavle Zone. They are probably situated more
than 30 meters beneath the apron level.

The geophysical survey was conducted using the seismic
refraction method (three profiles: Profile 1, Profile 2 and
Profile 3, 385 m in total length – Fig. 7, Fig. 9): The
physical disposition of profiles and test sites is presented in
the following Figure 6. The test method was selected taking
into account the geological structure of the terrain, and
geotechnical nature of the problem with regard to design
requirements. In this test method, the emphasis was placed
on definition of longitudinal wave velocities. Based on
seismic wave velocities and their spatial distribution, as
determined during the testing, the following information
relevant for geotechnical design can be determined and
estimated: depth of layers, soil stiffness at small
deformations, position of faults and fault zones, and ground
water level.

3. Speleogenesis
This speleological site (cavern) has been formed by
widening of the fault paraclase with the strike of 51–231°
and 120–300°, and with a noticeable rotation of paraclase
in intensely weathered Upper Cretaceous and Paleocene
limestones and dolomites. The initial water that is
significant in the speleogenesis of the cavern, has penetrated
through surface joints, and has widened these joints through
its corrosive and erosive action to the present day
dimensions. The bottom part of the cavern was formed
through regressive palaeo-influence of ground water. The
processes occur even today, but only in the parts of the
cavern that are at least some fifty meters below the apron
level. A continuous water stream has not been noticed, i.e.
only the speleothems were registered. Cavern dimensions
may be even greater, but the narrowness of canals has
prevented speleologists from advancing any further. This
speleogenesis is related to the weathering processes that
occurred after general uplift of the mountainous massif
“Cukali Zone” or “High Karst Zone” starting at the end of
Cretaceous and continuing to the present time.

Figure 6. Situation of the Caves Nos. 4, 5, 6 (or K-1, K-2, K-3) at
the Dubrovnik Airport.

Seismic tests are conducted in order to define velocity of
elastic waves across the depth. Wave velocities are directly
linked with elastic stiffness properties of materials they are
passing through. Tests are conducted at the ground surface
and they belong to the group of non-destructive tests.
Seismic methods are based on the propagation of elastic
waves through soil or rock. Waves are initiated at the
ground surface through generation of impulses or controlled
vibrations. At the contact between layers the waves are
reflected or refracted, and then they travel back to the
ground surface. The wave refraction or reflection is
operated according to the Snell’s law on propagation of
light rays through a stratified medium known from optics.
The wave coming from the top layer at an angle i1 from the
vertical, and at speed v1, which arrives at the boundary with
the bottom layer, is partly reflected at the same angle and

Figure 5. Cave 4 (or K-1) – speleothems at the first step.
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method was applied. The above software is used for
modelling the refraction, passage and diffraction of seismic
waves. A good model of initial velocities can be obtained
from first untreated seismic waves using the so called Delta
t-V turning ray method. When this model is used, a good
correspondence is obtained between the model and first
wave arrival times, even in case of reverse velocities (when
velocity reduces with the depth).

goes back to the surface at the speed of v1, and is partly
refracted at an angle i2 and goes to the underground at the
speed of v2. If v2>v1 the wave refracts at an angle greater
than that of the incoming wave and, if v2<v1, the wave
refracts at a smaller angle to the vertical. The ratio of the
sine of angles of incoming and refracted wave is equal to
the ratio of velocities at which the wave moves in the top
and bottom layers. If a wave arrives at the boundary
between layers at the so called critical angle ic, then it fully
refracts and propagates along the boundary of the layers
and, after some time, it returns to the surface at the same
critical angle. This is valid only if the wave velocity in the
bottom layer is higher that the velocity in the top layer. If
the opposite is true, the wave refraction can not occur.

Figure 8. Geophysical profiles K-1 and K-2.

In this case, the model is automatically adjusted for the use
of the Wavepath Eikonal Traveltime WET tomography
inversion method. The velocities model is refreshed until
the moment when the design arrival times coincide in an
optimum way with the measured and selected values. The
Rayfract 3.14 program supports extreme tomography and
presents accurate geological situations (e.g., faults, lateral
and vertical changes in velocity, local anomalies in velocity,
soil intercalations, etc.).
Figure 7. Geopysical profile K-3 at airport caves.

The arrival of waves to the ground surface is detected via
sensors – geophones that are placed at previously defined
points. The time the waves need to reach the geophone is
measured. If a 2D profile of wave velocities is required,
geophones are placed at equal intervals along a previously
defined straight line. If a 3D profile of wave velocities is
required, geophones are placed at predefined positions
along the ground surface. The seismic refraction method is
applied if refracted waves are used in the interpretation of
results. However, the seismic reflection method is applied
in if reflected waves are used in the analysis. The hybrid
seismic method is used in case both refracted and reflected
waves are used in the interpretation of results. As
longitudinal P waves are used in these analyses, a
presentation of longitudinal wave velocities, as related to
the media traversed, is given in the following table.
Several methods are currently used for the determination of
wave velocity profiles and for interpretation of
measurement results. The following ones are most often
used: Generalized Reciprocal Method (Palmer 1981),
Delta-t-V Method (Gebrandl and Miller 1985), Amplitudes
in Seismic Refraction Inversion (Palmer 2001) and the
Diving-wave Tomography (Zu et al. 2000). A typical
refraction profile obtained by the Diving-wave tomography
method is shown in Figure 8.

Figure 9. Geopysical profiles K-2 and K-3.

The processing consists in the definition of geometry and
in the entry or selection of the first wave arrival time.

6. Conclusion
The world’s only international airport that has a visitable
cave under its runway is the Dubrovnik Airport (Fig. 10),
in Croatia. Speleologists have invested great efforts to adopt
the cave for such visits in the length of 199 meters.

5. Data processing
The program package Rayfract 3.14 was used for the
processing of input data. At that, the tomographic inversion
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natural entrance was closed and a 37 m entrance artificial
tunnel was built. Its entrance is closed by an iron door. It is
located 154 m above sea-level. According to literature, the
cave was first visited and explored by the researchers of the
cave fauna in the first half of the 20th century. First detailed
speleological research was performed in 2001.

Đurovića Cave is located in the area of the Airport
Dubrovnik (Kovačević 2006; Buzjak 2006), at its southern
edge, near the control tower. Due to the intensive tourist
traffic during the summer season and nearby tourist centres
of Dubrovnik and Cavtat, airport management is interested
in its use as a show cave.The wider area is characterized by
karst proceses and forms, mainly dolines. The cave entrance
is located on a small karst plateau developed in the Upper
Cretaceous limestone and breccia where the Airport
Dubrovnik was built 1960–1963.

The cave was formed in the Upper Cretaceous limestone
and breccia beds along the fissures which controlled the
passage directions (Kovačević et al. 2006).

Figure 12. Touristic part of Djurovica Cave in big channels.

Figure 10. Entrance of Cave under Dubrovnik Airport (Airport
director and author of paper).

The depth of the cave is 25 m (129 m above sea level and
49 m above the Konavosko polje level). The cave volume
is about 9,000 m3. During the airport construction the cave’s

As observed during recent researches the dripping water is
abundant in wet seasons. It is very interesting because the
passages are below the airport where the surface is covered
with concrete and asphalt. It is proved by a very branched
fissure water circulation in vadose zone where the cave is

Figure 11. Djurovica Cave under the Dubrovnik Airport after
reparation for tourists visiting.

Figure 13. Touristic Stairways in Djurovica Cave under Dubrovnik
Airport.
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located today. Water temperature and pH were measured in
two small cave pools. It can be concluded that Đurovića
cave is very suitable for tourist use (Fig. 11, Fig. 12,
Fig. 13).
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Garašić M, 1986. Hidrogeologija i morfogeneza speleoloških
objekata u hrvatskom kršu. Disertacija, 1–161, Sveučilište u
Zagrebu, Zagreb.
Garašić M, 1991. Morphological and Hydrogeological
Classification of Speleological structures (Caves and Pits) in
the Croatian Karst area. Geološki vjesnik, vol. 44, 289–300,
fot. 3, sl. 4, Zagreb.

In addition to this longest horizontal Đurovića Cave, five
additional vertical speleological sites have also been found
within the airport premises. Two of them, 31 m and 10.5 m
deep, are situated under the control tower. Three more
caves, one of which is 22 m deep, were discovered during
apron extension works in May 2012. The most recent GPR
methods and geoseismic and geoelectric methods were used
in the survey and analysis of these speleological sites.
According to speleological analyses, it is highly probable
that several significant speleological sites (caves) are
situated near the already discovered ones, and so future
surveys will be oriented in that direction.

Garašić M, Cvetković M, 2012. Izvješće o rezultatima speleološke
prospekcije novootvorenih kaverni I rezultati geofizičkih
ispitivanja stijenske mase u neposrednoj blizini kaverni.
Faculty of Civil Engineering, University of Zagreb. 1–55,
Zagreb.
Kovačević T, Brečak D, 2006. Elaborat o speleološkim,
geomorfološkim, meteorološkim, paleontološkim, arhološkim
I biospeleološkim istraživanjima, te geodetskom I fotografskom
snimanju Đurovića jame-špilje ispod platforme Zračne luke
Dubrovnik u Ćilipima. DISKF Zbornik radova, Proceedings,
177–182, Zagreb.
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The investigation of 3 caves explored more than 1,000 meters in depth in the Dinaric karst area in Croatia, has been in
progress for a considerable period of time. These are complex speleological features situated in the longest mountain range
of the Dinara karst, i.e. at the Northern Velebit mountain range. In fact, these caves have been studied for over two decades
now. The first one is a cave system of Lukina jama (Luke’s Cave) – Trojama cave, which has been investigated until the
depth of 1,421 meters (Jalžić 2007; Šmída 1993). Its total length is 3,731 m and a new expedition will soon continue to
investigate this pit through speleodiving in siphons. The second greatest cave by depth is Slovačka jama (Slovak Cave),
1,320 meters in depth, with cave chanals measuring 5,677 m in total length. The third greatest cave by depth is the Cave
system of Velebita, reaching down to 1,026 m in depth, with the chanal length of 3,176 m (Bakšić 2006a, b). However,
another 3 speleological sites, which can rightly be added to those deeper than 1,000 m, have recently been discovered.
These are three caverns that were discovered during construction of the Sveti Ilija Tunnel that passes through Mt. Biokovo,
in the Dinaric karst area. These caverns undoubtedly point to the link with the ground surface, while the rock overburden
above the tunnel in the zone where the caverns were discovered ranges from 1,250 and 1,350 m. Bats from the ground
surface were found in the caverns and, according to measurements, they are situated in the depth from 200 and 300 m
below the tunnel level. This would mean that the depth of these newly found caves ranges from 1,450 and 1,650 m, when
observed from the ground surface. There are several hundreds of known caves in Biokovo, and the deepest ones discovered
so far are Jama Mokre noge (Wet Feet Cave) 831 m in depth, and Jama Amfora (Amphora Cave) 788 m in depth (Bockovac
1999; Bakšić et al. 2002; Lacković et al. 2001). The investigations and surveys have been still in progress.

1. Introduction

north side of Biokovo starts at KM 3+971, and the southside exit is located at KM 8+220. The main tunnel tube is
4,250 m long. The tunnel consists of the main tube and the
service tube, which are connected to one another via crosslinks destined for the passage of pedestrians and emergency
vehicles. The service tube is destined for the rescue and
evacuation of participants in traffic in emergency situations.
That is why it is first of all destined for fire-fighting vehicles
and ambulances, for which an undisturbed access and
manoeuvring space must be ensured. It is also used as an
evacuation route for pedestrians. The main tunnel tube is
4,249 m long, while the service tube in 4,255 m long.

The speleological team formed of experts from the Faculty
of Civil Engineering – University of Zagreb, and the
Society for the Research, Surveying and Filming on Karst
Phenomena (DISKF) from Zagreb, conducted a detailed
speleological investigation of the newly opened caverns,
vertical spelological sites (caves), situated in the so called
service tube (tunnel) of the Sveti Ilija Tunnel at KM 1+415;
KM 1+193, and KM 1+637 on the route of the Zagvozd –
Baška Voda link road in Dalmatia (Garašić 2009a, b, c).
According to the request placed by the client, the objective
of the investigation was to prepare a documentation that
will contribute to better understanding and possible repair
of the speleological site crossing the tunnel line.

The traffic will be operated (in 2013) via the main tunnel
tube only, as the service tube must not be used for regular
traffic. The driving speed will be limited to 80 km.h-1. In
the beginning, the tunnel tube is in the right-side curve (600
meters in radius, with transition curve 200 m in length).

Already at the time of discovery of the first cavern in tunnel,
a good correspondence was noted with the results of
statistical processing of tectonic elements and occurrences
of speleological sites, which has been conducted since 1991
upon discovery of each speleological feature during tunnel
construction in Croatia. Over one thousand of caverns
studied in almost fifty tunnels in Croatian karst can
statistically be approximated, through their morphology and
geological parameters, to the prognosis that is dependent
on tectonic, lithostratigraphic and hydrogeological
conditions.

The main tunnel tube has two driving lanes (each 3.25 m in
width) and each of these lanes has two marginal strips
(0.3 m). Thus, the total pavement width amounts to 7.7 m.
When two elevated pedestrian sidewalks are added (each
0.75 m in width), the highest width of the tunnel tube is
9.81 m, while the overhead clearance in the mid-pavement
is 6.85 m. The width of one driving lane in the service tube
is dependent on the fire-fighting vehicle width, and amounts
to 3 m. There are two footways for individual rescue of
pedestrians (each 0.8 m wide). The maximum width is
6.06 m, and the overhead clearance in the mid-pavement is
5.26 m. The cross sectional profile of the footway totals

The Sveti Ilija Tunnel passing through the Biokovo
Mountain in the so called External karst belt is characterized
by the following features. The entrance to the tunnel at the
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2. Geology

1.6 m, the greatest width is 3.5 m, and the overhead
clearance is 3.75 m. As the pavement structure in tunnels
can not be realized in phases, it is dimensioned for the
twenty-year design life. Thus, in the main tube, the
pavement structure is composed of the following layers:
asphalt concrete 5 cm in thickness, bituminised base course
10 cm in thickness, and mechanically compacted base
course 25 cm in thickness. This all rests on the subgrade or
embankment formed of stone materials. In the service tube,
the pavement structure is formed of the bituminised base
course (wearing course) 6 cm in thickness, and of the
mechanically compacted base course 30 cm in thickness.
These layers also rest on the subgrade or embankment
formed of stone materials. In zones where invert is planned,
the pavement structure lies on concrete subgrade. The
north-side portal of the tunnel is situated at 360 m a.s.l., and
the south-side one is at 224 m a.s.l. It should be noted that
this tunnel has the highest overburden when compared to
other road tunnels in Croatia. It locally reaches 1,380 m
above the tunnel line.

The rocks in which the caverns were formed belong to the
Lower Cretaceous Baremian–Aptian limestones K14,5, and
these formations vary between 15 and 75 cm in layer
thickness. The limestones are light to dark grey in colour,
and brown intercalations of carbonate calcitic binder can
locally be observed between the layers. In the immediate
vicinity of the cave, and in the site itself, the inclination of
carbonate formations varies between 45 ° and 55 °, and they
strike toward the northeast (from 42 ° to 48 °). The fissures
noted in the site and in its immediate vicinity are up to 10
cm wide, they are planar and smooth, very rarely filled with
clayed material, and are very firm. They are more often
filled with carbonate calcitic binder in crystalline or
amorphous form.
Intensive joint and fault zones varying from 3 to 4 m wide
are situated in each the area where the three speleological
sites were discovered. Together with lithological and
hydrogeological conditions, these zones have greatly
influenced the genesis (formation) of the caverns under
study. Mylonitic fault zones were not registered. According
to speleogeological survey results, these are relatively
young but presently inactive neotectonic faults, as locally
proven by thin dripstone coatings that freely cover fault
paraclases, especially in top parts of the cavern and, at that,
they are neither fractured nor deformed (Marinčić et al.
1969a, b; Raić et al. 1968a, b; Marinčić et al. 1972a, b).

Figure 1. Map situation of tunnel “Sveti Ilija”.

Figure 2. Geological cross section through Mt.Biokovo tunnel.

Interestingly, although no cavern was discovered during the
works in the main tubes, as many as three vertical caverns
were discovered in the main pressure and highest
overburden zone of the service tube.

The strike of the dominant fault is 105–285°, and the
paraclase is fully vertical. The corrosion of the surrounding
rocks is highly intensive. In case of dolomitic limestones,
it is however less pronounced than in case of pure
limestones. In fact, it is most probable that dolomitic
limestones are transformed, in their upper part, into
calcareous dolomites. Pure limestones and dolomitic
limestones could be expected closer to the reverse (thrust)
contact with older formations.

In addition, after discovery and study of the first cavern in
the service tube of the Sveti Ilija Tunnel at KM 1+415, it
was concluded that, considering the geological situation and
former statistical study, an another cavern “should be
located” about 200 to 250 m away from this one. The
speleologists have made the corresponding note in the diary
and thus warned the contractor about possible problems.
Soon thereafter, the second cavern was found at KM 1+193,
some 222 m away from the first one. By comparing
geological parameters, tectonics and statistical processing
data, the speleologists have once again predicted an another
cavern which should be situated 200 to 250 m away. The
corresponding note was also made in the technical diary and
the speleological report. Several weeks later, a cavern was
discovered at KM 1+637, i.e. precisely 222 m from the
second cavern. Thus, something that no one could predict
with absolute certainty has actually happened. The distance
between each of the 3 caverns discovered in the service tube
is 222 m, which is really amazing.

These limestones, and also late-diagenetic dolomitic
limestones, are crystalline, and are formed of dolomite
grains distributed in form of a mosaic. Grains are filled with
calcitic inclusions, and with some clay and limonite. Fossil
remains have not been discovered in the cavern.
Lithologically, these sediments are Baremian-Aptian
limestones and locally dolomitic limestones undergoing
transition into younger Upper Cretaceous formations.
Dolomites are less often found and, when found, they are
in form of a continuous package in the upper and top parts
of the sedimentary column, or in form of intercalations in
limestones, or as the dominant member with limestone
intercalations. They are mostly coarse grained, with many
calcitic micro-grained inclusions of zonal distribution, and
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their concentration reduces going from the centre toward
periphery. They therefore correspond to metasomatic
dolomites with the dolomitisation process completed, and
so relicts of primary micritic structure are not visible.
According to their type, these formations are calcitic
dolomites (Blašković 1998).
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ground surface, in the bottom parts of the caverns. Rare
corrosive forms were noted. The caves may be greater in
size, but this could not have been determined as further
passage was prevented by collapsed and unstable blocks
through which the water passes intermittently. This
undoubtedly points to the link with a (presently unknown)
greater underground space. The difference in temperature
between the discovered part of the cavern (+8.9 to +9.1 °C)
and the undiscovered part of the cavern (+8.5 °C) points to
the possible presence of a permanent ground water body.
From the engineering-geology standpoint, the following can
be said about these Lower Cretaceous limestones or
dolomitic limestones to possibly calcareous dolomites:
uniaxial compressive strength of the substratum (cave-level
limestones) amounts to 150 MPa, the RQD value differs,
but is mostly higher than 70 percent, on an average
discontinuities are spaced at 50 to 200 cm intervals, and are
locally filled with clay. Cave systems sometimes exceed
20 m in length, and their usual length varies from 10 to
15 m. The joint aperture varies from 0.1 to 1 mm. In top
parts joints are rough and undulating, while they are smooth
in lower parts of the caverns.

Figure 3. Cavern at km 1+415 in Biokovo tunnel.

The tunnel runs through central lower parts of all three
caverns. Thus, if viewed from the tunnel axis, the caverns
spread vertically toward the ground surface, but also
vertically downwards. Dolomitic intercalations locally
appear as “shelves” in vertical cave segments.

According to the RMR classification, the rocks in the zone
where the caves were discovered can be classified as a good
rock mass (category III). This is a rock complex that was
classified in the prognostic geological documentation as the
second geotechnical unit.

Figure 4. Cave profile and plan of cavern at km 1+193 in Biokovo
tunnel.

Figure 5. Cavern at km 1+193 in Biokovo tunnel.

Both the top and bottom parts of the cavern are of so called
vertical or cave shape. They are characterized by generally
large cross-sections, and follow the fault paraclase of E–Wtrend (105–285°). The initial water, significant in the
speleogenesis of these caves, had sunk through surface
fissures (some of which were later on covered with clay)
and has over time extended these caves to present
dimensions through extensive corrosive and erosive action.
These processes are still going on and, in this respect, it was
noted that an intermittent stream runs through lower parts
of the caverns. This steam enters the west part of the cavern
through fissures and reaches the scree material at the cave
bottom, and from there it continues to sink vertically further
down into the underground.
These caverns show signs of karstification by gravity in
their upper parts, while there are traces of regressive
karstification, i.e. aggressive karstification towards the

Figure 6. Deeper part in Cavern km 1+637 in Biokovo tunnel.
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Figure 7. Cavern at km 1+415 in Biokovo tunnel.

3. Methods and Results
State of the art speleological methods were used for
measuring vertical distances and geological parameters. A
special attention was paid to the radon concentration
measurement, and to chemical analyses of ground water.
According to current speleological site classifications
(Garašić 1986, 1991), the caves discovered at KM 1+415,
KM 1+193, and KM 1+637, are large-size vertical
speleological sites (caves) of an elbow shaped
morphological type, characterized by the occurrence of the
so called “false bottoms”, with heigh differences of about
297 m, 268 m and 203.5 m, respectively. This is the zone
of the highest tunnel overburden (from 1,300 to 1,380 m).
This means that the deepest parts of these caverns (accessed
by bats from the ground surface rather than from the tunnel)
sometimes extend to 200–250 m below the tunnel line.
Therefore, from the standpoint of geology, these sites can
be classified among the deepest speleological sites
discovered so far in Dinara karst in Croatia (Garašić 1986,
1989, 1991, 1995). The depths from the ground surface
range from 1,350 to possible 1,650 m.

Figure 8. Cave profile of one part of cavern at km 1+415 in
Biokovo tunnel.

Some speleologists will rightfully argue that no one has as
yet descended into these caverns from the ground surface,
and that their relative depth is smaller. Nevertheless, the
objective geological depth established in this karst complex
is certainly one of the greatest in Croatia. This has also been
revealed by measurement of ground water properties and
temperature, 222Rn and 218Po. It was established that these
properties are comparable to those measured at other
deepest speleological sites in Croatia. This will however be
demonstrated during subsequent investigations.
From the hydrogeological standpoint, it can be stated that
intermittent and maybe continuously active underground
streams run through these speleological sites. The presence
of dripping water has also been established. This dripping
water exerts an intensive chemical action on the
surrounding rocks (corrosion), which results in formation
of underground karrens. Smaller parts of these caverns are
covered with speleothems (dripstone formations). The
palaeo-hydrogeological function of these caves is
characterized by sinkholes on the ground surface (although
their entrances are most probably now caved-in or yet
undiscovered), and perhaps by a part of cave canals of a
swallow hole (ponor) in the Biokovo hinterland (which is
less probable because of intensive neotectonic uplift of this
mountainous mass).

Figure 9. Cave plan of cavern at km 1+415 in Biokovo tunnel.

Inaccessible bottom, northern and eastern parts of the
cavern might be linked with the speleological system of
caverns passing through Biokovo and participating in
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formation of submarine springs in the sea below Biokovo.
In fact, the ground water found in these speleological sites
has to pass either below or through the Sveti Ilija Tunnel,
as it re-emerges from numerous submarine springs in the
coastal area of the Makarska (from sites of Dubac to
Podgora and Drašnica; Alfirević, 1969). The depth of
karstification (weathering) in the zone of this speleological
site is estimated at several hundreds meters, with an
estimated maximum of 1,500 m, while the zone of vertical
circulation ranges from 500 to 1,700 m. This is followed by
the zone of inclined or horizontal circulation through which
the water is carried toward the Adriatic Sea. Impermeable
Triassic and maybe even Palaeozoic clastite or dolomite
formations are situated in the substratum. As Triassic
dolomites are from the hydrogeological standpoint
permeable, due to intensive secondary porosity (jointing),
it can reasonably be expected that several similar and
genetically correspondent joints, formed in the anticline due
to general subduction, are situated in continuation of these
sites (or are parallel to them). These possible caves are not
accessible from the surface and might be linked to the
mentioned hydrogeological system in the lower parts of
Biokovo. A note should also be made of the Pavlinovići
cave situated some ten kilometres to the northeast of the
tunnel, where the ground water oscillation of as many as
236 m has been registered. This information is particularly
relevant for the tunnel zone approaching the impermeable
substratum. In fact, such increase in the ground water level
shows that sometimes in rainy season the capacity of
underground chanals becomes insufficient to transport the
water through Biokovo toward the sea, and so the water
level rises enormously once this temporary hydrogeological
barrier is reached.
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Figure 11. Cave plan of cavern at km 1+637 in Biokovo tunnel.

4. Conclusion
Based on the position, morphology and other geological
characteristics of three newly-investigated vertical caves
situated in the service tube of the Sveti Ilija Tunnel, it has
been established that the speleogenesis of these caves can
be compared with that of other deepest caves in Croatia.
Although the caves were not accessed from the ground
surface, i.e. their entrances are about 1,300 m below the
ground surface, they have most certainly been formed under
conditions of intensive weathering and can as such be
analysed from the geological point as well. An excellent
correspondence of their occurrence shows that statistical
processing of caverns located in tunnels is finally giving
some results in correlation with the tectonics. It should also
be noted that a certain trace of karstification and dripstone
formation has been found in Croatian karst in a deep
borehole in the Adriatic Sea, where a speleothem was found
at the depth of 3,125 m in a smaller cavern.
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1

Sima de la Higuera Cave (Pliego, south-eastern Spain) has been recently adapted for speleological use. Nevertheless,
knowledge of the hypogenic origin of this cavity is still quite limited. The peculiar genetic mechanisms could provide
added value if the cave is exploited for speleotourism. By studying geomorphological features and speleothem
characteristics, it has been possible to deduce the predominant speleogenetic mechanism (whether hypogenic or epigenic)
that controlled the evolution of this cave. The hypogenic mechanism that gave rise to this cavity was associated with
upflow of CO2-rich hydrothermal fluid from depth, and was unconnected to meteoric water seepage. In this paper we
describe some of the geomorphological evidence and unusual speleothems in Sima de la Higuera Cave. Large scallops
are found on the upper level (-74 m); these are related to the mechanism of hypogenic speleogenesis and generally indicate
the direction of ascending flow. There are also corrosion crusts made of micritic calcite. In addition, bubble trails related
to bubbles of rising CO2 have been identified. Centimetric calcite spar speleothems frequently fill fractures in the host
rock. Other typical hypogenic speleothems occur in this cave, including calcite raft cones, folia, cave clouds, tower coral
and calcite raft deposits, all suggesting the influence of thermal water during the cave’s formation. Furthermore, the first
reported occurrence of calcite raft double-tower cones has been described in this cave; their origin is linked to water table
oscillations in Paradise Chamber (-82 m). At the deepest level (-110 m), Mn-Fe oxyhydroxides occur as a black coating
totally covering the cave walls, usually over subaerial “boxwork” formations. The wide variety of speleothems unconnected
to meteoric water seepage make Sima de la Higuera Cave one of the most unusual hypogenic caves in Spain.

1. Introduction

saturated in calcium carbonate can provide the evidence to
support a hypogenic origin of caves. For example,
speleothems such as large bisphenoidal calcite crystals
(Lundberg et al. 2000), calcite raft cones (Audra et al.
2002), cave clouds and folia (Audra et al. 2009; Davis
2012), tower coral and calcite raft deposits (Hill and Forti
1997) all commonly occur in hypogenic caves.

Seepage of meteoric water in karstic terrains is the most
common mechanism for cave development. However,
besides this kind of cavity (epigenic caves), there is another
type of genesis linked to rising hydrothermal fluids, usually
rich in dissolved CO2 and/or H2S. These hypogenic caves
form as a result of circulation of thermal water, usually from
depth, and are unconnected with superficial flow (Palmer
2011). The term “hypogenic” does not refer specifically to
extremely deep caves but rather to the origin of the fluids
responsible for these caves’ development (Klimchouk 2009).
This kind of system is represented by around 5–10 % of the
cavities worldwide (Forti 1996; Forti et al. 2002).

In the current paper, we describe and examine the
hypogenic geomorphological features of Sima de la Higuera
Cave (Murcia, South-eastern Spain), which has been
recently adapted for speleological use. Together with the
mineralogical and geochemical characteristics of some of
its speleothems, these have enabled a preliminary model of
the evolution of this cave to be established.

Geomorphological features and specific speleothems are
the most useful tools for identifying whether the origin of a
cave was hypogenic or epigenic (Audra et al. 2002). The
morphologies generated by hypogene mechanisms depend
on the characteristics of the host rock, the temperature at
which dissolution occurs, and the nature of the gases in
solution. For instance, H2S-rich thermal water gives rise to
acid attack that is more efficient than corrosion produced
exclusively by CO2 (Forti et al. 2002). Furthermore, in H2Srich systems, the water-rock interaction frequently results
in gypsum precipitation (Palmer and Palmer, 2012).

2. Geological setting
Sima de la Higuera (Fig Tree Cave) is located in the Sierra
de Espuña, in the municipal district of Pliego (Murcia
Region). Its entrance lies 485 m a.s.l. and its mouth is
crowned by a large fig tree that gives the cave its name.
Speleological exploration of the cave began in 1997,
although there is evidence that it was discovered earlier than
this date (Club Cuatro Picos and Club Pliego Espuña 2001;
Ferrer 2010). Its surveyed length is 5,500 m and its deepest
part is 156 m below the cave entrance (82 m below the base
of the entrance sinkhole) (Fig. 1B).

Other morphological features typical of hypogenic
conditions are bubble trails, bell-shaped condensationcorrosion domes, scallops and widespread corrosion
pockets (Forti 1996).

The cave lies in Oligo-Miocene detrital and marly limestone
(Fig. 1A). The carbonate sequence is quite fractured due to
NW-SE pressure that has given rise to a series of joints and

On the other hand, the speleothems and cave minerals
formed under subaqueous conditions from a solution highly
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particularly its deeper levels. Significant hydrothermal
springs currently arise in the vicinity of the cave, with
temperatures ranging from 30 to 50 ºC.
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Although the evidence points to deep hydrothermal water
flowing through the caves in the past, present-day water
inflow is entirely from infiltration of meteoric water. There
are only a few vadose speleothems generated from
dripwater (stalactites, stalagmites, etc.) in the shallowest
levels, around -74 m, and above the level of Bath Chamber.

3. Methodology
3.1. Inventory of speleological features and sampling
The speleothems and the speleogenetic forms of the Sima
de la Higuera Cave were inventoried and photographed for
classification and analysis. The locations of these features
were included on the topographical map drawn by the
Cuatro Picos and Pliego-Espuña caving clubs (2001).
The cave cones of the Paradise Chamber were inventoried
and positioned relative to a topographic station located 85.2 m below the cave entrance. Distances were measured
using a laser-distance meter Disto A3 of Leica Geosystems
AG® and an upgrade kit (DistoX) which adds a 3-axis
compass, clinometer and a Bluetooth connection. This
wireless instrument was connected to a PDA device where
data were stored. Calibration was performed using Palm OS
software designed by Luc Leblanc and adapted for the
topographical Auriga software.
A fragment of a dark-coloured “boxwork” blade (SHG) was
taken from the roof of the Manganese Gallery, situated in
one of the deeper levels of Sima de la Higuera Cave, at the
-110 m level (Fig.2H, I). The sample comprised a mineral
lamina, 5–10 mm thick with a sugary texture, whose outer
surface was covered by dull greyish-blue deposits, rough in
texture.

Figure 1. A. Location and geological setting of Sima de la Higuera
Cave. Geological cartography modified from Kampschuur et al.
(1972); B. Location of the main hypogenic geomorphological
features (squares) and speleothem formations (circles) in Sima de
la Higuera Cave (topography by the Cuatro Picos and PliegoEspuña caving clubs (2001): 1. Scallops, corrosion domes and
alteration crusts; 2. Bubble trails; 3. Bubble grooves on
mammillary crusts; 4. Boxwork and ferromanganese coatings;
5. Calcite “spars” infilling fractures; 6. Tower coral; 7. Calcite
raft cones; 8. Folia and cave clouds (mammillary crusts); 9. Piles
of calcite rafts.

One sample of a calcite raft consisting of thin, brownish
calcite laminae (CR-01) was collected from the Paradise
Chamber (-85 m). Lastly, a sample of powdered raft calcite
was taken from the Four Paths Chamber (-117 m) where the
piles of white raft calcite reach up to 2 m high (CR-02)
(Fig. 2E).
3.2. Analytical methodology

The cave contains strong evidence of a hypogenic origin. In
this study, we use the term “hypogenic” as postulated by
Palmer (2011), who suggested that hypogenic caves form
due to the upward flow of deep-seated water, or by solutional
aggressivity generated at depth below the ground surface. In
Sima de la Higuera Cave the hypogene speleogenetic
mechanisms are evidenced by the presence of different types
of speleothems and geomorphological features typical of
hypogenic caves, such as calcite raft cones, tower cones,
cave clouds (mammillary crusts), folia, specific corrosion
forms, cupola, condensation domes and scallops.

SEM microphotographs were taken using a HITACHI
S-3500 instrument in high vacuum mode. The samples were
previously dried and coated with graphite to increase
electron transmissivity. The elemental chemistry was
determined by EDX (Energy Dispersive X-ray
Spectroscopy) microprobe at two points with different
typology over the boxwork sample (Fig. 5).
Microanalyses employed the same instrument coupled to
an Oxford INCA 7210 X-ray detector. The diameter of the
beam was approximately 1 μm. (Table 1). Carbon
concentration was not measured due to masking by the
graphite coating. Quantitative chemical analysis of samples
was done using X-ray fluorescence (wavelength dispersive
XRF) with a BRUKER S4 Pioneer instrument.

Further evidence comes from the fact the ambient cave
temperature is higher than the annual mean outside
temperature of 13.8 ºC. The current cave temperature
oscillates between 18.6 ºC and 21.7 ºC, increasing slightly
in the deeper parts, and this indicates a significant positive
thermal anomaly. Relative humidity of the cave air is
between 87.5 and 90 % (Club Cuatro Picos and Club Pliego
Espuña 2001).

A subsample of dark material of the boxwork from
Manganese Gallery (CMN) was extracted using a needle
for subsequent mineralogical analysis by XRD (X-Ray
Diffraction). The mineralogy of the internal crystalline
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following infiltration of meteoric water through the
carbonate rock overlying the cave. Dripstones like
stalagmites and stalactites are scarce in this cave level;
however, some examples can be observed around the lakes.
Typical features of phreatic speleogenesis such as scallops,
cupolas and bell-shaped condensation domes appear in this
area (Fig. 3A). Furthermore, dissolution forms like bubble
trails (Fig. 3C) and alteration calcite crusts (Fig. 3B) are
seen above the -85 m level.
(2) Beyond this point, the cave morphology changes
considerably, with larger galleries and chambers, such as
Ghost Chamber and Paradise Chamber, which occupy an
intermediate level (-85 m).

Figure 2. Speleothems linked to the hypogenic origin of Sima de
la Higuera Cave. A. Tower coral (floor), cave clouds (wall) and
folia (ceiling) in the Bath Chamber level; B. Folia; C. Calcite
“spar” crystals coated with ferromanganese oxyhydroxides; D.
Calcite raft cones and cave clouds in Ghost Chamber; E. Piles of
calcite rafts in Four Paths Chamber; F. Double-tower raft cones
in Paradise Chamber; G. “Volcano cone” in Ghost Chamber; H
and I. Boxwork and ferromanganese coatings in Manganese
Gallery (Photos: Víctor Ferrer).

Figure 3. Features related to the hypogenic origin of Sima de la
Higuera Cave: A. Scallop in the entrance shaft; B. Alteration
calcite crusts; C. Bubble trails and boxwork; D. Bubble grooves
on cave clouds in Ghost Chamber; E. Corrosion forms due to acid
dissolution appear in several places inside the cave. (Photos:
Víctor Ferrer).

laminae was also determined by XRD of a powdered
sample. The calcite raft samples (CR-01 and CR-02) were
crushed and analyzed by XRD. Mineral analysis using XRD
used a BRUKER APEX CCD area detector. The
geochemical and mineralogical analyses were performed in
the Servicios Centrales de Investigation of the University
of Almería (Spain).

This cave level accommodates speleothems such as calcite
spars that fill fractures in the host rock, cave clouds, folia,
tower coral and calcite raft cones (Fig. 2), all of them
indicative of epiphreatic conditions during their
precipitation.
Of particular note are the calcite raft cones present in Ghost
Chamber. In Paradise Chamber, 92 cave cones have been
inventoried (Fig. 5) displaying two different morphologies.
Thirty-seven of them can be considered as tower cones (or
simple-tower cones), whilst the remaining fifty-five cones
have a notch in the middle and look like two cones, one
superimposed over the other (Fig. 2F).

4. Results
Observations led us to identify three zones with different
morphological appearances in Sima de la Higuera Cave:
(1) The mouth of the cave gives access to a subvertical
sinkhole 74 m deep, which is developed along the length of
a diaclase running E-W, which finally opens out in Junction
Chamber. This chamber and the galleries that communicate
with it form one of the upper levels of the cave, which also
run E-W. On this level appear several, small perched lakes
(Coral Lake and Bath Chamber).

(3) Lastly, the deepest levels include labyrinthine galleries
(three-dimensional “maze caves”) that are smaller in size
and typical of hypogenic caves (Klimchouk 2009). Features
like pendants, related to phreatic dissolution-corrosion have
been identified in this level. Boxwork formations and
ferromanganesic deposits also appear, particularly in
Manganese Gallery (-110 m level) (Gázquez et al. 2012)
(Fig. 2H).

The temperature of the lake water is 19.8 ± 0.5 ºC, similar
to the cave air (20.2 ±2.2 ºC), while pH (8.10), conductivity
(550 µS/cm) and HCO3- concentration (220 mg/l) are
typical of cave infiltration water. This fact suggests that the
only water inflow to these lakes come from dripwater

The SEM microphotographs enabled two visibly different
zones to be identified (Fig. 4B). The first comprises submillimetric euhedral calcite crystals, some of which have a
sphenoidal habit with well-defined faces and edges. The
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Typical features of hypogenic speleogenesis, such as white
micritized rind and alteration crusts, appear in the upper
levels and in the entrance sinkhole (Fig. 3B). The origin of
these elements is usually connected to interactions between
carbonate host rock and acid hydrothermal water (Palmer
and Palmer 2012). Furthermore, forms typical of phreatic
speleogenesis, such as the large scallop (Fig. 3A) identified
along the diaclase that gives access to the main galleries,
suggest slow upward flows during the speleogenetic stages.
Besides, cupola and corrosion domes in the upper levels of
the aquifer indicate interactions between the carbonate rock
and the thermal water in its gaseous phase (due to lower
hydrostatic pressure) here.

Figure 4. Secondary electron images of (A) calcite rafts from Four
Paths Chamber and (B) ferromanganese coatings on the boxwork
of Manganese Gallery.
Table 1. Elemental composition of the samples analyzed by X-ray
fluorescence (XRF) and EDX microprobe. Analytical errors
ranged from ±0.33‰ for oxygen to ±0.13‰ for aluminum. Errors
for Fe and Mn were better than ±0.2‰ (n.a = not analyzed; n.d
= non detected).
Elements
(% wt)
Ca
O
C
Mg
Sr
Mn
Fe
Si
Al
K
P
S

CR-01XRF
(-117 m)
52.8
22.2
n.a
0.111
0.0616
0.0032
0.0621
0.324
0.149
0.0341
0.261
0.103

CR-02XRF
(-98 m)
51.8
22.4
n.a
0.110
0.0603
0.0051
0.173
0.778
0.465
0.104
0.0961
0.0918

CMNcalEDX
(-110 m)
38.1
50.8
n.a
n.d
n.d
2.1
1.5
0.7
n.d
n.d
n.d
n.d
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Bubble trails have been identified on the ceiling in the
intermediate levels, for instance, around Bath Chamber
(Fig. 3C). Such features also formed due to acid
aggressivity of thermal water; however in this case, gases
(CO2 and/or H2S) were released as bubbles that rose along
preferential trails (Forti 1996) that eventually carved
channels on the cave ceiling.

CMNmnEDX
(-110 m)
2.3
34.8
n.a
0.7
n.d
38.2
10.3
2.4
2.8
n.d
n.d
n.d

Other features related to rising CO2 bubbles were observed
on the ceiling of Ghost Chamber (-85 m). Grooves several
centimeters deep appear on the mammillary crust (cave
clouds) that covers the ceiling of this chamber (Fig. 3D).
When this cave level was under water, CO2 degassing
caused bubble trails on the hemispherical surface of the
cave clouds. The continuous trail of rising bubbles led to
dissolution-corrosion of the calcite crusts.
Thermal water accessed the intermediate cave level mostly
through a large fracture in the floor of Paradise Chamber
(-98 m). This diaclase seems to have acted in the past as a
feeder of deeper thermal water into this chamber.

calcite mineralogy of this lamina was confirmed using
XRD. EDX analysis revealed traces of Mn, Fe and Si, in
addition to Ca, C and O (CMNcal, Table 1).

The cave forms found below the level of Paradise Chamber
differ substantially from those in the upper levels. The are
no dissolution features due to CO2 bubbles. Instead,
“pendants”, a cave form typical of phreatic dissolution,
indicate a different mechanism of carbonate dissolution.
The difference was determined by the different hydrostatic
pressure of the solution containing the dissolved CO2. As
the thermal water flowed toward the upper levels, the
hydrostatic pressure fell and the volume of the gaseous
phase increased. As a result, larger bubbles formed and
these followed preferential trails that carved vertical
dissolution grooves and channels.

Over this mineral lamina appear botryoidal structures. EDX
analysis of their chemical composition indicated Mn
concentrations of up to 38.2 % wt, and Fe of up to 10.3 %
wt. Other elements like Na, Al and Si were present in
quantities below 3 % wt.
The XRD analyses revealed that this patina is composed of
todorokite (NaMn6O12·3H2O) (22 %), pyrolusite (MnO2)
(16 %), in addition to the calcite (42 %) and amorphous
phases (20 %), probably poorly crystalline Fe
oxyhydroxides (CMNmn, Table 1).

Other dissolution-corrosion forms, in this case generated
under vadose conditions, appear in the lower cave levels.
Dissolution-corrosion mechanisms affected the cave walls
when the water table dropped and left the cave exposed.
Wet CO2-rich air entered from lower levels and condensed
on the slightly cooler cave walls and ceiling. Dissolution of
the host rock by the condensed water increased as a result
of the high CO2 partial pressure in the cave atmosphere
(Sarbu and Lascu 1997). Current CO2 levels in the cave
reach 2000 ppm and may have been even higher in the past
due to degassing of hydrothermal water below the cave
galleries.

Finally, the samples of calcite raft analyzed were composed
exclusively of calcite, though the XRF analyses revealed
traces of Si, Mg, P, S and other minor elements. The
composition of samples taken from Paradise Chamber
(CR-01) and Four Paths Chamber (CR-02) were similar
(Table 1).

5. Discussion
5.1. Speleogenetic forms and dissolution-corrosion
features

Dissolution-corrosion forms are particularly striking in
Manganese Gallery (-110 m). Boxwork and
ferromanganese coatings on the cave walls have been
described (Fig. 2H, I) whose origin lie in (1) the

Sima de la Higuera Cave hosts a great number of
morphological features and speleothems, indicating that its
origin is not linked to seepage of meteoric water.
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precipitation of sparitic calcite veins in the fissures of the
carbonate host rock when the cave was submerged in
thermal water; and (2) the corrosion of carbonates by acid
generated from CO2 diffusion into the condensed water, and
oxidation of reduced Fe-Mn under aerobic conditions. The
acid attack preferentially dissolved the carbonate host rock
(which has a microcrystalline structure), while the veins of
sparitic calcite were more resistant to corrosion. As a result,
the calcite blades now project into the cave in the form
called boxwork (Gázquez et al. 2012).
On a microscopic scale, the Fe-Mn oxyhydroxides are
botryoidal structures over a visibly altered sugary-textured
calcite substrate (Fig. 4B). Oxidation of manganese and iron
from the host rock gave rise to protons that acidified the
medium, so lead to corrosion of the calcite beneath
(Gázquez et al. 2012).
5.2. Hydrothermal speleothems
Sima de la Higuera Cave contains a wide variety of
speleothems of subaqueous origin which were generated
from a solution highly saturated in calcium carbonate. As a
general rule, this type of speleothem precipitates out from
hydrothermal solutions that have a high CO2 content,
frequently related to dissolution of the host rock during the
genesis of the cave.

Figure 5. Spatial distribution of cave cones in Paradise Chamber
of Sima de la Higuera Cave, distinguishing simple-tower cones
(n =37, in black) and double-tower cones (n =55, in grey).

This process would have started in the upper levels;
nowadays however, calcite raft deposits are scarce in this
shallower level as they would have been eroded during
subsequent vadose stages. By contrast, there are abundant
calcite raft piles in deeper levels, like Paradise Chamber and
Four Paths Chamber (Fig. 2E).

Nevertheless, some cases have been reported where
subaqueous speleothems (calcite raft cones, folia, etc.) have
been generated from cold water in epigenic caves (Davis
2012). Notwithstanding, the relatively high ambient
temperature of Sima de la Higuera Cave (up to 6 ºC higher
than the annual mean temperature outside the cave) clearly
points to this cavity retaining residual heat from an earlier
hypogenic stage.

On a microscopic scale, the calcite rafts in Sima de la
Higuera Cave display well-developed faceted crystals
(Fig. 4A). This kind of dogtooth calcite crystal often
precipitates at a low-medium temperature (Lundberg et al.
2000). A similar trace element composition of the calcite
rafts at -82 and -110 m depth points to the precipitation of
calcite laminae with similar characteristics.

Speleothems in Sima de la Higuera are not randomly
distributed; rather, there is a gradation from the base of the
cave towards shallower levels. This fact suggests that
speleothem precipitation was controlled by the saturation
state in calcite of the water, which in turn was conditioned
by the hydrostatic pressure of the solution. Thus,
crystallization of larger calcite crystals (Fig. 2C) was
favoured in the lower cave levels, where slower CO2
degassing caused low calcite supersaturation leading to
slower calcite precipitation. As the hydrothermal fluid rose,
CO2 degassing intensified, resulting in other kinds of
phreatic speleothems, such as cave clouds and folia (Fig.
2A, B) in the intermediate levels of Sima de la Higuera
Cave. These type of speleothems usually form near the
water surface (Audra et al. 2009; Davis 2012), where CO2
degassing is more active and calcite precipitation faster than
in the levels beneath. In some places, crusts of
microcrystalline calcite cover the walls and ceiling of the
intermediate levels (Fig. 2D).

When the weight of the crystalline laminae is greater than
the surface tension can support, rafts of calcite sink and
accumulate on the pool bottom. Since the drips fall
consistently at one point over a long period, piles of rafts
lamina accumulate on the pool bed forming a cone-shaped
speleothem, dubbed cave cones (Hill and Forti 1997). In
Sima de la Higuera Cave, cave cones are particularly
significant in the Ghost and Paradise Chambers (Fig. 2D,
F, G).
A new variety of cave raft cones has been recently
discovered in Paradise Chamber, called “calcite raft doubletower cones” (Fig. 2F) (Gázquez and Calaforra 2012). They
represent 60 % of the cave cones in this chamber (Fig. 5).
The unusual shape of these speleothems is explained by an
intermediate phase of rapid calcite precipitation of
uncemented calcite rafts covering cave cones formed in
previous stages. When conditions favouring slow calcite
raft formation were restored, new cave cones were formed
exactly on top of some of the earlier cones (Gázquez and
Calaforra 2012).

More recently, the groundwater level gradually fell and the
water table intercepted the intermediate cave levels. In such
a situation, precipitation of calcite raft laminae was
favoured on the water surface due to intense evaporation
and CO2 degassing. Significant temperature and pCO2
differences between the thermal water and the cave
atmosphere triggered rapid precipitation of calcite rafts.

The phreatic/epiphreatic conditions ceased when the water
table definitively left the cave. Under the new vadose
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conditions, condensation and corrosion processes took over
as dripwater became the main source of water to the cave.
In some cases, a subtype of cave cone was formed as the
water dripping onto the cave cones, being subsaturated in
calcite, gradually drilled a hole in the apex of the cone,
giving rise to the so-called “volcano cones” (Fig. 2G).
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Davis DG, 2012. In defense of a fluctuating-interface, particleaccretion origin of folia. International Journal of Speleology,
41(2), 65–74.
Ferrer V, 2010. La Sima de la Higuera (Pliego-Murcia). 80.
Forti P, 1996. Thermal karst systems. Acta Carsologica, 25,
99–117.
Forti P, Galdenzi S, Sarbu SM, 2002. The hypogenic caves: a
powerful tool for the study of seeps and their environmental
effects. Continental shelf research, 22, 2373–2386.

6. Conclusions
The geomorphological characteristics and subaqueous
speleothems of Sima de la Higuera Cave are related to
rising hydrothermal water. Speleothems in Sima de la
Higuera are not randomly distributed over the vertical cave
profile but show a gradation from the base to the top of the
cave, suggesting that calcite precipitation and dissolutioncorrosion forms were determined by the hydrostatic
pressure of the solution.

Gázquez F, Calaforra JM, Rull F, 2012. Boxwork and
ferromanganese coatings in hypogenic caves: an example from
Sima de la Higuera Cave (Murcia, SE Spain). Geomorphology,
117–118, 158–166.
Gázquez F, Calaforra, JM, 2012. Origin of the double-tower raft
cones in hypogenic caves. Earth Surface Processes and
Landforms (accepted).
Hill CA, Forti P, 1997. Cave minerals of the World 2. National
Speleological Society, Huntsville. 461.

Acknowledgments

Klimchouk AB, 2009. Morphogenesis of hypogenic caves.
Geomorphology, 106, 100–117.

The authors are grateful for the support of Andrés Ros, Pepe
Liza and the Speleoclub “G40” during the field work.
Financial support was made available through the Spanish
Science Grant AP-2007-02799, the Project “RLS Exomars
Science” (AYA2011-30291-C02-02; Ministry of Science
and Innovation, Spain and FEDER funds of EU). The
authors thank Víctor Ferrer for his kind permission to use
photographs to illustrate this paper. Sarah Steines is also
acknowledged for improving our English.

Kampschuur W, Langeberg CW, Montenat Ch, Pignatelli R,
Egeler CG, 1972. Mapa Geológico de España 1:50,000, hoja
nº 933 (Alcantarilla). IGME, Madrid.
Lundberg J, Ford DC, Hill CA, 2000. A preliminary U-Pb date on
cave spar, Big Canyon, Guadalupe Mountains, New Mexico.
Journal of Cave and Karst Studies, 62(2), 144–148.
Palmer AN, 2011. Distinction between epigenic and hypogenic
maze caves. Geomorphology, 134, 9–22.
Palmer MV, Palmer AN, 2012. Petrographic and isotopic evidence
for late-stage processes in sulfuric acid caves of the Guadalupe
Mountains, New Mexico, USA. International Journal of
Speleology, 41(2), 231–250.

References
Audra Ph, Bigot JY, Mocochain L, 2002. Hypogenic caves in
Provence (France). Specific features and sediments. Acta
Carsologica, 31(3), 33–50.

Sarbu SM, Lascu C, 1997. Condensation corrosion in Movile
Cave. Journal of Karst and Cave Studies, 59, 99–102.

83

Karst and Caves in Carbonate Rocks, Salt and Gypsum – oral

2013 ICS Proceedings

THE APPLICATION OF GIS METHODS IN MORPHOMETRICAL
ANALYSIS OF DOLINES ON LIMESTONE AND DOLOMITE BEDROCK
Petra Gostinčar
Karst Research Institute ZRC SAZU, Titov trg 2, SI-6230 Postojna, Slovenia, petra.gostincar@zrc-sazu.si

The dolines are considered to be a “diagnostic” karst landform. In this paper a GIS method, which was developed for the
automatic delineation and classification of karst depressions (Obu 2010), was used for a study of morphometrical
characteristics of dolines on limestone and dolomite bedrock. The spatial extent of auto-delineated dolines was compared
to the manually delineated dolines from topographic maps. The analysis was conducted on three case study areas.
The morphometrical characteristics of auto-delineated dolines show that the dolines on dolomite are larger in area but
shallower. Their slopes are not as steep as the slopes of the limestone dolines and they are less regular-shaped. On the
other hand, the dolines on limestone are smaller in area but deeper and their slopes are steeper. Their shape is more circular.
This method, when used on DEM of higher resolution (e.g., LIDAR DEM) and a greater number of case study areas,
could be used as an efficient tool for determining the characteristics of dolines on various bedrock and even as a part of
computer-based detection of bedrock (geological mapping) in karst areas.

1. Introduction

approximately 35 % of the surface is on limestone and about
8–12 % on dolomite (Gams 2003). Limestone and dolomite
areas in Slovenia interchange on small distances as the area
is fractured into numerous smaller segments due to
sedimentary and tectonic modifications.

Geomorphometry is the science of quantitative land surface
analysis. It offers a modern and analytical approach to the
geomorphological analysis of the landscape with the use of
digital elevation model (DEM) data and parametrization
software. With the rapid increase of sources of DEMs today
the methods of geomorphometry are more and more
attractive to conduct (Pike et al. 2009).

Because of chemical and physical characteristics of the two
rock types, karst on limestone and dolomite is different.
Dolines are a common surface karst feature of Slovenian
(Dinaric) karst and are present on both, dolomite and
limestone areas.

For the analysis of karst surface the methods of general
geomorphometry alone (e.g., Wood’s method (Wood 1996),
method of Surface Specific points (Peucker and Douglas
1975), the use of supervised and unsupervised classification
(MacMillan et al. 2000)) or methods of specific
geomorphometry applicable to the fluvial or any other
geomorphic system (MacMillan and Shary 2009) do not
provide good results as they are not adjusted for detection
of specific karst landforms.
The dolines are considered to be a “diagnostic” karst
landform (Ford and Williams 2007). A number of attempts
of auto-delineation of dolines and similar features (e.g.,
craters) with the use of DEMs and satellite images have
been described in the literature (Portugal et al. 2004;
Guimarães et al. 2005; Matsumoto et al. 2005; Krøgli et al.
2007; Siart et al. 2009; Suma et al. 2010; etc.).

Figure 1. Distribution of limestone and dolomite in Slovenia with
marked case study areas.

In this paper a GIS method, which was developed for the
automatic delineation and classification of karst depressions
(Obu 2010), was used for a study of morphometrical
characteristics of dolines on limestone and dolomite
bedrock. The results of GIS auto-delineation using DEM
and manual delineation of dolines on topographic maps
were compared. Later on, a comparison of characteristics
of dolines on dolomite and bedrock obtained by autodelineation was made.

The analysis of morphological characteristics of dolines
was conducted on tree case study areas: the Karst, the
Logatec Plateau and Bela Krajina (Figure 1).
The Karst Plateau (the Classical Karst) is situated in western
part of Slovenia on elevation 220–290 m a.s.l., with an
average yearly temperature 10.9 °C and 1,399 mm of
precipitation (1971–2000; ARSO 2011).The case study area
is situated on bedded granular Cretaceous dolomite
(2.4 sq km) and platy laminated Cretaceous limestone
(1.9 sq km) (Figure 2).

2. Characterisation of study area
In Slovenia karstic i.e. carbonate rocks (mainly limestones
and dolomites) cover 43 % of the surface (Figure 1) –

The Logatec Plateau is situated in central part of Slovenia
on elevation 530–640 m a.s.l., with an average yearly
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3. Method

temperature 8.7 °C and 1,587 mm of precipitation
(1971–2000; ARSO 2011). The case study area is situated
on Jurassic dolomite (0.7 sq km) and Jurassic limestone
(0.6 sq km) (Figure 3).

3.1. Auto-delineation of depressions on karst (Obu 2010)
A GIS method for automatic delineation and classification
of karst depressions has been developed by Obu (2010). The
delineation of karst depressions is conducted on the basis
of the lowest elevation of depression watershed border cells.
This elevation represents the level on which water starts to
flow out of the depression when it is theoretically filled with
water. The method introduces the existence of karst
depressions on different levels. In our research the
depression detected on “level 1” were used for the
morphological analysis. For the analysis ArcGIS software
(the Spatial Analyst extension) was used, as it supports the
Python programming language in which the script was
written.

Bela Krajina is situated in the south-eastern part of Slovenia
on elevation 260–310 m a.s.l., with an average yearly
temperature 10.4 °C and 1,257 mm of precipitation
(1971–2000; ARSO 2011). The studied area is situated on
Jurassic dolomite (1.4 sq km) and Cretaceous limestone
(1.3 sq km) (Figure 4).

The second part of the developed method is karst depression
classification based on a number of attributes calculated for
each depression. These attributes (e.g., area, circumference,
depth, volume, average diameter, the length of the shortest
axis through the centroid of a doline, the length of the
longest axis through the centroid of a doline, roundness, the
highest elevation, the lowest elevation, mean elevation,
lowest slope, highest slope, mean slope, mean curvature,
area of flattened part of doline, percentage of flattened floor
comparing to the area of doline etc.) are stored in a
database. A database with morphological characteristics for
each delineated doline was used for comparison of
morphological characteristics of dolines on neighbouring
dolomite and limestone areas.

Figure 2. Case study area 1: Karst.

Auto-delineation of dolines with GIS was conducted on
DEM with a resolution 12.5 m (provided by Surveying and
Mapping authority of Republic of Slovenia – GURS). It was
produced in 2005 with a method of data integration. An
average height accuracy of the DEM is 3.2 m (Podobnikar
2008).
3.2. Manual delineation
The dolines were also manually delineated (digitized) on
topographic maps with a scale of 1:5,000 (provided by
Surveying and Mapping authority of Republic of Slovenia
– GURS). The contour interval of these topographic maps
is 10 m.

Figure 3. Case study area 2: Logatec Plateau.

With the manual delineation of the actual extent of dolines
on case study areas the method of auto-delineation of
depressions could be evaluated.
At the beginning the comparison between the manually
delineated and auto-delineated depressions was made.

4. Results
When comparing the number of delineated dolines it was
calculated that auto-delineation was able to detect from
45 % up to 87 % of dolines comparing to manual delineation
(Figure 5). In most cases the smaller depressions were not

Figure 4. Case study area 3: Bela Krajina.
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detected with GIS as the resolution of DEM 12.5 m is not
suitable for their recognition. Details of the relief smaller
than 12.5 m (cell size) cannot be detected as well as those
up to 17.7 m (length of the diagonal of cells). This is
especially visible at case study area of Logatec Plateau
(Figure 3) where a large number of smaller depressions
went undetected. Obu (2010) determined that only dolines
with diameter greater than 30 to 50 meters are successfully
recognised on a DEM 12.5 m. In many cases the spatial
extent of manually delineated and auto-delineated dolines
does not overlap entirely (see Figures 2, 3, and 4).

of dolines on dolomite is slightly smaller (0.6 on limestone;
0.7 on dolomite). The mean area parameter shows that the
dolines on dolomite cover an approximately 30 % larger
area than dolines on limestone, and the percentage of
flattened floor comparing to the area of doline is on average
slightly bigger (dolomite: 3.4 %; limestone: 3.2 %).
The morphometrical characteristics of auto-delineated
dolines show that the dolines on dolomite are larger in area
but shallower. Their slopes are not as steep as the slopes of
the limestone dolines and they are less regular-shaped. On
the other hand, the dolines on limestone are smaller in area
but deeper and their slopes are steeper. Their shape is more
circular.

Table 1. Comparison of number of manually- and auto-delineated
dolines.
Case study
area
Dolomite
1 – dolomite
2 – dolomite
3 – dolomite
Limestone
1 – limestone
2 – limestone
3 – limestone

Manual delineation
detected Dolines
dolines
/ km2
247
55
104
43
39
59
104
74
431
113
180
96
71
111
180
140
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Auto-delineation
Detected Dolines
dolines
/ km2
132
30
51
21
34
51
47
33
243
64
107
57
46
72
90
70

Figure 6. Circumference (mean, m) (auto-delineation).

Figure 5. Number of detected dolines.

A number of attributes of auto-delineated depressions were
calculated. The results of analysis show a great variation
when comparing the three case study areas. There is more
variation of the parameters when comparing individual case
study areas than the dolines according to the rock type.
However, some general characteristics of the dolines on
limestone and dolomite were determined.

Figure 7. Depth (mean, m) (auto-delineation).

The mean volume of auto-delineated dolines on dolomite
(3,375 m3) is slightly bigger than of those on limestone
(3,208 m3); however the maximum volume is bigger on
limestone (61,373 m3) than on dolomite (53,683 m3). On
the other hand the average depth is smaller on dolines on
dolomite bedrock (1.5 m; average depth of dolines on
limestone is 1.8 m), and the mean circumference is much
larger (213.3 m on dolomite; 180.8 m on limestone). The
average slope of dolomite dolines (3.5°) is smaller than of
those on limestone (4.2°). Additionally, the mean roundness

Figure 8. Slope (mean, °) (auto-delineation).
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Table 2. Some morphometrical characteristics of auto-delineated dolines.
Study area

A

B

C

D

E

F

G

H

I

Dolomite
1 - dolomite
2 - dolomite
3 - dolomite
Limestone
1 - limestone
2 - limestone
3 - limestone

213.3
268.1
157.4
194.1
180.8
214.0
164.1
149.7

1.5
2.0
0.8
1.6
1.8
2.4
1.1
1.3

7.1
6.1
3.9
7.1
10.6
10.6
4.2
6.1

3,374
4,604
798.0
3,904
3,208
5,573
1,156
1,443

53,683
53,683
4,500
41,639
61,373
61,373
11,953
22,260

49.9
62.1
37.5
45.4
43.1
51.4
38.5
35.5

0.6
0.6
0.7
0.6
0.7
0.7
0.6
0.7

3.5
3.8
2.4
4.1
4.2
4.6
3.0
4.3

3.4
3.5
3.8
3.1
3.2
3.8
2.7
2.8

5. Discussion and conclusions

A: Circumference (m)
B: Depth (mean, m)
C: Depth (max, m)
D: Volume (mean, m3)
E: Volume (max, m3)
F: Diameter (mean, m)
G: Roundness (mean)
H: Slope (mean, °)
I: % of flattened floor comparing
to the area of doline (mean)

Ford D, Williams P, 2007. Karst Hydrogeology and
Geomorphology. John Wiley & Sons, Chichester.

Even though the GIS method for auto-delineation of dolines
used for our research has a number of drawbacks, the
general morphometrical characteristic of dolines on
limestone and dolomite bedrock were calculated.

Gams I, 2003. Kras v Sloveniji v prostoru in času (Karst in
Slovenia in time and space). Založba ZRC, Ljubljana.
Geological map of SFRY: Črnomelj, 1984. 1:100,000. Federal
Geological Survey, Beograd.

There is a problem of determining the extent of dolines
which directly influences the results of morphometrical
analysis. The results of auto-delineation were compared
with the manual delineation. When analyzing a landscape
with smaller dolines the auto-delineation recognizes less
than a half of existing dolines. However, the method is
much more reliable in case of larger dolines. The
comparison clearly showed that when analyzing the
morphometrical characteristic of auto-delineated dolines we
must take into account that a large percentage of existing
dolines could have been undetected.

Geological map of SFRY: Postojna, 1967. 1:100,000. Federal
Geological Survey, Beograd.
Geological map of Slovenia (digital map). 1:100,000. Geological
Survey of Slovenia (GeoZS), Ljubljana, Slovenia.
Guimarães RF, de Carvalho Júnior OA, de Souza Martins E,
Ferreira de Carvalho AP, Trancoso Gomes RA, 2005. Detection
of karst depression by aster image in the Bambui Group, Brazil.
Proc. SPIE 5983, Brugge, College of Europe Press, 328–339.
Jurkovšek B, 2008. Geological map of the Northern part of the
Trieste-Komen plateau 1:25,000. Geological Survey of
Slovenia, Ljubljana, Slovenia.

When conducting a GIS analysis the results are limited by
the quality of the data. For more accurate results LIDAR
DEM should be used. For the doline study 12 points/m2,
vertical accuracy of few dm, and positional accuracy half a
meter would be needed (Triglav Čekada 2011). The
methodology also ignores the influence of the strong
structural control which results in the morphology of the
dolines – e.g., elongation, depth, slope, etc. For more
accurate calculation of the morphometrical parameters of
dolines on different bedrock more case study areas would
be needed too.

Krøgli SO, Dypvik H, Etzelmüller B, 2007. Automatic detection
of circular depressions on digital elevation data in the search
for potential Norwegian impact structures. Norwegian Journal
of Geology, 87, 157–166.
MacMillan RA, Pettapiece WW, Nolan SC, Goddard TW, 2000.
A generic procedure for automatically segmenting landforms
into landform elements using DEM’s heuristic rules and fuzzy
logic. Fuzzy Sets and Systems, 113, 81–109.
MacMillan RA, Shary PA, 2009. Landforms and landform
elements in geomorphometry. Geomorphometry – Concepts,
Software, Applications. Elsevier, Oxford, 227–257.

Despite the presented drawbacks of the method, the
proposed technique, when used on DEM of higher
resolution and a greater number of case study areas, could
be used as an efficient tool for determining the
characteristics of dolines (or any other depressions, as a
matter of fact) on various bedrock. Moreover, this data
could be used for computer-based detection of the bedrock
(geological mapping) in karst areas only with the analysis
of the morphometrical analysis of the local dolines.

Matsumoto N, Asada N, Demura H, 2005. Automatic Crater
Recognition on Digital Terrain Model. Lunar and Planetary
Science, 34, http://www.lpi.usra.edu/meetings/lpsc2005/pdf/
1995.pdf
Obu J, 2010. Prepoznavanje kotanj na podlagi digitalnega modela
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Peucker TK., Douglas DH, 1975. Detection of Surface-Specific
Points by Local Parallel Processing of Discrete Terrain
Elevation Data. Computer graphics and image processing 4, 4.
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ORIGIN OF ATYPICAL CALCITE SPELEOTHEMS FILLING FISSURES IN
SANDSTONES
Michał Gradziński1, Marek Duliński2, Helena Hercman3, Andrzej Górny4, Stanisław Przybyszowski5
1
Institute of Geological Sciences, Jagiellonian University, Oleandry 2a, 30-063 Kraków, Poland,
michal.gradzinski@uj.edu.pl
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AGH Academy of Science and Technology, Aleja Mickiewicza 30, 30-059 Kraków, Poland, a.gorn@op.pl
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Stanisław Przybyszowski, Kleczany Stone Resources Company Ltd, 33-394 Kleczany 176, Poland

Atypical calcite speleothems developed in fissures in the Cergowa sandstones were found in the Kleczany Quarry (Polish
Western Carpathians). They represent flowstone and stalactites, rafts and various sparry crusts. Such speleothems,
especially phreatic ones, are uncommon in the Outer Carpathians composed mainly of siliciclastic rocks of flysch type,
with only limited content of calcium carbonate.
The analyzed speleothems grew in vadose and phreatic conditions as well as at the air-water interface. Phreatic speleothems
and thin rafts comprise calcite crystals of eccentric morphology, as for example gothic-arch crystals, macrotrilate crystals,
single- and multi-stepped crystals. They were formed due to disequilibrium conditions probably resulting from the presence
of foreign ions in parent water. Flowstones were fed with thin film of seepage water flowing down the fissure walls. Based
on their stable isotope composition, the majority of speleothems form two clusters. The first of them is characterized by
δ 18O values between -9.8 and -8.5 ‰ and of δ 13C values between -5.7 and -0.6 ‰. The second cluster of samples yields
δ 18O values between -9.4 and -7.3 ‰ and values of δ13C from -11.5 to -9.7 ‰.
The speleothems originated between 230 +14, -13 ka and Holocene, mainly during warm periods. Phreatic speleothems,
including massive rafts, precipitated from ascending water of deep circulation whereas vadose and water-table speleothems
crystallized from local infiltration water charged with soil CO2. Mixing of both waters in a shallow phreatic zone is plausible
near the water-table. It affected the morphology of crystal composing the thin-rafts.
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UPLIFT EVIDENCE FROM KARST MORPHOLOGY: PRELIMINARY
EVIDENCE FROM BLAMBANGAN PENINSULA KARST, INDONESIA
Eko Haryono
Karst Research Group, Fac. of Geography, Gadjah Mada University, Yogyakarta, Indonesia, e.haryono@geo.ugm.ac.id

This paper aims at exploring morphological evidence of uplift history from karst morphology. Special interest is attributed
to the relationship between phases of uplift on one hand and karst landform development on the other hand. Morphology
variables involved in this research are karst hill distribution, karst hill density, karst valley drainage density, and valley
width. Morphology data were acquired mainly from panchromatic aerial photograph (at the scale of 1: 50,000) incorporated
with field survey. Field survey was conducted to collect cave entrance altitude. The result shows that karst hill dispersion,
karst valley density, karst valley depth, and karst valley width were proven having been differentiated as a result of uplifting
phases. The oldest terrace is characterized by scatter karst hills with no karst valley networks; middle terrace is recognized
from deep incised valley with high valley density, whereas the younger terrace is characterized by nearly flat morphology
with no karst valley and karst hills.

1. Introduction

Evidences of uplift from cave levels and terraces have been
much documented. However, uplift evidences from dry
valley and karst hill morphology is less explored. Karst
valley and karst hills in this case imprint the time that is
consumed by karstification. It has been suggested by
Lehman (1936) from his observation of Gunungsewu Karst
that karstification is initiated by the development of dry
valleys. As karst develops, dry valleys are disorganized to
form conical karst morphology. Based on this theory the
research documented herein tries to explore the
morphological evidences of uplift from dry valley and karst
hill morphometry.

Karst development in the convergence plate margin in many
localities has been reported being governed by uplift history
of karst host rock. Uplift attains its important roles in the
karst development through the fact that karstification will
take place only if the karst rocks have been uplifted to the
sub-aerial environment. Uplift has been found having close
association with speleogenesis (Mylroie and Carew 1995;
Taboroši et al. 2003), epikarst development (Klimchouk
2004), dry valley terrace development (Sartono et al. 1978;
Urushibara 1995; Urushibara 1997).
Being driven by uplift, karst landforms in vice versa record
the uplift history through their morphology, the so-called
morphological evidences. Multilevel cave systems
associated with past sea water level were documented in
many areas being resulted from uplift phases (Urhushibara
1997; Taboroši et al. 2003). The caves associated with sea
water level still stands were developed through corrosion
at the mixing zone either between descending meteoric
water and phreatic water or between phreatic water and
saline water near shoreline. Marine and river terraces are
also ubiquities documented in association with uplift history
(Brahmantyo et al. 1998; Urushibara and Yoshino 1997;
Sutikno and Tanudirdjo 2006). Series of these terraces are
found in Gunungsewu Karst of Java-Indonesia.

2. The Study Area
Blambangan Peninsula is the eastern-most fragment of
carbonate formation which is physiographically situated in
the Southern Zone or Plateau Zone of Java Island (Fig. 1). The
southern zone is bordered in the north by steep escarpment.
Not like generally Southern Zone where north of the
escarpment are occupied by fluvio-vulcanic material and
volcanoes, the north escarpment of Blambangan Peninsula
shares a border with Bali Strait. In the west, Blambangan
Peninsula is separated from coastal-alluvial plain of Segara
Anakan by escarpment. To the south, the plateau of
Blambangan Peninsula gradually lowers with several terraces.

Figure 1. Blambangan Peninsula, the study area.
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Blambangan Peninsula constitutes mainly coral limestone
of Punung Formation (Achdan and Bachri 1993). The
limestone underlies volcanic breccias and conglomerate of
Wuni Formation. In general, the limestone is massive,
composed mainly of packstone and rudstone. The limestone
outcrop is uplifted between 0 and 325 meters above mean
sea level with thew highest segment situated in the western
part. The limestone of Blambangan Peninsula was
deposited during late Miocene up to Middle Miocene
(Achdan and Bachri 1993; Bemmelen 1977; Balazs 1968).
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Field survey was conducted to collect data of caves entrance
altitude and to observe the nature of karst morphology. Dip
and strike of bedding plane were also measured during field
survey.

4. Results and Discussion
Three difference pattern of karst morphology can be
observed from aerial photographs of Blambangan
Peninsula. From the higher to the lower part, pattern of karst
morphology are described as follows:

The prevailing contemporary climate in the Blambangan
Peninsula is strongly influenced by the Northwest and
Southeast monsoon, which result in wet season from
October to April and a dry season between May and
September. The average annual rainfall is 1,350 mm.

• Upper terrace, characterized by scattered karst hills with
extensive corrosion plain,
• The middle terrace, characterized by well organized deep
incised dry valley,
• The lower terrace, characterized by shallow valley
indicating less develop karst area (Figure 2).

3. Methods
Karst morphology data were acquired mainly from 1:30,000
panchromatic aerial photograph interpretation incorporated
with field survey. Interpretation was conducted
complementary under Topcon Mirror Stereoscope and
under computer (on screen interpretation). First, aerial
photographs were examined under mirror stereoscope to get
3D view and then delineation was conducted directly on
screen used in this over geometrically corrected aerial
photograph. Geometric correction was employed in Arc
View through polynomial procedure. Minimal of nine
control points were employed to every single photographs.

Those three karst morphology differentiation must have
resulted from three major uplifts. The phases of uplift took
place in Blambangan Peninsula are confirmed by the
occurrence three difference levels of caves (Table 1). Most
of the caves found in the area are horizontal caves. Since
there is no clear field evidence that cave occurrence is
associated with bedding plane, the development of caves in
the Blambangan Peninsula must have been associated with
uplift through the formation of cave at former water levels.
Development of horizontal cave close to water table have

Figure 2. Morphological features of Blambangan Peninsula.
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uppermost terraces are generally collapsed big chamber and
shallow. Major speleothem found within the caves are
column. In some localities like in Trisula Cave (242 m
m.s.l.) huge column are situated in the outermost part of
cave entrance.

been observed in many karst areas by previous works
Mylroie and Carew 1995; Taborosi et al, 2003) through a
mixing water mechanism. This result echoes the previous
works in Gunungsewu Karst (Urushibara 1995; Urushibara
and Yoshino 1997) and in Karangbolong Karst
(Brahmantyo 2005) suggesting that since Middle Pliocene,
Southern Zone of Java Island have experienced three major
uplifts. However karst morphology differentiation related
to uplift history is more distinguishable in this area,
compare to Gunungsewu Karst and Karangbolong Karst.

4.2. Karst morphology in the middle terrace
Karst morphology of middle terrace in Blambangan
Peninsula is characterized by well organized deep incised
dry valley network. It indicates that karst morphology of
the middle terrace is not developed yet. Referring to the
karst development model of Lehmann (1936), karst
morphology of middle terrace is considered in the stage of
incipient karst. In this stage, fluvial processes are still
prominent in sculpturing karst landform. It is confirmed by
evidence that running water takes place during rainy season.
No blind valley or pocket valley are found in the middle
terrace.

4.1. Morphology in the upper terrace
Karst morphology of upper terrace of Blambangan
Peninsula is characterized by scattered karst hills with
extensive corrosion plain. Scattered karst hills with
extensive corrosion plain in the upper terrace indicate that
karstification had taken place for much longer period than
those during the lower terrace formation. Referring to karst
development model (Grund 1914; Lehmann 1936; Aref et
al. 1987), karst morphology of upper terrace is considered
being in the stage of old karst landform development. The
existence of corrosion plain in this area indicates that
karstification must had took place intensively before the
lower terraces were uplifted.

4.3. Karst morphology in the lower terrace
Morphology of the lower terrace does not indicate any karst
landform. The lower terrace is the latest parts of the
carbonate formation in the area which was exposed to the
sub aerial environment. No karst remnant is found
indicating that the lower terrace is a newly uplifted
limestone formation rather than a planation surface. The

The other evidence of intensive karstification in the upper
terrace is the occurrence of degraded caves in the highest
terrace (third level caves). The caves found in the
Table 1. Major Caves in Blambangan Peninsula.
Altitude
(meters
from msl)

Caves

Cave
Level

1

Goa Istana

94

Static pool

2

Goa Basori

60

Underground river

3

Goa Lowo

46

Dry

4

Goa Baru

25

Dry

5

Goa Jengger

45

Dry

6

Goa L

40

7

Goa Dampit

38

8

Goa Dobol 3

48

9

Goa Dobol 2

31

10

Goa Dobol 1

23

11

Goa Kaji

72

Drip water

12

Goa Satrio

74

Drip water

13

Goa Gajah Mungkur

80

Dry

14

Goa Garuda

75

Drip water

15

Goa Mayangkara

109

Dry

16

Goa Padepokan

110

17

Goa Mangkleng

138

18

Goa 45

144

19

Goa Rajawali

136

20

Goa Angkrik

152

21

Goa Trisula

242

22

Goa Putri

247

23

Goa Gentong

175

FIRST LEVEL CAVE

No

SECOND LEVEL
THIRD
LEVEL
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Water occurrence

Dry
Dry
Dry
Dry
Dry

Dry
Drip water
Dry
Dry
Dry
Dry
Dry
Dry
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lower terrace is separated from the middle terrace by eastwest direction structural terrace.

Grund A, 1914. Der geographische Zyklus im Karst, Z. Ges
Erdkunde, 52, 621–40.

5. Concluding remarks

Mylroie JE, Carew JL, 1995. Karst Development on carbonate
Islands, in Budd, D.A. Sallet A.H. dan Harris, P.A. (eds),
Unvconfromity in Carbonat strata-Their Reconition and the
significance of Associated Porosity, AAPG Meomoir, 63,
55–76.

Uplift history of Java Island was documented very well in
Blambangan Peninsula, either from morphological evidence
as discuss here or structural evidence. Three major uplifts
as describe from different part of the island are clearly
documented in this area. Different evidence from cave
sediment seems also very interesting topic for further
research, especially for dating purpose, neo-tectonic, or
paleo-climate reconstruction.

Pannekoek AJ, 1949. Outline of The Geomorphology of Java,
Leiden.
Taboroši D, Jenson JW, Mylroie JE, 2003. Zones of enhanced
dissolution and associated cave morphology in an uplifted
carbonate island karst aquifer, northern Guam, Mariana Islands,
Speleogenesis and Evolution of Karst Aquifers. 1 (4),
December 2003, 16.
Klimchouk A, 2004. Towards defining, delimiting and classifying
epikarst: Its origin, processes and variants of geomorphic
evolution, in Jones, WK, Culver, D.C. and Herman, J. (Eds.).
2004. Epikarst. Karst Water Institute special publication, 9,
23–35.
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VALLEY INCISION IN THE NÍZKE TATRY MTS. (SLOVAKIA)
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Up to eleven horizontal cave levels occur at different altitudes in Jánska, Demänovská and Mošnická karst valleys in the
Nízke Tatry Mts. Most of the caves are filled with allochthonous sediments transported from the area formed mostly by
granite. The cave levels were filled with fluvial sediments in dependence on the valleys incision caused by Neogene and
Pleistocene uplift of the mountain range. The fluvial sediments are intercalated with, or capped, by flowstone layers in the
caves. The paleomagnetic polarities measured both in clastic and chemogenic sediments indicate the age of deposition.
Based on obtained polarity data we are able to distinguish cave sediments deposited during the Brunhes, Matuyama and
Gauss chrons. The paleomagnetic interpretation was partly verified by U-series datings of flowstones preserved in the
sedimentary sections. Except for the horizontal cave levels located in the karst valleys, additional large cave systems were
found at extremely high altitudes in the Nízke Tatry Mts. 600–700 m above the lowest horizontal cave level.

1. Introduction

4. Results and discussion

An estimation of deposition time of inner cave sediments
is possible based on measurement of paleomagnetic polarity
record preserved in fine clastic and chemogene deposits.
The paleomagnetic interpretation can be verified by
U-series dating of speleothems intercalated into the
sedimentary sections (e.g., Bosák and Pruner 2011).

Based on obtained magnetostratigraphic pattern we are able
to distinguish cave sediments deposited during the Gauss
(2.588–3.58 Ma), Matuyama (0.781–2.588 Ma), and
Brunhes (<0.781 Ma) paleomagnetic chrons. The
paleomagnetic record extracted from the high altitude cave
systems indicates deposition between 3.1 and 1.75 Ma ago.
The sediments had to be deposited during a period of
tectonic stability when only shallow valleys were developed
on both sites of the mountain range. The tectonic uplift in
this area was accelerated since 1.7 Ma. The valley incision
rate can be estimated based on paleomagnetic polarity and
elevation data as follows: 6 cm.ka-1 during 1.7–1.1 Ma;
32 cm.ka-1 during 1.1–0.78 Ma; and 4 cm.ka-1 since
0.78 Ma. The remarkable increase of the valley incision
during the latest Early Pleistocene corresponds with results
of valley incision study performed in the Swiss Alps
reaching twice to four times faster rate in comparison with
ther Nizke Tatry Mts. (Haeuselmann et al. 2007). The
periods of alluvial agradation in the caves were also
correlated with terraces deposited by the Váh River running
10 km North from the karst area. Paleomagnetic polarity of
the fluvial deposits filling the largest 4th cave level show the
age of sediments younger than 0.78 Ma which is in
agreement with stratigraphic conclusion of the most
extensive Váh River terrace to the early Mid-Pleistocene
(Droppa 1966).

2. Geography and geology
Triassic carbonate rocks forming the northern slopes of the
Nízke Tatry Mts. in Slovakia are hosting cave systems
developed in eleven levels (Droppa 1966). Cave passages
located in different altitudes were filled with fluvial, flood
and chemogenic deposits during the Demänovská and
Janská karst valleys incision. Except for the horizontal cave
levels located in these karst valleys, additional cave systems
were developed at high altitudes in the Nízke Tatry Mts. in
Krakova Hoľa, Kozie Chrbty, and Ohniště Plateau.

3. Methods
Paleomagnetic polarities recorded in both fine clastic and
chemogenic cave deposits were acquired by thermal or
alternating field demagnetization. Directions of
magnetization vector were measured using both spinner and
superconducting rock magnetometers. Magnetostratigraphic
inter-pretations were verified by U-series (230Th/234U and
234
U/238U) dating of speleothems deposited in the
sedimentary sections. The paleomagnetic age of sediments
preserved in the high altitude cave systems was verified
based on cosmogenic isotope activity (10Be and 27Al)
measured in quartz pebbles.

5. Conclusions
The cave levels in the Nízke Tatry Mts. were filled with
fluvial sediments in dependence of Neogene and
Pleistocene uplift of the mountain range. Sediments
preserved in the large cave systems developed in extremely
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cave levels in the relative elevations 30–185 m were
deposited 2.588–0.781 Ma ago (Matuyama chron). Fluvial
sediments deposited in lower elevation cave levels are
younger than Brunhes/Matuyma paleomagnetic boundary
(0.781 Ma). After relative tectonic stability period between
3.1 and 1.7 Ma the tectonic uplift was accelerated since
1.7 Ma. The valley incision rate can be estimated based on
paleomagnetic polarity and elevation data as follows:
6 cm.ka-1 during 1.7–1.1 Ma; 32 cm.ka-1 during 1.1–0.78 Ma;
and 4 cm.ka-1 since 0.78 Ma.
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Figure 1. Magnetostratigraphic pattern of cave sediments in the
Nízke Tatry Mts. karst valleys. Black (white) squares represent
normal (reverse) magnetization of sample, black-and-white
squares represent transitional character of sample. DC –
Demänovská Jaskyňa Slobody Cave.
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BOTOVSKAYA CAVE (EASTERN SIBERIA, RUSSIAN FEDERATION)
Jaroslav Kadlec1, Helena Herman2, Martin Chadima1,3, Lenka Lisá1, Hedi Oberhänsli4, Alexandr Osintsev5
1
Institute of Geology AS CR, v.v.i., Rozvojova 269, CZ-165 00 Praha 6, Czech Republic, kadlec@gli.cas.cz
2
Institute of Geological Sciences, PAN, Warszawa, Poland
3
Agico spol. s r.o., Ječná 29a, 621 00 Brno
4
GeoForschungsZentrum Potsdam, Germany
5
Speleoclub Arabica, Irkutsk, Russia

The Botovskaya Cave is a typical example of a two-dimensional maze with a total length of explored passages exceeding
60 km, which represents the longest limestone cave system in the Russian Federation. The clastic cave sediments filling
the cave passages differ in both mineral and mineral magnetic properties and were deposited under different hydrological
conditions. The older portion of the clastic cave fills was derived from overlying sandstones, whereas the properties of
younger cave sediments show closer affinity to the soils and weathering products originating on the sandstone plateau
above the cave. The cave sediments underwent repeated periods of deposition and erosion during the Tertiary and
Pleistocene.

1. Introduction

and aggradation and erosion event records. Mineral
magnetic characteristics such as low field bulk magnetic
susceptibility (MS) and anhysteretic remanent magnetization
(ARM) together with anisotropy of magnetic susceptibility
(AMS) help to find the source of the cave fills and estimate
a mode of sediment transport to the cave passages. The
character of quartz grain surfaces indicates transportation
and post-depositional history of clastic sediments.
Exoscopic observations were performed on quartz grains
larger than 0.25 mm separated from either clastic cave
deposits or from the Ordovician sandstone bedrock after
wet sieving and boiling in HCl. Heavy minerals were
separated after wet sieving from the grain-size fraction of
0.25–0.063 mm using tetrabromethane and observed in
Canadian balsam. At least 300 grains of transparent heavy
minerals were determined in each sample. The flowstone
bed used for the paleomagnetic polarity measurements was
also dated by the 230Th/234U radiometric method.

The aim of this project is an examination of the Botovskaya
Cave deposits using methods operating with magnetic and
heavy minerals and with quartz grain exoscopy. Obtained
mineral characteristics were used for correlations from the
point of view of sediment source and mode of transportation
into the cave passages. Radiometric and paleomagnetic
datings of the cave carbonate bed allowed us to estimate the
age of both depositional and post-depositional processes.

2. Geography and geology
The Botovskaya Cave is located on the Angarsko-Lensky
Plateau of the southern Siberian Craton about 500 km north
of Irkutsk City. The area reaches altitudes of 1,100 m a.s.l.,
and belongs to the Zhigalovo District of the Irkutsk Area.
The plateau is dissected by river valleys up to 400 m deep.
Cave entrances lie at a relative elevation of 310 m above
the Lena River level, in a valley of the Garevogo Creek, the
left tributary of the Boty River, which joins the Lena River.
The cave system, dipping gently to the north, has developed
in an Early Ordovician limestone formation with a thickness
of 6 to 12 m. The limestone bed is underlain by Middle and
Late Cambrian sandstone, siltstone, marl and gypsum and
overlain by Middle Ordovician sandstone, limestone and
argillite. The cave system developed under confined
(artesian karst) settings (Klimchouk 2000, 2003). The
speleogenesis of the Botovskaya Cave system was
interpreted by Filippov (2000) and is due to two different
processes: (i) corrosion involving meteoric water, and (ii)
ascending deep circulating artesian water (below
groundwater level) spanning the time period between Late
Mesozoic and Early Neogene.

4. Results
4.1. Magnetic
characteristics

fabric

and

mineral

magnetic

The MS values slightly increase from bottom sand sediment
beds to the above lying clay dominating sediments (see
Fig. 2). The highest MS values were measured in the
modern topsoil collected above the Medeo Entrance. The
ARM values show steep increase in the top beds. The AMS
parameter is sensitive to presence of very fine
superparamagnetic minerals originating during pedogenesis
or forest fires. The magnetic fabric of the sediments is
mostly oblate. The magnetic lineation directions in the top
sedimentary beds show concentration in NW to SW
directions with the mean direction tending to the WSW. The
poles to magnetic foliation are usually concentrated around
the center of the projection. The magnetic lineation
directions measured in the bottom sedimentary beds show
almost random distribution accompanied by large
dispersion of poles to magnetic foliation.

3. Methods
The studied sections of the cave deposits were documented
with special reference to lithology, sedimentary structures
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Figure 1. Botovskaya Cave (The Old World) map (adopted from Göbel and Breitenbach 2003) with indication of studied sections and
dated flowstone.

SiO2. The studied samples of the bedrock and cave deposits
show monotonous association of stable heavy minerals.
Grains of transparent heavy minerals are rounded, while the
opaque mineral grains are mostly angular. Beds in the upper
portions contain greater amounts of garnet, similar to
modern soil.
4.3. Flowstone datings
Radiometric dating of the flowstone bed by 230Th/234U
method reveals that the age of three dated samples exceeds
350 ka (see also Breitenbach et al. 2005). The flowstone
age is probably higher than 1.2 Ma based on 234U/238U ratio.
Based on the paleomagnetic data, it is evident that the
flowstone records normal polarity of the Earth magnetic
field from the time of the carbonate deposition.

5. Discussion
The bottom beds of the cave sequences reveal similar
lithological, magnetic and heavy metal properties. Basal
sand deposited on the bedrock bottom shows a lower MS,
similar to the bedrock sandstone exposed in the cave. The
exoscopic quartz grain characteristics are similar, too. The
deposits filling the bottom part of cave corridors were
derived from the local bedrock formed by Early Ordovician
sandstones. The younger cross-bedded and laminated,
mostly clayey sands (beds No. 1–7 in Fig. 2) were deposited
after partial erosion of the basal deposits. The deposits
reveal slightly higher MS values. The exoscopic
observation shows cemented quartz grain aggregates
indicating the source in the local cross-bedded sandstone.
The inner structures of these laminated sediments show a
frequent alternation between local aggradation and erosion
events. The sediments were deposited during heavy
precipitation events, when water penetrated into the cave
corridors from the surface through the swallow holes and
along open vertical cracks. The water escape structures

Figure 2. Section 1 – SW face
1 – clay, sporadic angular clasts of sandstone; 2 – sand; 3 – clay;
4 – sandy clay to clayey sand; 5 – clay; 6 – sandy clay; 7 – slightly
sandy clay; 8 – sand; 9 – sand, fine-grained; 10 – clayey sand,
laminated; 11 – clayey sand; 12 – sand; 13 – clayey sand; 14 –
sand with sandy aggregates; 15 – sand; 16 – carbonate
cementation along fissures; 17 – bedrock wall; black squares with
numbers – collected samples.

4.2. Quartz surfaces and heavy mineral content
Three types of microstructures were observed on quartz
grain surfaces: (i) precipitation of SiO2 on the surface of
grains in lace-like patterns; (ii) corrosive etched
microstructures, and (iii) overgrowth with quartz crystals.
The bedrock Ordovician sandstone forming the ceiling of
the cave passage above Section 2 contains rounded quartz
grains about quartz grains about 1 mm in diameter. The
grain surfaces show weak dissolution and precipitation of
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2. If the bottom sand was transported horizontally through
the cave by flowing water, it must have taken place
before the incision of the present deep valleys, probably
in the Late Tertiary
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Figure 3. View on the Angara–Lena Plateau formed by Lower
Paleozoic sedimentary sequences. A white strip marked by arrow
represents the limestone bed intercalated between sandstones
probably containing undiscovered cave systems.
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1. The sections in detrital cave sediments in Botovskaya
Cave (in The Old World part) evidence periodical
sediment deposition. Sediments of the cave fill are of two
different types: the older, bottom sands are derived from
weathered bedrock sandstones and were probably
horizontally transported over a short distance probably
not exceeding first hundreds of meters. The overlying
sediments dominated by clay and clay/sand were
transported vertically with precipitation waters from the
surface above the cave.
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Groundwater studies have utilized fluorescent dyes in order to map groundwater flow paths and confirm hydrologic
connections amongst karst features. These techniques are now well established so that common dyes and common
monitoring techniques can be used to apply these methods to a wide range of applications and in a variety of locations.
This paper examines four case studies where groundwater tracing with fluorescent dyes to better understanding the
hydrologic characterization of cave and karst systems. A five-year project delineated recharge areas for two significant
cave systems; Onondaga Cave and Cathedral Cave; which are publicly owned and manage cave systems. Dye tracing was
used to delineate recharge areas for streams located in Carroll Cave, a hydrologically complex and biologically significant
cave system in central Missouri. P-Bar Cave, located in the Bighorn Mountains of Wyoming, is a large stream swallet
draining approximately 104 km2 into the main cave entrance. Groundwater tracing techniques were applied at P-Bar Cave
to determine resurgences for the stream at springs located 9.6 kilometers down canyon. Crumps Cave, a large cave located
on the Pennyroyal Sinkhole Plain of south-central Kentucky is a site where epikarstic research on contaminant transport
is taking place. Tracing with fluorescent dyes has examined the extreme variances in travel times between flow from the
surface into the epikarstic aquifer and travel from in-cave perennial waterfalls to the resurgence for the cave stream
35 kilometers away. Groundwater tracing continues to be a useful tool in understanding the complex flow systems found
in karst areas and provides useful information for both researchers and agency land managers.

1. Common groundwater tracing methods

sulphorhodamine b, and tinopal ob (Aley and Fletcher
1976; Jones 1984). Picking a specific dye for trace must be
determined by background levels in a study area and the
type of features tracers are injected into. Injection methods
also vary depending on the hydrologic conditions present
at a given location. Dry streambeds or sinkholes may
require the use of a dry-set where powdered dye is placed
inside of a PVC pipe and then staked to the base of a stream
channel to await injection of the tracer following a storm
event. If road access is available fire tanker trucks may also
be used to create a temporary stream into which dye can be
injected. Finally if flowing streams are located at an
injection site then the dye can be directly poured into the
stream for an injection. However, in all cases extreme care
must be taken to prevent any contamination of dyes
amongst injection locations and specifically amongst
monitoring sites.

Fluorescent dyes have been used in groundwater tracing to
delineate groundwater basins and to compliment hydrologic
research in cave and karst regions. In conducting
groundwater tracing in a karst area one of the initial tasks
is to identify all recharge and discharge features during a
Karst Hydrologic Inventory (KHI). This KHI helps to
identify potential monitoring locations, at features draining
the aquifer or in local surface streams, and potential dye
injection locations, at features recharging the aquifer
(Crawford Hydrology Lab 2010).
Once discharge features are identified, a monitoring method
is chosen depending on given objectives for the trace.
Charcoal receptors are the most common method for
monitoring groundwater features and consist of a mesh
packet containing 3–5 grams of crushed coconut charcoal
(Crawford Hydrology Lab, 2010). These are attached to
wire or nylon string and are placed directly in the flow of
discharge features. Regular changing of these receptors at
given time intervals aids in determining travel from
injection location to recovery site. Grab samples can also
be collected in glass vials for analysis of current
concentrations of dye. Autosamplers can be used for the
collection of these grab samples at specific time intervals
and when combined with discharge data quantitative tracing
can be used to examine the amount of dye recovered versus
the amount of dye injected. Technological advances have
also made portable field fluorometers, which can analyze
concentrations of specific dyes and record this data to a
memory device for later download (Meus et al. 2006).

Several examples of case studies from groundwater traces
in various locations in the continental United States
(Fig. 1) are presented below. Each of these examples
utilized groundwater tracing to achieve different objectives
and used different methods.

2. Case Studies of Groundwater Tracing in
Cave Studies
2.1. Onondaga Cave and Cathedral Cave, Missouri,
USA
Onondaga Cave and Cathedral Cave are two large cave
systems located in central Missouri in the Ozarks ecoregion.
Both caves are preserved by the Missouri Division of State
Parks and are the centerpieces of Onondaga Cave State Park

Tracers used in groundwater tracing commonly use five
common dyes; fluorescein, eosine oj, rhodamine wt,
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(OCSP). The caves share many common aspects, including
a high biodiversity of largely aquatic dominated biota, a
large quantity of speleothems, and the fact that perennial
streams flow through the caves, which drain losing streams
in the surrounding area. A project was initiated in 2003 to
begin delineation of recharge areas for both caves in order
to guide cave management, future land acquisition, and to
determine possible threats from land use. A total of 15
monitoring sites were established in surface and subsurface
streams, as well as other groundwater discharge features,
utilizing charcoal packets as the primary monitoring
method. Over the next five years a total of 21 dye injections
resulted in six positive traces to Onondaga Cave and three
positive trace to Cathedral Cave (Fig. 2). This information
was then used to delineate recharge areas using GIS
(Fig. 3), resulting in a 24 km2 recharge are for Onondaga
Cave and a 2.9 km2 recharge area for Cathedral Cave
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Figure 1. Map of USA showing location of case studies discussed
in paper.

Figure 2. Map of positive groundwater traces conducted in the Onondaga Cave area.

2.2. Carroll Cave, Missouri, USA

(Miller and Lerch 2011). The majority of the recharge areas
for both caves are located outside of the park, however
current land use in the recharge areas is dominated by
deciduous forest. Information from the traces has been
applied to the Park’s management in the form of a cave
management plan and now gives agency land managers a
target area for possible threats to water quality in the cave
streams.

Carroll Cave is an extensive stream cave system, currently
28 km in length and still being explored. The cave is
developed within the Ordovician Gasconade Dolomite and
located in the northwest portion of the Wet Glaize Creek
watershed. The cave is known to have dense populations of
the Southern Cavefish (Typhlicthys subterraneus) and the
Grotto Salamander (Eurycea spelaea) both stygobitic
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Figure 3. Recharge areas for Onondaga Cave and Cathedral Cave.

species of special concern within the state of Missouri. The
hydrologic behavior of the cave is controlled by three
independent cave streams; Carroll River, Thunder River,
and Confusion Creek/New River. Thunder River, the largest
of the cave streams, has an average daily flow of 150 L/s
and contains multiple tributaries along the 11 km course of
the cave stream. Dye tracing confirmed the resurgence for

two of the cave streams is Toronto Springs, a multiple outlet
alluviated springs system located 4 kilometers north of the
cave (Figure 4). The dye tracing project which was took
place from 2008–2010 delineated a recharge area of
18.4 km2 for Carroll Cave (Fig. 5) and identified a total of
eight resurgences for two of the cave streams; Thunder
River and Confusion Creek; at Toronto Springs.
101

Karst and Caves in Carbonate Rocks, Salt and Gypsum – oral

2013 ICS Proceedings

Additional traces in area losing streams indicated a mixing
zone (of surface and subsurface streams) which recharge
the 13 springs at Toronto Springs (Miller 2010). Use of the
recharge area has allowed for land use analysis (Fig. 6) and
indicates a land use dominated by deciduous forest and
grasslands used as pasture for cattle.
2.3. P Bar Cave, Wyoming, USA
P Bar Cave is located in the western Bighorn Mountains in
north-central Wyoming. The cave is co-owned and managed
by the US Forest Service and the Bureau of Land
Management. Formed in Ordovician Bighorn Dolomite, the
cave is a large swallet located near the contact with igneous
basement rocks, and is recharged by Wet Medicine Lodge
Creek, which drains a 104 km2 area consisting largely of
granitic uplands. The cave was mapped in the 1970’s to a
total of 2.9 kilometers in length and additional hydrologic
work identified a series of springs 9.6 kilometers downcanyon, which were speculated to be the resurgences for the
cave system based on micaceous sands found downstream
of the spring outlets (Huntoon 1985). A project to remap the
cave was started in 2009 and in 2012 this work was
combined with some groundwater tracing to confirm which
springs and how many springs were hydrologically
connected to the cave system. A KHI identified eight
springs in lower Wet Medicine Lodge Canyon (Fig. 7) that
were then monitored using charcoal receptors, two springs
were also located immediately downstream of the main

Figure 4. Map of Toronto Springs, showing springs hydrologically
connected to Carroll Cave.

cave entrances which sank into the streambed after a few
hundred meters. Rhodamine WT was injected into Wet
Medicine Lodge immediately downstream of the upper
springs yet above the stream sink and fluorescein was
injected into the main cave entrance to see if the water
flowing into the cave resurged at the same springs as the
water sinking below the upper springs. The water which
enters the main entrance was traced to the second spring,
located immediately downstream of the cave entrances, but
bypassed the uppermost spring. This indicates that the lower
spring is fed by groundwater sources independent from the

Figure 5. Recharge area for Carroll Cave showing positive groundwater traces.
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Figure 6. Land Use – Land Cover in the Carroll Cave recharge area.

main swallet. The water sinking downstream of the upper
springs was positively traced to all eight of the springs
located 9.6 kilometers down canyon. Travel time from
injection site to resurgences took less than seven days and
flow velocities in the area at least 56 m/hr but likely exceed
this rate. This information was reported to agency personnel
and will be incorporated into the management of the water
resources of this area, especially since Wet Medicine Lodge
Creek is utilized for irrigation a short distance downstream
of the resurgences.

cave waterfalls to the final resurgences at Graham Springs
located over 35 kilometers to the west. Variances in travel
times of the epikarstic traces largely depend on the
hydrologic conditions of the epikarstic aquifer influenced
primarily by rain events and the storage capacity of the
aquifer. Traces through the epikarst to the in-cave waterfall,
a distance of less than 150 meters, may take as less than a
few hours if aided by rainfall simulator or as much as
several weeks if conducted during a drier period. Traces
from the perennial waterfalls inside the cave to Graham
Springs also vary, but traces conducted in base flow
conditions took approximately six days to travel 35
kilometers. These traces highlight the variability in travel

2.4. Crumps Cave, Kentucky, USA
Crumps Cave is a two-kilometer-long cave located in southcentral Kentucky on the Pennyroyal Sinkhole Plain. The
cave is formed in the Carboniferous St. Louis Limestone
and is located in the headwaters of the Graham Springs
recharge area, a 360 km2 basin recharging one of the largest
springs in Kentucky (Hess et al. 1989). The cave is owned
and managed for karst research and education by the
Hoffman Environmental Research Institute at Western
Kentucky University.
Hydrologic research examining the characteristics of the
epikarstic aquifer has used groundwater tracing to
compliment geochemical analyses to aid in determining
flow rates from the surface environment to monitored
perennial waterfalls located throughout the cave. These
injections have been conducted using augured holes into the
soil column (Fig. 8) as well as artificial rainfall simulators.
Additionally tracer tests have been conducted from the in-

Figure 7. Conducting a Karst hydrologic Inventory in Lower Wet
Medicine Lodge Canyon, Wyoming.
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Groundwater tracing is a useful tool in understanding the
hydrology of a cave system or karst area, which can be
applied in a variety of different situations. By identifying
recharge and discharge features in a karst area one can
determine good monitoring locations and good dye
injection locations. Monitoring for the traces typically use
charcoal receptors, however other options exist which may
work better depending on one’s objectives and budgets.
Case studies highlighted in this paper used groundwater
tracing to delineate groundwater recharge areas for
significant caves, determine resurgences for cave streams,
and to compliment hydrologic research on contaminant
transport in karst systems. Many other applications of
groundwater tracing exist in cave studies and many karst
areas still contain a large amount of work which can be
done to better understand the ongoing hydrologic processes.
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THE JAJ PLATEAU (LEBANON): TYPICAL HIGH ALTITUDE
MEDITERRANEAN KARST
Fadi H. Nader, Hughes Badaoui, Marc Metni, Chadi Chaker, Habib Helou, Johnny Tawk
Spéléo-Club du Liban, P.O. Box: 70-923 Antelias, Lebanon, fadi.nader@gmail.com

The high Plateau of Jaj in Mount Lebanon displays an excellent open-air museum for a typical Mediterranean Karst
landscape (Fig. 1). It exposes the Jurassic carbonate rocks (limestone and hydrothermal dolomites), locally called the
Kesrouane Formation over a relief ranging from about 1,300 to 1,955 m above sea level (Qornet el Alieh, being the highest
point). Structurally speaking, this area is part of the Qartaba folded (asymmetrical) structure with relatively gentle dipping
towards the west and steep limbs towards the east. The Jurassic rocks were covered by volcanic deposits that were eroded
later on upon the emergence of Mount Lebanon. This could explain not finding deep caves – most of them are filled by
volcanic weathered material.
Such a high elevated Jurassic landscape, with well evolved karstified weathered surface cannot be overlooked by
speleologists and cave explorers! Even if, the plateau is bounded by major karst features like the Bala’a sinkholes (three
potholes with average depth of 200 m), undertaking field search for caves at altitudes averaging 1,700 m, with no water
sources or enough shades (except the few majestic cedars trees) and on rough terrain has proven to be less attractive
(Fig. 2). Decades ago, cavers from the Spéléo-Club du Liban have discovered and documented around 20 caves on the
plateau, mostly pitches; some of which hosted ice that was thought to remain from year to year. Recent systematic
exploration has started again and was planned together with the 3rd Middle East Speleology Symposium (2011).
This presentation will expose some geomorphological peculiarities of the Jaj Plateau, and the exploration work that is
undergoing with its first results. It will also highlight the need to protect this special karstic area.

Figure 1. Simplified topographic map of Lebanon indicating the location of the Jaj Plateau (square). The index map shows the location
of Lebanon in the Eastern Mediterranean region.
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Figure 2. View from a cave on the Jaj Plateau showing the bare-karst landscape.
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1

Over 70 % of Greece’s territory consists of carbonate rocks (limestone and marble). This almost homogenous geology in
correlation with the special tectonic regime of the broader region of the east Mediterranean makes the region an ideal site
for cave development. The exact number of Greek caves is still unknown since there is no formal cadastral. However,
there is an estimation of more than 10,000 caves and rockshelters. Here, we attempt to make a correlation between the
cave dimensions and their locality. First, a creation of a cadastral took place using data provided by cavers and caving
clubs. Statistical analyses of depth, length and altitude of the caves were performed in order to define the key factor for
the development of the caves and to create a general conceptual model about the speleogenesis in Greece. The combination
of the above revealed a clear difference on the speleogenesis between the caves in the outer and the inner part of the
Aegean orogeny.

1. Introduction

(Fig. 1) and as a result suffer a large-scale active
deformation, stemming from the subduction of the eastern
Mediterranean lithosphere under the Aegean Sea, along the
Hellenic Arc (Papazachos and Comninakis 1969).
Consequently, the continental and coastal parts of Greece
share the common characteristics of the back–arc
extensional tectonics, expressed by the presence of a strong
deformational pattern, volcanic activity and the
development of fault bounded grabens, lying in accordance
with the dominant N–S extensional stress field. However,
as illustrated in Figure 1, the northern part of Greece is
additionally influenced by a subsidiary right–lateral shear
because of the coexistence with the North Aegean Trough,
a dextral strike-slip structure associated with a series of
strong earthquakes (McKenzie 1972).

The lithological structure of Greece consists mainly of
carbonate rocks in combination with the Mediterranean
climate, favors the development of karst phenomena to a
large extent. A rough estimation of the total number of karst
caves in Greece includes more than 10,000 caves. During
the last decades the development of cave exploration in
Greece along with the increasing interest of many European
cavers has led to numerous caving expeditions. However,
little attention has been paid to the study of caves from a
scientific point of view. In this work we attempt for the first
time to create a general conceptual speleogenetic model for
the Greek caves based on cave statistics of their
characteristics, such as depth, width and length. A correlation
between cave locality and the tectonic regime is tested.

2. Geological setting.
The Greek territory consists mainly by carbonate rocks
(marbles and limestones). In general, northern Greece
consists of Paleozoic marbles and metamorphic rocks since
it is part of the old continental crust around which the
closing of the Tethys Sea took place during the Alpine
orogenesis. In contrast, the rest of the Greek mainland as
well as most of the Greek islands are mainly built up of
Mesozoic limestones that represent the shallow and deep
marine deposits of the Tethys Sea. The general structure is
characterized by a series of stacked nappes, ~ 5–10 km thick
(composite), consisting of the upper crust that decoupled
from the present subducted continental and oceanic
lithosphere of the Adriatic–African Plate (van Hinsbergen
et al.; 2005, 2010; Jolivet and Brun 2010). These nappes (or
“mega-units”) were thrusted and stacked in a north-to-south
direction since the Cretaceous (Faccenna et al. 2003; van
Hinsbergen et al. 2005; Jolivet and Brun 2010) and form a
strongly shortened representation of the paleogeographical
distribution of continental ribbons and deep basins that
existed in the western Neo-Tethys (e.g., Dercourt et al. 1986;
Barrier and Vrielynck 2008; Stampfli and Hochard 2009).

Figure 1. Geotectonic Regime of the Aegean (from van Hinsbergen
and Schmid 2012).

3. Methodology
In order to investigate the key factors that influenced the
development of Greek caves and to set up a general model
concerning the speleogenesis in Greece, a proper cadastral
was created. Parameters concerning cave dimensions such
as depth, length and altitude, as well as the locality of
almost 4,000 Greek caves are included. The cadastral is
based on an enriched version of the SPELEO club cadastral
(Theodosiadis 2011), while further data provided from the

The Aegean Sea and the surrounding areas belong to the
active continental boundary of the Alpine–Himalayan belt
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Greek cavers K. Adamopoulos (SELAS caving club) and
G. Sotiriadis (Proteas caving club). A statistical analysis of
the relation between various speleometric parameters was
conducted and explored through correlation plots.
Moreover, ArcGIS software was used to create a thematic
map with the position of the forty deepest caves in order to
clarify the relation of the present tectonic regime and cave
development.

4. Results and discussion

Figure 4. Altitude – depth plot.

Statistical analysis revealed that there is no clear correlation
between the altitude and the length of the studied caves
(Fig. 2). This is probably due to the different geological and
hydrological criteria that prevailing in the study area
(Greece) and they are controlled by the regional geology,
tectonic activity and the landscape.

regions (and erosion) lead to continuous lowering of the
phreatic zone and, as a consequence, to the creation of a
deep vadose zone. This fact, in combination with the strong
fracturing favors the creation of deep caves.

Figure 2. Altitude – length plot.

In contrast as it seen in the diagram between the depth and
the length of caves (Fig. 3) there is appositive correlation
between these two parameters. This is because the measured
length of the cave is a function of the surveyed depth, deep
caves tend to be long and vice versa.

Figure 5. Map of the region with the main tectonic lines. The
positions of the forty deepest Greek caves are depicted with dots.

5. Conclusions
The exploratory statistical analysis of the cave parameters
in relation to the spatial distribution of the deep caves
suggests that the major factor controlling the speleogenesis
in the area is the tectonic activity of the region. The tectonic
setting of the broader Greek territory results in the
fracturing of the carbonate bedrock in accentuated
topographic relief, creating ideal conditions for vadose
speleogenesis (most deep caves of the World are essentially
vadose). The high tectonic activity is responsible for the
continuous lowering of the phreatic zone creating a high
vadose zone in which the deep caves occurred.

Figure 3. Length – depth plot.

Furthermore, the diagram created to investigate the
relationship between the depth and the altitude at which the
caves appear (Fig. 4) shows that the majority of the deeper
caves occur at an altitude over 400 m. There is also an upper
boundary of cave altitude, controlled by the topography.
The lower boundary (slope 0.91) is connected to the internal
relief; deep caves are found in terrain of great relief.
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In order to further investigate the factors that influenced
Greek cave development a map showing the positions of
the studied caves and the tectonic setting of Greece with the
main tectonic lines was created (Fig. 5). In this map, it
becomes evident that the deepest caves tend to be located
in areas adjacent to the subduction arc. This is explained by
the fact that at these areas compressive stress results in
constant uplift and in intense (tensional) fracturing of the
bedrock at high altitudes. The continuous raising of these
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1

The movement of autogenic recharge through the shallow epikarstic zone in soil-mantled karst aquifers is important in
understanding recharge areas and rates, storage, and contaminant transport processes. The groundwater in agricultural
karst areas, such as Kentucky’s Pennyroyal Plateau, which is characterized by shallow epikarst and deeper conduits flow,
is susceptible to contamination from organic soil amendments and pesticides. To understand the storage and flow of
autogenic recharge and its effects on contaminant transport on water flowing to a single epikarst drain in Crump’s Cave
on Kentucky’s Mississippian Plateau, we employed several techniques to characterize the nature and hydrogeology of the
system. During 2010–2012, water samples and geochemical data were collected every four hours before, during, and
between storm events from a waterfall in Crumps Cave to track the transport and residence time of epikarst water and
organic soil amendments during variable flow conditions. Geochemical data consisting of pH, specific conductivity,
temperature, and discharge were collected continuously at 10-minute intervals, along with rainfall amounts. In addition,
stable isotope data from rainfall, soil water, and epikarst water were collected weekly and during storm events to examine
storage and recharge behavior of the system. The changes in geochemistry indicate simultaneous storage and transport of
meteoric water through epikarst pathways into the cave, with rapid transport of bacteria occurring through the conduits
that bypass storage. The isotopic data indicate that recharge is rapidly homogenized in the epikarst, with storage varying
throughout the year based on meteorological conditions. Results indicate current best management practices in agricultural
karst areas need to be revisited to incorporate areas that do not have surface runoff, but where contaminants are transported
by seepage into local aquifers.

1. Introduction

the main part of the aquifer?; and 4) where is the primary
storage for contaminants and bacteria in the soil-epikarst
setting?

Kentucky’s subtropical climate and fertile soil provide
extensive agricultural lands for row crops. A common
agricultural practice in the area is to apply animal waste as
an organic soil amendment for soil nutrient enhancement.
If these amendments are not completely exhausted through
crop utilization, they can become pollutants and enter the
groundwater system. In Kentucky, 55 % of the land area is
characterized by highly soluble carbonate rocks within
which karst landscapes form (Currens 2002). The resulting
karst landscape/aquifer systems, typically with high
permeability, are characterized by the development of
features such as sinkholes, caves, and large springs.
Because much of the recharge entering these systems moves
rapidly under turbulent flow, and in many cases as sinking
streams with little physical filtration, groundwater in these
karst aquifers is often highly susceptible to contamination
from agricultural practices, among other sources of
pollution (White 1988; Drew and Holtzl 1999).

2. Study Area
Crumps Cave is located beneath a portion of the extensive
sinkhole plain of the Pennyroyal Plateau within the
Mississippian Plateaus Section of the Interior Low Plateaus
Physiographic Province in Waren County, KY, USA
(Figure 1) (Groves et al. 2005). There is about two km of
horizontal cave passages beneath several agricultural fields,
with the cave floor averaging 25 m below the surface. The
recharge area lays within the Graham Springs groundwater
basin (Ray and Currens 1998, 2000) which discharges at
Wilkins Bluehole on the Barren River, 18 km southwest. It
is the second largest spring in Kentucky (Ray and Blair
2005). The site is underlain by Crider silt loam, Pembroke
silt loam and Baxter gravelly silt loam soils (Soil Survey
Staff NRCS 2011). These soils are moderately permeable,
well-drained soils, reddish in color with chert fragments in
their lower portions. The thickness of the soils varies
throughout the study area. Auger hole tests show the
thickness before encountering chert fragments ranges from
0.3–4 meters.

This research was designed to better understand the fate and
transport of agricultural contaminants in the well-developed
karst aquifer/landscape systems of south-central Kentucky
by conducting field experiments associated with actual
field-scale agriculture at the Crumps Cave Educational
Preserve, and aimed to answer the following research
questions: (1) if aquifer recharge influences manure
transport at this representative site, is there significant
retardation of flow and storage of water and/or fecal
bacteria in the soil/epikarst zone before it enters the main
part of the aquifer?; and, if so 2) what is the timing of flow
through this shallow part of the epikarst flow system?; 3)
how does that effect the introduction of fecal bacteria into

The entrance to Crumps Cave is a collapse sinkhole that has
partially collapsed. The cave passages have formed within
the highest part of the Mississippian-aged St. Louis
limestone, with a local dip of 1–2° to the west (Richards
1964). The bedded Lost River Chert lies between the
ground surface and the cave below, and locally appears to
operate as a leaky perching layer. Water tends to reach the
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3. Methods

cave at distinct locations, mainly at perennial or intermittent
waterfalls emerging from the cave ceiling through fractures,
draining the epikarstic zone to the east of the cave and
flowing westward down the dip of the rock (Bolster et al.
2005). Six perennial in-cave waterfalls are located within
the entrance area of the cave. These waterfalls are focused
on the east side of the cave, but some flow from different
parts of the ceiling. Waterfall One (WF1) is approximately
4.5 m tall and is located 40 m from the entrance. It is the
closest waterfall to the entrance and has perennial flow
(Figure 2). It is the focus of the monitoring and research
described herein.

The movement of autogenic recharge through the shallow
epikarstic zone in soil-mantled karst aquifers is important
in understanding recharge areas and rates, storage, and
contaminant transport processes. To understand the storage
and flow of autogenic recharge flowing to a single epikarst
drain in Crump’s Cave on Kentucky’s Mississippian
Plateau, we employed several methods to characterize the
nature of the system.
3.1. Storm Event Contaminant Sampling
From 2010–2012, on the surface at Crumps Cave, 110
meters from the sink entrance, a HOBO U-30tm weather
station was used to collect weather data. A rain gauge
tipping bucket collected rainfall amounts every ten minutes.
The weather station also collected temperature, dew point,
solar radiation, relative humidity, wind speed and direction,
and soil moisture content with ten-minute resolution.
Inside the cave, a 208 liter barrel with circular holes drilled
into its side to measure discharge was placed under WF1
and a conical tarp directs virtually all flow of the epikarst
drain into the barrel (Figure 3). A procedure based on
Bernoulli’s law relates the WF1 discharge rate (L/s) to the
water level (stage height) in the barrel (White 1988). The
water level is measured by a pressure transducer inside a
stilling well at ten-minute resolution. At WF1, two
Campbell Scientific CR10x data loggers were used to
collect geochemical and discharge data for the waterfall.
Data Logger One (DL1) recorded data from one pH probe,
one dual specific conductance and temperature probe, and
a pressure transducer probe placed in the discharge barrel
at WF1. Data Logger Two (DL2) recorded data from two
pH probes and a duel specific conductivity probe. Both data
loggers collected data every two minutes and recorded the
average every ten minutes for temperature, specific
conductance (SpC), and pH. Stage height from the pressure
transducer was also recorded every ten minutes.

Figure 1. Location of Crumps Cave, Warren County, KY, USA.

During the farming season of late winter through spring,
three fluorescent dye traces (sulphorhodamine B,
fluorescein, and eosine, respectively) took place to track
transport and residence time of water from storm events and
epikarstic waters. The dyes were chosen for their spectrum
wavelength so as to be able to recognize each individual
dye as it came through WF1 from the surface. The traces
were performed in a location on the edge of the property in
an area that has previously been established as having a
hydrological surface connection to WF1.

The climate of Warren County is classified as a humid
subtropical climate on the Köppen climate classification
scale (Cfa). Its humid summers reach an average high
temperature of 31 °C and its mild to cool winters average a
high of 7 °C (NOAA 2011). The average annual total
precipitation is around 1,294 millimeters. Of this, about
721 millimeters, or 56 percent, usually falls in April through
October. May has the highest average rainfall with
136 millimeters (NOAA 2011). The growing season for
most crops falls in the April through October range. Hess
(1974) estimated that mean-annual potential evaporation is
800 mm, varying from near zero to over 100 mm/mo.

ISCO 3700 portable water samplers were placed in the cave
at WF1 to collect water samples to analyze for dye, bacteria,
cations and anions. Samples were collected in 1000 mL
polypropylene bottles every four hours during storm events
occurring within the study period. During a portion of the
winter and spring sampling period weekly samples of fecal
coliform bacteria (FC) were taken. Samples were also
collected weekly for the analysis of dye and collected
within 24 hours of analysis time for total coliform, E. coli,
cations and anions.

Land use above and surrounding Crumps Cave is
dominated by agriculture (Figure 1). Row cropping, which
usually rotates between corn, soy, and wheat, surrounds the
Crumps Cave property to the east and north. West of the
property is a residential property at which a bed and
breakfast operation is run. Northeast of the property land is
currently being used for cattle grazing.

111

Karst and Caves in Carbonate Rocks, Salt and Gypsum – oral

2013 ICS Proceedings

Figure 2. Map of Crumps Cave in south-central Kentucky.

3.2. Epikarst Storage and Recharge

contributes to the water flowing from the waterfall.

First, we performed base flow separation of several discrete
storms, where stormflow was integrated to measure
individual storm volumes, and a nominal recharge area
parameter, ζ, was calculated for each storm event by
determining the measured amount of rainfall (thickness)
and setting the drainage volume from the in-cave waterfall
during the event to be equal to this recharge amount, and
then dividing the resulting recharge volume by the
presumably uniform measured rainfall depth. In this
manner, we are taking the volume of discharge at the
waterfall and dividing it by the amount of rainfall during
the event (volume/thickness) to calculate an estimated area
over which the rainfall presumably fell during the event, or
in this case an average recharge area on the surface that

A second independent proxy of recharge and epikarst
storage conditions from isotopic analysis of precipitation
and epikarst water supports this finding. Rainfall amounts
above the cave and discharge of the water flowing from the
drain below were measured every ten minutes in 2010–12.
Weekly precipitation and cave waterfall samples were
collected for stable isotope (O and H) analysis, with higher
resolution sampling of the waterfall during storm events.
A third measure of the character and response of the
epikarst was the three dye-traces performed during the
study period, which resulted in a breakthrough curve for
each storm event that caused the dye to move through WF1,
which provided an estimated threshold for epikarst storage
to be flushed out and the travel time of surface water to WF1
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For the epikarst storage data, values of ζ range from 843 m2
to 11,200 m2, with lower values likely resulting from water
entering epikarst storage that does not reach the drain during
that storm response. Values of ζ may thus provide way to
quantify varying epikarst storage input. Data also suggest
that the actual recharge area is on the order of 100 × 100 m.
Using between-storm baseflow discharges and individual
values of ζ for storm events, we calculated unit-baseflow
(UBF – baseflow discharge per unit recharge area,
calculated from dividing total discharge during baseflow
conditions by calculated area from ζ), and show that
calculated values for the epikarst drain are 2–3 orders of
magnitude higher than published UBF values for regional
springs (Worthington 2007). This gives quantitative
evidence that storage is more concentrated in the epikarst
than the regional aquifer as a whole.
Precipitation isotope δ18O values ranged from -5.7 to
-16 ‰, while the cave waterfall δ18O values averaged
-6.3 ‰ (ranging between -5.2 to -7.3 ‰), indicating that
despite intense storm events with highly variable δ18O
values, a rapid homogenization of meteoric recharge water
with epikarst storage water occurs in the system, further
supporting that substantial storage occurs in the epikarst
zone through diffuse flowpaths.
From the seasonal data, there are two conditions that occur
in the soil that dictate the transport of fecal coliform and E.
coli. First, there is a threshold for rain intensity and rain
amount that push the bacteria (Pasquarell and Boyer 1995)
and dye through the soil-epikarst system (Figure 6).
Additionally, diffuse flow through conduits adds to the
movement of bacteria through the soil-epikarst system.
Significant storm events infiltrate the soils and create a high
hydraulic head that rapidly pushes the bacteria through main
conduits of the epikarst (WF1). This causes a quick drop in
SpC and a rise in discharge simultaneously. After the head
is lowered, discharge decreases, SpC will slowly rise back
toward pre-storm levels and FC counts will decrease. Often,
the SpC does not return to previous base flow levels, likely
due to the dilution of storage water by rainfall. However,
during periods of higher storage, it appears as though
continuing recharge and hydraulic pressure pushes out
additional storage waters after storm event recovery, and
there is a rise in SpC during the falling limb of the discharge
curve. During time in-between storms, waters percolate
through diffuse conduits as evident by the lower fecal
coliform and E. coli counts and steady rise of SpC, which
indicates water that is in contact with the bedrock for a
longer duration, thus dissolving more carbonate rock.

Figure 3. Discharge barrel and data logger setup at WF1 during
storm event.

4. Results and Discussion
Identifying the hydrological characteristics of the soilepikarst zone in response to storm events is an important
task for understanding the fate of agricultural contaminants.
Recognizing the mechanisms of movement and storage is
central for determining the fate of these pollutants. The
movement of fecal coliform bacteria through the soilepikarst is dictated by the amount and intensity of storm
events. During the study period, the majority of storm
events provoked a response at WF1 indicated by the
increased discharge. The data show contaminants that move
through the epikarstic system correlate with significant
rainfall events and rainfall amount. The dye traces and SpC
data support this statement and further the understanding of
soil-epikarst hydrology and contaminant transport.

This information is vital to understanding and improving
best management practices in agriculture on karst terrains,
particularly with regard to water quality degredation from
the application of organic soil amendments. The results
indicate that rapid, continuous contamination can occur
from the use of manure and fertilizers in karst areas, and
this must be addressed through better policy creation.

The various storm event data and dye traces combined with
fecal coliform analysis indicate rapid response of the
epikarst drain to precipitation events (Figures 5, 6). High
levels of contaminants, including E. Coli, were found
during the peak of each storm event, with maximum
numbers (greater than 200 colonies/100mL) being reached
shortly after surface application, but lasting for many
months.
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KARST HYDROGEOLOGICAL OBSERVATIONS IN CAO BANG
PROVINCE (VIETNAM): THE TRA LINH-THANG HEN LAKE AREA
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In March 2012, the “Geokarst Adventure” Association under the auspices of the French Speleological Federation and the
Romanian Speleological Federation along with the Vietnam Institute of Geoscience and Mineral Resource organized an
expedition to explore the karst systems located in the Cao Bang Province, Northeastern Vietnam. The results include karst
geological and hydrogeological observations and preliminary geochemical data based on 14 water samples. The values
measured for the specific conductance are typical for caves waters (between 232.6 and 371 μS/cm). Total alkalinity as
CaCO3 ranges between 92.5 and 186 mg/l (gour 68), and the total hardness as CaCO3 varies between 85 and 326 mg/l.
The highest pH value (8.29), specific conductance (371 μS/cm) and concentration of calcium (97.93 mg/l) were recorded
at Thang Hen Lake. The lowest temperature of 16.4 ºC, specific conductivity of 166.9 μS/cm, and total alkalinity as CaCO3
of 68 mg/l were recorded in the water sample collected in the gour of Bang Ga T09 cave. The waters are calcium
bicarbonate type. The local meteoric water line (LMWL) for the investigated region is δD = 7.83δ18O + 14.694 and shows
a higher intercept and slope value than the global meteoric water line (GMWL), suggesting major changes in the origin
of precipitation during the seasonal rain cycles.

1. Geographical Settings

gray. Bedding is generally 30 to 50 cm thick, oriented NW–
SE, dipping 19º to 25º. Groundwater movement occurs
along solutionally enlarged fractures, cavities, joints, and
bedding planes. The area underlain by limestones is
extensive. The topography consists of large poljes,
surrounded by prominent limestones pinnacles and tower
karst.

The Socialist Republic of Vietnam is situated in the
easternmost part of the Indochinese Peninsula (Fig. 1a).
It covers a total area of 331,210 km2 of which 40 % is
represented by mountains, mostly forested. Carbonate rocks
are exposed over 60,000 km2, representing 18.12 % of
countries’ surface (Clements 2006).
The Province of Cao Bằng is located in the northeastern
Vietnam, 270 kilometers from Hanoi, on the border with
China. It has a surface of 6,724.6 km2 and a population of
632,450 (Fig. 1a). The topography of the region is
characterized by mountain ranges with elevation over
900 m above sea level (a.s.l.), and karstic plateaus
developed between 500 and 700 m a.s.l. Tropical climate is
characteristic to the area. The temperature varies from 5 °C
in December and January to 37 °C in July and August.

3. Karst hydrogeological observations in the
Tra Linh – Thang Hen lake area
The Tra Linh – Thang Hen Lake area is formed by a
sequence of poljes and karst windows developed along the
Tran Linh River (Q ~400 l/s in March 2012). The limestone
massifs are traverse by caves that carry rivers from one
polje to the next. In some areas two levels of cave passages
are developed, one as a stream passage at the present flood
plain level, and a fossil one at 50 m relative altitude,
marking a former flood plain level.

The karst of northern Vietnam was extensively explored
over the last 15 years and several cave exploration reports,
karst geology and hydrology papers are available:
Brouquisse (1998/1999), Holroyd and his team (2003,
2005, 2010), Limbert and his team (1999, 2007), Nyuyen
Thi Thuy (2007) and Italian-French-Vietnamese Caving
Project (2007).

The Tra Linh River is collecting its waters a few kilometers
north of the border with China. Fourteen km downstream,
the river is disappearing underground at the base of a
limestone massif, reappearing 500 m downstream in an
underwater cave, which ends with a large spring. Hundred
meters downstream from the cave entrance an 8 m high
waterfall is formed. Downstream, the Tra Linh River is
meandering through a large polje, covered with alluvial
deposits, sinking for the second time in a cave/swallet,
which is penetrable for about 100 m (Fig. 2). The end sump
is clogged with alluvial deposits, trash and tree branches.
The sump was not explored due concerns that flash flood
waters moved unexploded ordinances from the Vietnam
War era into the cave. One km north from the cave, a stream
with a flow of about 10 l/s is disappearing underground
through an impenetrable swallet.

2. Geology
The Cao Bang province is underlain by a variety of rocks
ranging in age from Cambrian to Quaternary. The majority
of the karst features identified in the field and water samples
collected in March 2012 are hosted in the Bắc Sơn
formation of Carboniferous–Permian age (C-P bs) which
consists of siliceous shales, shaly limestones, and
limestones. The limestone unit is up to 800 m thick. The
Bac Son limestone is finely crystalline, light gray to dark
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The Tra Linh River continues the underground pathway,
reappearing for about 100 m, in two separate karst windows
(Karst Window 105 and Tra Linh Sinking Stream Ponor 107
on Fig. 1b), and later is recharging the Thang Hen Lake
through a stream cave. The lake is a large swallet, located
at the bottom of a polje, where the Tra Linh River is sinking
underground for the fifth time, recharging the main spring
located at 374 m elevation, 5 km away. In March 2012, the
lake was about 300 m long and 150 wide. Around the lake
several dry swallets were identified. The main spring, with
a discharge of 200 l/s represents the partial outlet of the

2013 ICS Proceedings
system. Along the river, additional groundwater sources
recharge the stream. About 1 km downstream from the
spring, the yield of the river reaches 1,000 l/s.
The type of the tower karst landscape develop along the Tra
Linh River is “Residual Hills on a Planed Limestone
Surface” (Ford and Williams 2007). During the raining
season, the water level can rise up to 50 m in the area, the
poljes mention above being flooded and interconnected,
forming a large lake. A cross section along Tra Linh River,
traversing tower karst landscape is shown in Figure 3.

Figure 1. Location of the study area within the Cao Bang Province in the northern part of Vietnam.
117

Karst and Caves in Carbonate Rocks, Salt and Gypsum – oral

2013 ICS Proceedings

Figure 2. Polje along the Tra Linh River with a fossil cave marking the former flood plain level (Photo Gheorghe Ponta with Geokarst
Adventure).

4. Sampling and methods

Anion analyses were performed at the University of
Alabama, whereas the metals and stable isotopes at the
Department of Geology, University of South Florida.
Anions were analyzed using a Dionex DX 600 Ion
Chromatograph, trace metals analysis was achieved using
a Perkin-Elmer Elan DRC II Quadrupole inductively
coupled plasma mass spectrometer (ICP-MS) analytical
instrument. Standards used were formulated stock standards
with metals in concentrations from 1,000 mg/l to
10,000 mg/l. US EPA Test Methods 200.7 and 6010B were
performed to complete the metals testing and analysis. The
stable isotope analyses were conducted on a Thermo Fisher
Scientific (Finnigan) Delta V Isotope Ratio Mass
Spectrometer.

Fourteen water samples were collected and analyzed from
the following areas: Thang Hen Mountain Lake (7), Trung
Han (2), Bao Lac (2), Bang Ga (2; one spring and one cave
pool water), and one rain water sample. Only the seven
sampling point in the Tra Linh – Thang Hen Lake area are
shown on Figure 1b.
The water samples were analyzed for anions, metals, and
stable isotopes. Field parameters, including temperature,
pH, specific conductance, and salinity, were measured with
an YSI 63 instrument. A digital titrator (Hach Model 16900)
was used to determine alkalinity and total hardness as
CaCO3 and carbon dioxide in the field (Table 1).

Table 1. Field parameter data. 1: Trung Han cave system; 2: Bao Lac; 3: Thang Hen cave system; mean sea level (MSL).
Sample Name

Date

Total
Discharge
Alkalinity Carbon
Temperature Specific
Hardness
ph
Salinity
(Q)
Conductance
as CACO3 Dioxide
(T)
as CACO3
l/s
µS/cm
mg/l
m (MSL)
°C
ppt
mg/l
mg/l
326.00
115.60
156.00
0.20
352.30
21.70
7.54
100
475
443
250
8.25
19.80
339.60
0.20
186.00
92.60
274.00
219
20
7.31
20.10
232.60
0.10
192.50
74.40
85.00

Time Elevation

Units
1/

Trung Han Spring 1 HQ 31

3/13/2012

13:50

1/

Trung Han Spring 2 HQ 32

3/13/2012

15:14

Bao Lac HQ14 Spring

3/15/2012

14:22

Bao Lac Sump in Hang
Kanh Xuan BL14 Cave

3/15/2012

16:09

249

20

7.47

20.40

241.20

0.10

92.50

40.60

120.00

2/
2/

3/

Tra Linh Sinking Stream

3/19/2012

15:45

643

400

7.76

23.50

279.40

0.10

119.00

32.40

147.00

3/

Tra Linh Water Fall Cave
TH 07

3/18/2012

14:02

635

250

7.11

18.60

300.50

0.10

118.00

48.80

163.00

3/

Tra Linh Sinking Stream
Ponor 045

3/18/2012

11:44

625

250

6.51

19.10

297.60

0.10

124.00

40.20

Karst Window 105

3/21/2012

14:47

603

300

7.73

21.60

296.60

0.10

131.00

45.60

Tra Linh Sinking Stream
Ponor 107

3/21/2012

16:00

593

100

7.78

21.50

296.50

0.10

125.00

49.00

188.00

590
374
698
602

400
50
0.0001
5

8.29
7.70
7.88
7.20

20.60
21.70
16.40
20.40

371.00
325.40
166.90
318.70

0.20
0.20
0.10
0.20

168.00
119.00
68.00
136.00

42.60
91.80
45.40
74.00

151.00
193.00
123.00
273.00

3/
3/

3/

Thang Hen Lake

3/21/2012

11:11

3/

Tra Linh Spring

3/19/2012

13:10

Bang Ga Gour Cave TR 09

3/20/2012

14:46

Bang Ga 098 Spring TR 04

3/20/2012

17:24
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Figure 3. Cross section along Tra Linh River, traversing tower karst landscape.

5. Water quality data

The highest pH value (8.29), specific conductance
(371 μS/cm) and concentration of calcium (97.93 mg/l)
were recorded at Thang Hen Lake.

Laboratory results for anions and cations are provided in
Table 2. Sampling locations are shown on Figure 1b. The
elevations of sampling points range between 219 m and 698
m. The estimated flow rates of the sampled springs range
between 20 l/s and 400 l/s. The pH value ranges between
6.51 and 8.29, typical for karst waters. Temperatures ranged
between 18.6 and 23.5 ºC, which correspond to mean
annual air temperature in the area.

The lowest temperature of 16.4 ºC, specific conductivity of
166.9 μS/cm, and Total Alkalinity as Ca CO3 of 68 mg/l
were recorded in the water sample collected in the gour of
Bang Ga T09 Cave. The waters are bicarbonate calcium
type.

The values we measured for the specific conductance are
typical for caves waters (between 232.6 and 371 μS/cm).
Total alkalinity as CaCO3 ranges between 92.5 and 186 mg/l
(gour 68), and the total hardness as CaCO3 varies between
85 and 326 mg/l.

6. Stable isotopes
Isotope fractionation accompanying evaporation from the
ocean and condensation during atmospheric transport of
water vapour causes spatial and temporal variations in the
deuterium and 18O composition of precipitation (Dansgaard
1964). Regional-scale processes such as water vapor
transport patterns across landmasses and the average rainout
history of the air masses precipitating at a given place
controls the isotopic composition of local precipitation
(Table 3).

Calcium concentration ranges between 48.60 and
97.94 mg/l, with the highest values at the Thang Hen Lake,
whereas the magnesium concentration was found to
fluctuate between 0.30 and 5.76 mg/l.
Carbon dioxide concentration ranges between 32.40 to
115.60 mg/l.

Table 2. Summary of the water quality data. 1: Trung Han cave system; 2: Bao Lac; 3: Thang Hen cave system. As, Cd, Cr, Zn, F,
and Br were not detected.
CATIONS (METALS)
Sample ID

Date

Total
Total
Total
Total
Time
Calcium Magnesium Manganese Potassium

Units

mg/l

mg/l

mg/l

mg/l

mg/l

mg/l

mg/l

mg/l

mg/l

mg/l

1

Trung Han Spring 1 HQ 31

3/13/2012

13:50

95.42

2.45

0.02

0.55

1.80

0.05

1.27

3.54

0.18

4.40

1

Trung Han Spring 2 HQ 32

3/13/2012

15:14

94.37

3.13

0.02

0.62

2.09

0.05

1.23

3.05

0.09

4.71

Bao Lac HQ14 Spring

3/15/2012

14:22

57.02

4.25

0.00

0.59

2.98

0.08

0.73

3.64

0.02

4.92

Bao Lac Sump in Hang Kanh
Xuan BL14 Cave

3/15/2012

15:37

57.67

4.38

0.01

0.67

3.73

0.09

0.62

3.94

0.00

4.94

2
2

Tra Linh Sinking Stream

3/19/2012

15:45

57.67

4.38

0.01

0.67

3.73

0.09

1.61

2.01

0.00

5.79

Tra Linh Water Fall Cave TH 07

3/18/2012

14:02

82.23

5.77

0.05

0.91

3.51

0.07

1.60

2.06

0.01

5.76

Tra Linh Sinking Stream
Ponor 045

3/18/2012

11:44

75.31

5.35

0.05

0.97

3.28

0.07

1.61

2.79

0.01

5.76

Karst Window 105

3/21/2012

14:47

75.31

5.35

0.05

0.97

3.28

0.07

1.67

2.28

0.05

5.77

Tra Linh Sinking Stream
Ponor 107

3/21/2012

16:00

48.60

0.30

0.00

0.18

1.70

0.02

1.64

2.56

0.01

5.82

3
3

ANIONS
Total
Total
Chloride Nitrate Phosphate Sulfate
Sodium Strontium

3

3
3

3

Thang Hen Lake

3/21/2012

11:11

97.94

1.15

0.01

0.42

1.89

0.06

1.70

2.77

0.03

5.88

Tra Linh Spring

3/19/2012

13:10

86.87

5.76

0.37

1.07

3.78

0.08

1.48

3.21

0.00

5.61

3

Bang Ga Gour Cave TR 09

3/20/2012

14:46

84.78

5.68

0.20

1.15

3.98

0.08

0.65

1.33

0.00

8.30

Bang Ga 098 Spring TR 04

3/20/2012

17:08

0.00

0.00

0.00

0.00

0.00

0.00

0.78

3.76

0.11

5.60
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The δ18O values of the water samples collected over 8 days
ranged from -9 to -7.62‰. The δD values in the cave waters,
springs, and rivers ranged from -55 to -42‰. The only
rainfall sample collected on March 13, 2012 stands out with
its very positive values for both δ18O and δD (see Table 3).

More samples of precipitation and fresh groundwater are
needed to construct a real LMWL for this region, and to
calculate the deuterium excess value, defined as:
d = δD - 8δ18O (‰).
This parameter is a valuable indicator of the source area of
the water vapor. Values around +10‰ are typical for most
continental meteoric waters, whereas values well above
+10‰ suggest more evaporated moisture being added to
the atmosphere (Rozanski et al. 1992).

The relationship between 18O and 2H in world’s fresh
surface / cave waters is predicted by the GMWL defined by
Craig (1961) as:
δD = 8δ18O + 10 (‰).
The local meteoric water line (LMWL) for the investigated
region is δD = 7.8359x + 14.694 and shows a higher
intercept and slope value than the GMWL, suggesting
major changes in the origin of precipitation during the
seasonal rain cycles. Although we called LMWL, we are
fully aware that the isotopic compositions undergoes
variations on event-based and therefore, our LMWL solely
reflects the conditions during those 8 days of sampling,
therefore, the results need to be considered as preliminary
and used with caution if comparisons with other regions or
data sets are sought.
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δ18O
(‰)

δD
(‰)

d-excess
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-49.12

13.74

-7.78
-8.93

-46.19
-55.23

16.06
16.22

-9.00

-52.54

19.49

-7.76

-45.34

16.73

-7.63

-42.35

18.66

Ford DC, Williams PW, 2007. Karst Hydrogeology and
Geomorphology. John Wiley & Sons, London, 562.
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19.52
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INCIDENCES OF THE TECTONICS IN THE KARSTIFICATION
OF CHALK LIMESTONES IN THE WESTERN PARIS BASIN:
EXAMPLE FROM THE PETITES DALES CAVE
(SAINT MARTIN AUX BUNEAUX, FRANCE)

1
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The classical approach to study the karstification attributes a major role to the structure in the establishment of concentrated
drainage of groundwater. This structure, essentially tectonics and stratigraphy, serves to guide the water, which gradually
opens up these discontinuities to build a network, from the introduction to the resurgence. This too idealistic view does
not reflect the complexity of the establishment of a karst system. Indeed, experience shows that some bedrocks contain
karst drains in the absence of any cracking. What’s more, some conduits can go through the structural elements without
undergoing any morphological changes. In the chalk of Western Paris Basin, the Petites Dales Cave proves an excellent
observatory. We have conducted a study on the relationship between the main conduit, restitution collector of the
underground system, and observable fissures in the roof and walls of the conduit. Along a drain of 421 m, we counted 374
fissures, the total length of which being a little more than 867 m. Examination of the orientation of the drain and fissures
reveals four types of relationship: (1) parallel (2) oblique, (3) perpendicular and (4) no joints. No correlation could be
established between the development of the collector and the presence of fissures, other than very occasionally or during
episodes of overflow. In fact, the relationship between fissure and karstic conduit cannot be established, therefore it is
necessary to introduce other factors in the speleogenesis, such as porosity of the chalky bedrocks, and the direct effect of
the hydraulic gradient.

1. Introduction

since 1991 (Rodet et al. 2007). To date, with more than
710 m of explored galleries, the cavity is the largest in Seine
Maritime. It hosts a multidisciplinary karst research
program (Laignel et al. 2004; Rodet et al. 2006), being
referenced as the chalk karst of Normandy Region (Rodet
and Viard 2009).

Typically, it is assumed that the development of karst drains
depends on the structure, especially the tectonics.
“Structural cracking is the main factor of permeability to
water in a limestone” (Jakucs 1977). Explorations in the
chalky limestone of the Paris Basin showed that this was
not always the case (Rodet 1992). So we started the study
on the relationship between drain and fissures in one of the
largest caves of Normandy, the Petites Dales Cave.

As part of this research program, we studied specifically the
relationship between visible tectonics and directions of
drain to verify the applicability of the concept of the
drainage network establishment based on the tectonic frame
(Hauchard et al. 2002, 2008) for cavities in chalk. Our
approach is limited to observable fissures in the main
gallery of the cave between the entrance (topographic
point # 1 – pt. 1) and the impact of the first solution pipe
(topographic point # 43).

Petites Dales Cave opens in the eponymous valley, 1.2 km
from its outlet on the coast of the English Channel (Fig. 1).
Small cavity of only 62 m of development at its
speleological recognition in 1966, this site became one of
the most important underground excavation sites in France

2. Methodology
The topographic map of the Petites Dales Cave was
surveyed from a network of fixed and materialized stations,
which are therefore easy to locate (Fig. 2).
The topography of the collector was completely established
along a length of 460 m, till the foot of the second solution
pipe where we have not found upstream gallery. The impact
of trepanation of the two solution pipes makes it illusory
the study of fissures upstream of the pt. 43, which is 421 m
from the entrance (Rodet et al. 2009). As a result, we limited
our study area between the pt. 1 (entrance) and the pt. 43.
From this topography, we carried out a campaign of
systematic survey, in situ, of (i) the orientation of the

Figure 1. Location of the study area.
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Figure 2. Survey of the Petites Dales Cave, with the tectonic network.

3.1. Collector directions

sections of the collector, (ii) the length of these sections,
(iii) the orientation of visible fissures in the roof and the
walls of the sections, (iv) the length of the fissures. Every
joint was oriented (az degree) and measured with a tape
measure. For fissures in the form of broken line or curve,
we measured the orientation between the two extreme
points. Each joint was numbered and plotted on the spot on
a 1/100 topographic map. The measures were then
introduced into a spreadsheet. By combining these data, we
can define drain / joint relation models to assess the impact
of visible tectonics on the karst development, and the
impact of hydraulic gradient supported by the porosity of
the bedrocks.

The distribution of the 42 directions is very dispersed: no
class contains more than 4 sections and thus reaches 10 %.
It is relatively uniform across all classes, with a slight
concentration in two large sets (11–70° and 106–155°), in
the middle of less relevant values.Concerning the cumulative
length of the conduits (Fig. 3b), two sets are slightly
reinforced. The first set is bipolar with a first peak around
11°/15°, a second around 31°/50°, and more specifically
between 40° and 50°, clearly in SW/NE direction. The
second set is more uniform with a maximum in the
136°/140° Class, the maximum being further accentuated as
to the cumulative of NW/SE segment lengths.

The first element to consider is the spatial organization of
the 42 segments which compose the drain being studied,
according to their orientation and accumulated length of
development by azimuth class. The second element is the
tectonic network survey, according to its frequency,
directional distribution and accumulated length of
development by class. Finally, the comparison of the two
types of data aims to understand the relationship between
tectonics and karst drain under discussion.

Both directions, and especially values between 120° and
150°, correspond to lineaments and faults of the Pays de
Caux (Hauchard et al. 2002, 2008).
3.2. Joints in the collector
The output gallery is marked regularly with topographic
stations used as a benchmark to locate oriented gallery
segments and fissures identified in the roof and the walls of
the gallery. The total development of drain is 421 m
(420.90 m), in which 374 joints are identified with a total
fissure length of 867.70 m. Thus, the average length of
fissure is 2.32 m, the number of fissures per linear meter of
drain is 0.89, and the length of fissure (mf) per meter of
drain is 2.06 m.

As indicated by the reference point pt. 43, the 42 oriented
segments of gallery were grouped by class of 5° (Fig. 3a).
The 374 inventoried joints were grouped according to their
magnetic orientation (az value) by class of five degrees.

3. Results

For morphological reasons (Fig. 2), we divided the main
gallery into four sectors, namely:

The cavity was examined along the 421 m of the drain. 374
joints, with a total length of 867.70 m of fissures (f), were
identified.
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We also note that the joint density is not in the pair with the
joint length, since the ratio decreases from the entrance to
the end where the lowest ratio (1.05 mf/ml) accompanies
the highest fissure density (1.37 f/ml). Only in the two
intermediate parts the overall average is approached. Is this
increasing ratio from the end to the entrance reflecting a
possible relaxation effect of the massif induced by the
opening of the Petites Dales Valley?

In this first sector, the length of conduit is 119.30 m, which
represent 28.34 % of the total length of gallery. We
identified 101 joints or 27.1 % of all fissures identified
throughout the gallery. We obtain a density of 0.85 fissure
per meter of gallery. The total length of joints rises to
336.80 m, which means a ratio of 2.82 m of fissure per
meter of drain.
3.2.2. From pt 11 to pt 24

3.3. The directions of joints

In this second sector, the length of conduit is 100.80 m,
which represent 23.95 % of the total length of conduit. We
identified 67 joints, or 17.91 % of all fissures identified
throughout the gallery. We obtain a density of 0.66 fissures
per meter of gallery. The total length of joints rises to
196.10 m, which means a ratio of 1.95 m of fissure per
meter of drain.

They are 374 inventoried joints grouped according to their
magnetic orientation (Fig. 4). There is an overwhelming
concentration of orientations between 100° E and 145° E.
The rest is trivial: a small class of 15–20 ° and an even
smaller one near 180° (Fig. 4a). This NW/SE orientation
dominance is even stronger. It concentrates around
115–125° when we focuse not on the number of joints but
their cumulative development (Fig. 4b).

Figure 3. Distribution of the segments in the main gallery.
A: number of segments by 5° sets. B: cumulative length of the
segments by the same sets.

Figure 4. Distribution of the fissures in the main gallery. A: number
of joints by 5° sets. B: cumulative length of joints distributed in the
same classes.

3.2.3. From pt 24 to pt 37
In this third sector, the length of conduit is 136.40 m, which
represent 32.41 % of the total length of conduit. We
identified 118 joints, or 31.55 % of all fissures identified
throughout the gallery. We obtain a density of 0.87 fissure
per meter of gallery. The total length of joints rises to
267.50 m, which means a ratio of 1.96 m of fissure per
meter of drain.

4. Discussion
What do the results mean?
4.1. Drain/joint directional relations

3.2.4. From pt 37 to pt 43

The relations between the direction of the drain and the
joints reveal four cases.

In fourth sector, the length of conduit is 64.40 m, which
represent 15.30 % of the total length of conduit. We
identified 88 joints, or 23.53 % of all fissures identified
throughout the gallery. We obtain a density of 1.37 fissures
per meter of gallery. The total length of joints rises to
67.30 m, which gives a ratio of 1.05 m of fissure per meter
of drain.

4.1.1. The joints accompany or frame the drain
We can suppose that there is a relationship between joint
and drain, as a lot of studies shows in numerous
conventional caverns in limestone with low permeability or
porosity (White, 1988). Certainly the combination of
fissures and hydraulic gradient provides the best conditions
for the development of karst. In the main gallery, it
represents 148.4 m, therefore 35.26% of the gallery.

3.2.5. Summary of all sectors
There is therefore a medium density of joints in the first
sector (0.85 f/ml). It falls in the second sector to 0.66 f/ml,
returns to the average of the first sector in the third sector
(0.87 f/ml), and increases significantly in the fourth sector
(1.37 f/ml).

4.1.2. The joints intersect obliquely the drain
The joints intersect obliquely the drain without thereby
deviating the gallery. We must therefore conclude that the
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oblique fissures do not affect directly the conduit. In the
collector, it represents 130.2 m and therefore 30.93% of the
gallery.
4.1.3. The joints intersect perpendicularly the drain
The joints intersect perpendiculary the drain without
impacting the morphology of the walls. Joint does not
influence the flow. As in the previous case, only the phases
of flooding with a very reduced flow speed affect the
morphology of the drain by the establishment of
equilibrium chimneys. In the collector, it represents 86.8 m
and therefore 20.62 % of the gallery.
4.1.4. The joints are absent from the drain
In the collector, there is no joint along 55.5 m, that is to say,
13.19 % of the gallery has no relationship with tectonics
(Fig. 5).
In total, 365.40 m of the gallery exhibit fissures in the
ceiling or walls, that represent 86.81 % of the total length
of the collector, but in which only 148.4 m, or 35.26 %,
show a clear relationship between tectonic and karst drain.
We conclude that tectonics is not the only responsible for the
establishment of all sections of the collector. Other factors
involve either stratigraphy (favorable interbedding) or
porosity (with direct impact of the hydraulic gradient). Some
authors, supporters of the “all tectonics”, suggest the existence
of a network of micro-cracks, unproven to date: curiously this
network should be large enough to guide the drain, but at the
same time it would not be revealed by the flooding phases…

Figure 5. Segment of the main gallery of the Petites Dales, without
joint, between pt. 2 and pt. 3 (photo by D. Guillemette).

to the morphology after the establishment of the drain
collector, thus the tectonic factor cannot be applied as a
determinant factor to the morphogenesis of the former drain.

4.2. Drain and joint

The last graphic (Fig. 6) oppose the cumulative length of
drains grouped into orientation classes by 5° to the
cumulative length of fissures, which are also grouped by
class of 5°. There is a wide difference in the distribution of
the orientations between the development of drains and the
development of joints. In particular, note that while the
cumulative lengths of conduits (classes 116–120° and
121–125°) are from 7 m to 24 m, giving a ratio of 3.5, the
cumulative lengths of joints are equal (175.9 m and
177.2 m), giving a difference of 1.3 m or a ratio of only
1.007.

The last approach was made by comparing the drains and
joints. It shows significant disparities, where there are areas
with many joints or significant accumulated metrics of
joints, and areas almost without joint. We have established
a ratio between length of joint (mf) and length of gallery
(mlg), which reveals three classes, depending on whether
the ratio is close to the average ratio of the cavity, higher,
or on the contrary, lower:
4.2.1. Gallery with a low ratio of fissure
The ratio is low (< 1 mf/mlg). 11 of 42 sections provide a
ratio of less than 1 m of fissure per lineal meter of drain.
This represents 26 % of the sections.

Moreover, it should be noted that values equivalent to the
linear meters of drains (24 m for 121–125°, and 28 m for
41–45°) are completely opposite to the those of joint
(177.2 m and 2.1 m), i.e. a ratio of 84. The lack of
relationship between classes of drains and those of fissures,
shows very clearly in this case that the development of
drains does not depend on the tectonics of bedrock, but on
other speleogenetic factors and constraints which must to
be identified.

4.2.2. Gallery with a ratio close to the average
The ratio is close to the average of joint (2.06 mf/mlg) of
the whole gallery, between 1 and 3 m of fissure per meter
of drain. This represents 25 of the 42 sections of the
collector, i.e. 60 % of the sections.
4.2.3. Gallery with a strong relationship to tectonics
(> 3 mf/mlg)

5. Conclusion

Only 6 sections provide a ratio greater than 3 between the
meter of fissure and the linear meter of the gallery. Those
sections represent 14 % of the segments of the collector.
Strangely, the sectors with a high ratio of fissure are those
which were strongly influenced by episodes of significant
flooding associated with sudden and torrential floods from
the downstream solution pipe (pt. 44). Therefore, it relates

The collector of the Petites Dales Cave offers several
sectors without joint (Fig. 5). Sections where there are
oblique (Fig. 7) or perpendicular joints which do not affect
the morphology of the collector drain are not linked to the
structure of the bedrock. It is only in the presence of joints
/ drain correlation that tectonics can be considered with
124

Karst and Caves in Carbonate Rocks, Salt and Gypsum – oral

2013 ICS Proceedings

Figure 7. Segment of the main gallery, with obliquily intersection
of joints, between pt. 24 and pt. 25 (photo by J. Rodet).
Hauchard E, Laignel B, 2008. Evolution morphotectonique de la
marge nord-occidentale du Bassin de Paris. Zeitschrift für
Geomorphologie, 52 (4), 463–488.

Figure 6. Dual graph of distribution by class of orientation (5°).
A: cumulated length of the segments in the main gallery. B:
cumulated length of the joints observed in the main gallery. We
note the absence of correlation between A and B.

Jakucs L, 1977. Morphogenetics of karst regions – variants of
karst evolution. Adam Hilger, Bristol: 284.
Laignel B, Dupuis E, Rodet J, Lacroix M, Massei N, 2004. An
example of sedimentary filling in the chalky karst of the
Western Paris Basin: Characterization, origins and
hydrosedimentary behaviour. Zeitschrift für Geomorphologie
N.F., 48 (2), 219–243.

certainty to affect the karstification. In theory, it is one out
four cases. Concerning the development of collector of the
Petites Dales Cave, it represents less than 150 m of the
drain, that is to say, just over 35 % of the main drain.

Rodet J, 1992. La craie et ses karsts. Ed. Groupe Seine CNRS
Caen & CNEK, Elbeuf, 560.

Clearly, porosity, by allowing the dispersion of the flow,
promotes the expression of the hydraulic gradient. This
dimension reduces, sometimes even annihilates the impact
of the structure. Thus, it is in the phases of saturating
flooding, when the flow velocity is minimized by effect of
damming, that the weaknesses of the bedrocks manifest,
especially through joints.

Rodet J, Laignel B, Dupuis E, Brocard G, Massei N, Viard J-P,
2006. Contribution of a sedimentary study to the karstic
evolution concept of a chalk cave of the Western Paris Basin
(Normandy, France). Geologica Belgica, 9 (3–4), 287–296.
Rodet J, Viard J-P, Poudras J, 2007. A la découverte de la grotte
des Petites Dales (Saint Martin aux Buneaux, Seine Maritime,
France). Spéléo-Tract, 6, 38.

As a result, the correlation or the non-correlation between
the direction of the drains and the structure of the bedrock
reflects the impact of bedrock on drains. For a long time,
chalk was compared to a sponge and thus the existence of
karst within it was denied. Today, no one denies any more
the obvious, but the chalk, porous limestone, has its
specificities, both morphologically and hydrologically,
which are shown by the development of the karst.

Rodet J, Viard J-P, 2009. La grotte des Petites Dales, un patrimoine
normal? non! normand! Spelunca, 114, 28–34.
Rodet J, Willems L, Brown J, Ogier-Halim S, Bourdin M, Viard
J-P, 2009. Morphodynamic incidences of the trepanning of the
endokarst by solution pipes. Examples of chalk caves in
Western Europe (France and Belgium). Proceedings of the 15th
International Congress of Speleology, Kerrville (Texas, USA),
19–26 July 2009, UIS, vol. 3, contributed papers: 1657–1661.
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1

Within the endokarstic forms, the ceiling channel is often put forward because of its morphodynamic significance.
Generally, the ceiling channel demonstrates a breaking into the initial drainage and a reduced stream flow resumes in a
very congested drain. This top incision plays a new collection role on a filled drain which is also hydrologically
disconnected, and gradually the channel becomes more and more important downstream. Studies made for more than
twenty years in the Petites Dales Cave (Saint Martin aux Buneaux, France) revealed that the ceiling channel excavated in
the roof of the collector-gallery presents an atypical development, which does not correspond to the classic scheme because
it is much more developed upstream than downstream. This progressive morphology shows a huge variation of dimension
linked to abrupt changes in the collector’s orientation. These elements help to affirm that the ceiling channel of the main
drain of the Petites Dales Cave is a form of introduction whose function is the absorption of brutal introductions by the
water chasms which hydrate the underground network.

1. Introduction
In karstic geomorphology, the ceiling channel is an
important indicator about the evolution of the drain, even
the system (Jennings 1985). In a classic approach, it deals
in fact with an erratic drainage of restitution which develops
at the top of a filled drain, temporarily non-operational
(Renault 1968). As a consequence, the channel becomes
bigger downstream, in link with the collector function of
the conduit (Slabe 1995). But sometimes, the channel can
work differently, with another kind of drainage: the
absorption of an introduction as a consequence of the
trepanation of the restitution drain by a pothole or a solution
pipe (Rodet et al. 2009). In the latter case, the channel
becomes smaller and smaller as it develops downstream, by
reducing the flow absorbed by the restitution drain. This is
what we focused on in the main gallery of the Petite Dales
Cave.

Figure 1. Location of the study area.

The Petites Dales Cave is an important chalk cavity in the
Western Paris Basin (Fig. 1) because of its dimensions and
moreover because of the section of its main gallery, from 2
to 5 m large for 10 m high, almost completely filled (Rodet
et al. 2007). The Norman speleologists’ work, under the
direction of Jean-Pierre Viard, by a partial emptying of the
soil runoff landfill since 1991, revealed day after day the
importance of this cavity whose size was 62 m when
speleologists discovered it in 1966, now there are more than
710 m of developed length (Rodet and Viard 2009). Poorly
developed downstream, the channel, which develops at the
roof of the collector, increases upstream. Several hypothesis
were envisaged, that the discoveries linked to the cleaning,
easily rejected, until the base of solution pipes was crosscheck by exploration.

2. Methodology
The Petite Dales Cave benefits from a good organization:
its topographic stations are easy to find (Fig. 2). Referring
to this topographic network we directly checked the height
and width of the ceiling channel in the main gallery between
the topographic points (pt.) 2 and 43. To this finality we
used a flexible panta-decametre, a level and an electronic
laser meter. The data were noted on a notebook and
registered in our office computer. We excluded (i) the
downstream first segment of the gallery, between the entry
(pt. 1) and the confluence (pt. 2) because the channel is
absolutely absent, erased by the calibration of the collector
during the reactivation of the siphon and (ii) the segment
between pt. 42 and pt. 43 because the channel exactly
corresponds to the topographic drain, because the
underlying collector has not been cleared.

We have also studied the conditions of contact between
introduction and restitution dynamics, leading to the notion
of trepanation (Rodet et al. 2009). In this context, the ceiling
channel is at least significant.

The topographic statement is composed of 259 stations
which represent a metric measure if sectors without channel
126

Karst and Caves in Carbonate Rocks, Salt and Gypsum – oral
are excluded. Each station has been subject to 3 to 8
measures, totaling more that 1,000 measures. With this
morphometric statement we have realized more than 600
photographic cross-sections, set to the topographic network.
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A longitudinal cross-section was then designed by a
computer, enabling a study of the latter. This approach was
completed by perpendicular sections from the morphometric
statements and the photographic cross-sections.

Figure 2. Cave survey with topographic stations (pt) and cross sections (A to G; see Fig. 4).

3. Results

This channel, almost separated from the support-gallery
(Fig. 4A) leads in a perpendicular way to the most elevated
sector of the collector, the “Espace des Six” chamber whose
volume is imposing and seems to hang above the collector
(Fig. 4B). Its roof rises more than 8 m above the ground of
the collector.

All data have been gathered and studied, and this enabled
us to build a longitudinal profile between pt 2 and pt 42
(Fig. 3). It can be noticed that the channel does not evolve
in a regular way downstream to upstream and upstream to
downstream. Then this is not a regular linear flow. Then
what is its function?

3.2. The central part

If it is a concentration drainage (output or restitution karst),
its most evolved parts should contain significant lateral
contributions (tributaries). If it is an introduction drainage
(input karst), sudden entries leading to flows and
sedimentary disruption inside the collector.

Between pt. 35 / 315 m (downstream of the “Espace des
Six” chamber and pt. 27 / 240 m, the sector is low and
sinuous, in which the channel is more discreet and above
all discontinuous (Fig. 4C). It is rarely higher than 0.5 to
1 m with plenty of small equilibrium chimneys. It is not
easily penetrable by a man.

The longitudinal profile reveals 4 sectors from upstream to
downstream which can be linked to the cave plan (Fig. 2)

3.3. The great curve

3.1. The upstream ceiling channel and the “Espace des
Six” chamber

Between pt. 27 / 240 m and pt. 22, 190 m, the channel rises
again between 1 and 2 m above the collector and shows a
width which can merge with the width of the collector
(Fig. 4D). We can observe a high density of equilibrium
chimneys, which can rise higher than 5 m. Between pt. 27
and pt. 24, the drain is almost straight and presents the
longest straight line since the “Espace des Six” chamber.

Between upstream (pt. 42) and 315 m from the entry (pt. 35)
we can observe a 2 m high ceiling channel, well
distinguished and almost rectilinear, easily penetrable by a
man. It is rooted to the base of a solution pipe (pt. 44).
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Figure 3. Longitudinal profile of the main gallery. Between 374 m and 319 m, a well developed ceiling channel with downstream a
large reservoir; between 319 m and 187 m, a moderately developed ceiling channel with downstream a smaller reservoir; between
187 m and 31 m, a punctually developed ceiling channel without reservoir, only equilibrium chimneys.

This area offers a large volume, which can be compared to the
“Espace des Six” chamber, with smaller dimensions. Between
pt. 24 and pt. 22, the channel remains high but becomes
narrower. Moreover, pt. 22 presents the last dome which rises
higher than 5 m above the rolling ground of the collector.

The ceiling half-tube is therefore much larger in its upcollector part then in its down-collector part. Why is that?

4. Discussion
Two aspects are particularly noticeable: (i) what does the
size reduction of the channel from upstream to downstream
mean?, and (ii) why do we observe a great irregularity in
the longitudinal profile?

3.4. The downstream ceiling channel
Beyond this dome, from pt. 22/190 m to outside, the
channel tends to reduce as well as presenting more frequent
and larger interruptions (Fig. 4E). It rarely goes higher than
0.50 m and gets too narrow for a man to fit in (Fig. 4F). The
dissolution pockets do not rise higher than 3 m above the
rolling ground, except for 3 exceptions which are not higher
than 4 m. From pt. 4/60 m, the channel becomes discrete to
anecdotal (Fig. 4G). Between pt. 2 and pt. 1, on the last
31 m, the collector has been re-calibrated and the channel
has been completely erased.

The reduction from upstream to downstream of the
dimension of a drain often means a reduction of the flow
which digs it. If the flow decreases, it means that the
drainage scatters instead of concentrating itself, which
means that it is not a restitution drainage which collects
underground waters, but, on the contrary, an introduction
drainage from the surface, which is absorbed along the
drain.

Figure 4. Selected cross sections of the main gallery in the Petites Dales Cave. The black section represents the gallery and the grey
section, the development of the ceiling channel. A: pt. 38; B: between pt. 36 and pt. 37 (“Espace des Six” dam chamber); C: between
pt. 30 and pt. 31; D: between pt. 24 and pt. 25 (dam-equilibrium chimneys); E: pt. 19; F: between pt. 12 and pt. 13; G: between pt. 5
and pt. 6 (lower point of the main gallery’s roof). See the Figure 2.
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This explains why the ceiling channel appears more
distinctly above the collector as we get closer to the “Espace
des Six” chamber, particularly with an input with tends to
isolate both drains (Figs. 4A, 5). Upstream, in the “draw
point 404” (pt. 42), channel and collector are fused with the
same width, and it is more difficult to show their limit. This
evolution can explain the number and the size of big chalk
blocks seen in the “draw point 404”, which can result in a
destruction of the intermediary floor: no water circulation
could explain the movement of such volumes, without
leaving traces on the walls. On the contrary, we have to
consider a stock of introduction water of which the
geochemical activity would dissolve the bedrock. The
blocks are almost in situ and underline the destruction of
the floor which isolated the ceiling channel coming from
the pt. 44 solution pipe and the calibrated gallery coming
from the upstream solution pipe (pt. 47).

Right up pt. 44, the clearance work has shown the base of
a solution pipe. In a spectacular way, and without a doubt,
this solution pipe has a morphodynamic link with the
ceiling channel which starts there, and is, therefore, the
source of this introduction channel. This is proved by the
morphological continuity (Rodet et al. 2009), confirmed by
the sedimentary continuity (Laignel et al. 2004; Rodet et al.
2006). We can particularly notice the complexity, midstudy, of the fluvial sedimentary deposits, strongly upset by
many torrential introduction phases which have affected
this part of the cavity.
This torrential dynamic is included in the ceiling channel,
of which the morphology strongly contrasts with the rest of
the cavity. Three particularly noticeable morphological
elements illustrate invasive torrential dynamics from the
solution pipe. They demonstrate an adaptation of the cavity
to these sudden and abrupt external inputs, and their effects
on the restitution networks.

4.2. The “Espace des Six” chamber
Located right downstream, the “Espace des Six” chamber
(pt. 36/37) is a noticeable point, nonesuch in the whole
Petites Dales Cave. Indeed, nowhere else in the cavity can
we observe such a large volume. We can also note that the
enlargement concerns the top part and not the whole volume
(Figs. 4B, 6). Another important element: the inferior third
is narrow and was infilled, the intermediary third widens
and was infilled too, and the superior third is wide and was
empty, except for chalk blocks fallen from the walls and
from the roof, underlining submergence phases. It clearly
appears that this large volume hanging above the collector
is an underground tank, stocking important water inputs
during sudden introductions.

4.1. The upstream channel of the Espace des Six
We can notice that the ceiling channel is an introduction
pipe coming from the pt. 44/45 solution pipe which joins
tangentially the main gallery previously calibrated by the
earlier trepanation of the upstream pt. 47 solution pipe. We
can observe the junction of a superior drain which quickly
loses its erosive and transport dynamic (the drainage loses
speed), as well as its drainage mass, which is partially
absorbed by the underlying completely filled collector.

Figure 5. Between pt. 37 and pt. 39, the channel seems to be
separate over the main drain by a platform in the bedrock (photo
by J. Rodet).

Figure 6. Between pt. 36 and pt. 37, the “Espace des Six”, large
dam chamber perched on the more narrow main gallery (photo by
L. Magne).
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From these different elements, it can be deduced that the
ceiling channel of the Petites Dales Cave is a feature which
results from concentrated introductions from the surface, in
a restitution drain. The episodic and torrential dynamic leads
to transport solid elements which deposit and settle out as
soon as the stream slows down because of the well-defined
turnings of the drain, creating an obstacle to the flow and
phases of submergence upstream with diggings of dam
chambers. Both the drain morphology and the sedimentation
figures in the fillings confirm this model of speleogenesis.

It is the third point morphologically remarkable that can be
observed from the upstream part of the main gallery. It
clearly shows a high contrast between the upstream side of
the drain, almost rectilinear for about 30 m, and
downstream which contains not less than four right angle
bends on a few dozen meters, except the extremely tight
curve of point 24 sensu stricto, which almost enables a half
turn to the flow thanks to a 45° angle.
If the channel worked like a collection and restitution water
drain, the abrupt changes in direction would not have such
an incidence. What can be seen?

5. Conclusion

• Downstream: close and tight turns, in a quite reduced
drain, highly congested by sediment filling and with a
narrow and high ceiling channel.

The geometry of such a kind of ceiling channel is not
compatible with the classic model of restitution drain of the
underground waters. The decreasing section of the ceiling
channel toward downstream shows indeed that competence
is lost and that the latter is opposed to the notion of flow
concentration. Then the examination of the longitudinal
profile shows a relation between the development of a
volume reservoir and brutal orientation changing of the
flow. Such an association (upstream: reservoir/downstream:
brutal direction changing) shows the process of a very
concentrated flow penetrating a pre-existing drain. Unlike
the common image of the ceiling channel, which is an
erratic circulation collector, the example of the Petites Dales
Cave shows a model of concentrated introduction of surface
water in a restitution network. This aspect seems it has
never been studied through a karstological approach, in
spite of the consultation of a wide bibliography, although it
gives plenty of information about the dynamics of
underground waters, and enables a better understanding of
the proccesses of some physical and chemical characters,
such as for instance the turbidity in emergences and
catchment areas.

• Upstream: a long straight line, one of the most important
in the cavity. The roof presents a larger channel which is
however largely disemboweled by a succession of
equilibrium chimneys, that are high (about 6 m), more and
more numerous reaching point 24, giving a beginning
coalescence which strangely enough reminds of the draft
of a reservoir similar to the “Espace des Six” chamber
(Figs. 4D, 7).
The difference is essentially due to the positioning of the
joints. If in the “Espace des Six” chamber, the parallel
positioning of the drain and of the fissures facilitates the
development of a large volume, at point 24, the joints
located upstream are oblique compared to the axis of the
drain. They generate a succession of equilibrium chimneys,
approximately ten along 20 m.
The dynamic responsible for the morphology is the one of
a rising which hastily flow out from the upstream through
the sinkhole and the solution pipe and hammers the wall of
the sudden bend of point 24. It leads to a sudden stopping
of the dripping and thus the quasi-instant loss of its
sedimentary load which settles and partially or totally
blocks the drain downstream. Whereas water accumulates
and generates a pressure to the ceiling which is responsible
for the digging of equilibrium chimneys on the weak points
that the fissures are. Their coalescence draws a chamber
typed tank.
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The study of fissures and caves formed by mass movement is important not only because they are a significant geohazard,
but because such caves can be repositories for palaeogeographic information. In southern Britain, such open joints in solid
strata are known as gulls. In the southern Cotswold Hills, a sequence of interbedded limestones and mudstones has been
deeply dissected by the River Avon and its tributaries. Mass movement and cambering has opened up narrow gulls and
larger gull-caves to a far greater extent than had previously been realized. Gull-cave surveys and the mapping of gulls
inside the extensive abandoned Box Freestone Mine have allowed the spatial distribution of these features to be studied.
We found that the direction of extension is not always in the direction of topographic gradient; locally it can be influenced
by the stratal dip direction. In some areas, abrupt changes in the orientation of valley sides have allowed mass movement
in two directions, creating rectilinear networks of gull-caves. A quantitative assessment of the valley-ward extension of
the strata caused by gulling was made in Box Freestone Mine. Extension may often exceed 5 %, and locally may reach
9 % in discrete zones. Evidence of preferential dissolution along the NW–SE joint set in both gulls and gull-caves suggests
former groundwater flow to the north-west, not to the present River Avon valley. This indicates that the River Avon has
subsequently captured the dip slope streams that once fed the headstreams of the River Thames. The greatly enhanced
flow of the River Avon after this capture caused rapid over-deepening of the valley, which triggered the original cambering
and thus formation of the gull-caves themselves.

1. Introduction

bioclastic limestones and mudstones. The regional dip is
about 2° to the south-east.

The Cotswold Hills, located in the south-western part of the
English Midlands, forms a significant escarpment about
100 km long and generally 20 km wide, reaching a
maximum elevation of just over 300 m near Cheltenham.
They comprise a sequence of interbedded limestones and
mudstones of Middle Jurassic (Bathonian) age, with a steep
scarp slope facing to the west and a shallow dip slope to the
east (Barron et al. 2011). Rivers rising on the dip slope flow
east towards the River Thames and the North Sea, scarp
streams flow west to the River Severn and the Atlantic
Ocean. The exception to this is the (Bristol) River Avon
which rises on the dip slope of the southern part of the
Cotswold Hills, then cuts through the escarpment via the
Claverton Gorge near Bath; it continues west, picking up
scarp stream tributaries, and passes through the cities of
Bath and Bristol before reaching the River Severn.

These Jurassic mudstones and limestones are all prone to
mass movement. The valley sides of the River Avon and its
tributaries have extensively foundered, with significant land
slipping in and around the city of Bath. These mass
movements include both rotational landslips and extensive
cambering. Gulls are common in the more competent oolitic
limestones. The term gull (derived from gully) is an old
quarryman’s term, used to describe open joints in solid
strata (Fitton 1836). They are particularly well developed
in the Chalfield Oolite where the major joints have opened
as the stata has extended valley-ward. When large enough
to be explored by cavers, they are termed gull-caves; the
anthropomorphological element of this definition is
important because it means that they are accessible to direct
study. Gull-caves are different from normal dissolutionally
widened fissures and caves, and can be identified by their
distinct morphology. Gulls are typically narrow, parallelsided, joint orientated rifts, often with symmetrically
opposing wall morphologies (“fit features” of Self 1986),
but where there has been vertical as well as lateral
movement, bedding planes or other discontinuities may also
have parted.

This paper describes part of the southern Cotswold Hills to
the east of Bath which has been deeply dissected by the
River Avon and the By Brook, a major tributary which joins
from the east (Fig. 1). In the valley floor, the rivers have
incised through the Middle Jurassic sequence into Lower
Jurassic strata of the Lias Group, which are mainly
mudstones with subordinate limestones. The lower part of
the valley sides are cut in the Inferior Oolite Formation, a
rubbly oolitic limestone up to 23 m thick.

In the Bath area, the Jurassic oolitic limestones are excellent
building stones, as they can be cut as “freestones” which then
harden on exposure to air. Consequently they have been
extensively mined. Several large abandoned pillar and stall
workings, with several hundred kilometres of surveyed
passages occur in the Bath area. The effects of cambering can
be seen in many of these mines. Gulls are common and there
are also gull-caves large enough to be accessible for direct
study. Moreover, these extensive stone mines enable the
spatial extent of the gulls to be mapped out over wide areas,
and can be used to identify zones of maximum extension.

Above this is the Fuller’s Earth Formation, a series of
calcareous mudstones with occasional beds of flaggy
limestone, approximately 46 m thick. The Fuller’s Earth
mudstones are over-consolidated, highly plastic clays prone
to mass movement. Capping the interfluves is the Chalfield
Oolite; a succession of largely matrix-free oolitic limestones
35–40 m thick. Succeeding these limestones on the dip
slope is the Forest Marble Formation, a sequence of coarse
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Figure 1. Map of the Avon valley around Bath. The topography is based on a NextMap digital terrain model, with a 5 m spacing
greyscale ramp. The inset map is a geological map of the Box area (based on the British Geological Survey digital geological 1:50,000
scale data). Gull caves are marked with a star and numbered: 1. Bury Wood Camp [ST 8162 7397]. 2. Guy’s Rift [ST 8450 7372].
3. The Rock’s Rift [ST 7896 7057]. 4. Henry’s Hole [ST 8360 6944]. 5. Murhill Rift [ST 7956 6073]. 6. Gully Wood Cave No. 5
[ST 7937 6600]. 7. Sally’s Rift [ST 7941 6506]. 8. Gully Wood Cave No. 4 [ST 7946 6500]. 9. Gorton’s Rift. 10. Bathampton Down and
Bath University. Detailed descriptions of the gull caves are in Self and Boycott (2000).

plastic fluid and the competent cap-rock migrates in the
direction of slope, opening the joints to form gulls.

2. The formation of cambers and gull caves
Gulls form on steep hillsides as a result of mass movement,
when well-jointed strata are unsupported on their downhill
side. In sedimentary rocks, extension takes place along
bedding planes with bed-over-bed sliding and the opening
of joints (Hawkins and Privett 1981). Gulls are particularly
common in flat-lying or gently inclined strata affected by
cambering. Cambers are caused by the gravitational
lowering of outcropping or near-surface strata towards an
adjacent valley. They occur where competent and
permeable rocks overlie incompetent and impermeable beds
such as clays. The competent beds develop a local dip
towards the valleys, swathing the hill-tops and draping the
valley sides (Hollingworth et al. 1944). The incompetent
material is extruded from beneath the cap-rock, initially as
a result of stress relief.

The Parks model shows how gulls that are open to the
surface can form in a thin cap-rock. In the Cotswold Hills,
the limestone cap-rock is much more substantial and the
gulls and gull caves generally have intact roofs. They have
formed in the lower part of the limestone strata, with little
or no mass movement having taken place in the upper part.
This requires not only a basal shear plane, but also an upper
parting/ sliding plane within the limestone sequence. A
possible mechanism, involving the sequential unloading of
joint-bounded blocks, was suggested by Self (1986). As
extension occurred, individual blocks were able to settle
slightly and then move laterally over the mudstone. The
blocks move in the same direction but independently of
each other, with neighbouring blocks supporting the
overlying strata in turn, creating a gull network that
propagates away from the valley.

Parks (1991) has suggested that as a camber develops, the
competent cap-rock breaks up into joint-bounded blocks
above a basal shear plane in the underlying material. A
Quaternary cold stage with permafrost conditions is then
required, since the underlying strata (if it is mudstone) is
much more susceptible to creep when frozen. Thawing at
the end of the glacial cycle increases the water content of
the mudstone, potentially saturating it and drastically
reducing its shear strength. This causes it to behave as a

Other features seen in the caves and mines of the southern
Cotswolds appear to contradict the Parks model. Significant
camber angles are limited in extent, only affecting the strata
closest to the hillside margins, whereas gulls continue to
occur deep within the stone mines. A possible contributing
factor is pyrite oxidation in the upper horizons of the
Fuller’s Earth mudstone, with chemical leaching of the
calcite cement greatly reducing its shear strength (Brown
1991) and allowing mass movement at very shallow camber
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angles. Mass movement in the study area seems to have
been triggered by the rapid over-deepening of the valley
system resulting from the capture by the River Avon of dip
slope streams of the palaeo-Thames drainage. High pore
pressures in the mudstone need not have been caused by
permafrost, but could have been a result of groundwater
percolation from above. The stability of the gulls since their
creation (with the growth of speleothem deposits) suggests
that there was only one major episode of mass movement.
A possible explanation is that mass movement ended when
the valleys cut down into the more competent Inferior
Oolite limestone, which gave stability to the hillsides above.
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tall and 2 m wide. The cave is a series of contour-aligned
gulls linked by gulls aligned along a camber spreading axis
which runs NE, directly into the hill side.

3. The gull caves
Typically, cave entrances in the southern Cotswolds are
found in the cliff faces of abandoned small valley-side
quarries (Self and Boycott 2000). Some are single fissures
a few metres long, while others form more extensive
systems. The main jointing directions are NW–SE and
NE–SW, so the more complex gull caves tend to be
rectilinear networks. N–S and E–W joints are also present
in the study area, but they generally have not been opened
by mass movement. The known caves all occur on northor west-facing (up-dip) slopes, probably because such
slopes are less prone to rotational failure. Many more caves
certainly exist, but these either do not intersect the surface
or are buried under colluvium.

Figure 2. The Gully Wood gull-caves, including Sally’s Rift.

This zone of lateral extension is the result of an abrupt
change of direction of the River Avon valley just north of
the cave, resulting in mass movement in two different
directions (Self 2008). The cave has several examples of
“fit features”, whereby a ledge on one wall matches an
overhang at the same level on the opposite wall. In both
Sally’s Rift and Gully Wood Cave No. 4, there are localized
deposits of gravel containing Cretaceous flints with
occasional clasts of Carboniferous rocks; these are identical
to local superficial deposits preserved in rare patches on the
plateau above the cave, identified by Donovan (1995) as an
early Quaternary deposit.

Two main groups of gull-caves occur (Fig. 1). In the By
Brook valley, Guy’s Rift has 42 m of surveyed passages.
Archaeological material in the cave includes the remains of
four human adults, three children and pottery of early Iron
Age. Downstream, Henry’s Hole is a narrow gull which
gives access to a small area of independent mine workings,
close to the vast Box Freestone Mine complex. The mine
intersects other gulls, but one mined passage crosses (with
an intact roof) beneath a substantial gull cave, 4 m tall and
40 cm wide. This is evidence for a high-level disturbance
within the Chalfield Oolite. In the neighbouring valley, the
Rocks Rift is entirely filled with sediment, including calcite
flowstone fragments and limestone boulders; it had been
previously excavated for 36 m to create a garden folly.

4. Gulls in Box Freestone Mine
The Box Freestone Mine complex was worked mostly
during the late 19th century using cranes and a network of
horse drawn tramways. Over 60 km of passages are still
accessible in an area of less than one square kilometre. Gull
fissures are pervasive throughout the system and reach into
the remotest parts, more than 600 m from the escarpment.
The fissures range in width from a few centimetres up to
gull-caves over a metre wide and many tens of metres long.
Locally they can extend up to 10 m above the level of the
mine floor. These larger gulls are sometimes passable, but
many have been used for storage of waste stone. A detailed
survey of the gull fissures was made in two separate parts
of the mine, around Jack’s Entrance and in the Delta
Rectangle area (see Fig. 1), in an attempt to determine their
spatial extent. In the Jack’s Entrance area, the majority of
gulls are aligned on the 150° joint set and are fairly
regularly spaced around 3–8 m apart (Fig. 3). Thirty-five
gulls were recorded along a 200 m transect due east from
the entrance, showing an average extension of the strata of
just over 5 % along the length of the passage (Fig. 4).
However, in the middle part of the transect, there is a zone
with much larger gulls, which give an extension value of
9 % for this part of the survey. These zones of extension
were first reported by Hawkins and Privett (1981) on a

The largest gull caves occur in the Claverton Gorge where
the River Avon cuts through the Cotswolds escarpment
(locations 5–10 on Fig. 1). Gorton’s Rift is a very deep gull
accessed from within a small stone mine. The rift is 24 m
deep from the mine level and must reach almost to the
lithological boundary with the underlying Fuller’s Earth
mudstones. Several caves can be found on the east side of
the gorge. Gully Wood Cave No. 5 is a network of 50 m,
developed on several levels whilst Gully Wood Cave No 4
is a 90 m long contour-aligned gull with impressive passage
dimensions (Figure 2). Murhill Rift comprises a major
passage 80 m long linked to a complex network of rifts and
passages on three levels close to the hillside, giving a total
length of over 300 m.
The largest cave in the region is Sally’s Rift (Fig. 2). It has
three entrances and is 365 m long. The passages are
typically over 10 m tall and between 20 cm and 50 cm wide;
the largest passage lies closest to the hillside and is 15 m
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have a dip component which explains the dominance of NW
aligned gulls.
The Delta Rectangle area lies almost directly beneath the
summit of Box Hill, about 400 m from the nearest
escarpment edge. Numerous gull fissures are present but
they are more widely spaced than those seen in the southern
part of the mine. The gulls are typically 5 to 20 cm wide
and both joint sets have opened, with no clear direction of
extension (Fig. 5). A 200 m east-west transect recorded
seventeen gulls with ca. 1 % extension of the strata along
the length of the passage. Throughout the mine, the NW
joint set is heavily corroded with extensive dissolutional
fretting while the walls of the NE joint set are smooth. This
suggests that preferred orientation of groundwater flow was
in a NW–SE direction.

5. The development of the Claverton Gorge
The Chalfield Oolite is an important aquifer, but it is only
weakly karstic and groundwater travels freely along the
joints. On the south side of the By Brook and the east side
of the Claverton gorge of the River Avon, dissolutional
etching is very pronounced in the NW–SE joint set (Self
1995). This etching of the joint walls is the result of slow
groundwater movement which pre-dates the onset of
cambering (and de-watering of the strata). Drainage could
not have been down-dip to the south-east because the Forest
Marble forms an impermeable cap-rock. The outlet was
therefore up-dip. Up-dip springs contribute to the present
drainage of the By Brook valley.

Figure 3. Gulls in the Jack’s Entrance area of the Box Freestone
Mine.

building site in cambered lower Jurassic strata. Cambering
is obvious along the western edge of the mine, reaching a
maximum of 11° close to a collapsed former entrance.
However, the camber angle decreases sharply a short
distance into the mine and within 200 m the bedding
becomes essentially horizontal.
In the Jack’s Entrance area, the nearby hillside is aligned
approximately north-south. Ordinarily, this valley
orientation might have caused both the NW and NE joint
sets to open. However the regional dip of the strata, around
2° to the southeast, prevents this. Opening of the NE joint
set would require cambering up-dip, whereas for the NW
joint set cambering is in the much easier direction of strike
of the strata. The measured camber directions are not in the
direction of slope, which is to the west, but consistently

The significance of the up-dip palaeodrainage of the NW
joints in Sally’s Rift is that the nearby River Avon flows in
this direction. The Claverton Gorge (and the entire River
Avon valley system upstream) could not have existed at this
time, otherwise the groundwater movement would have
been towards this valley using the conjugate joint set. This
suggests that the proto-River Avon was an aggressive scarp

Figure 4. Transects through Box Freestone Mine: 1. Owen Bishop Road close to Jack’s Entrance and the hillside (Jack’s Entrance to
the west); and 2. Delta Rectangle Passage in the interior of the mine beneath the interfluve. Two zones of extension are apparent on
Owen Bishop Road in the Jack’s Entrance area.
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The Tatra Mts. are characterized by a geological structure typical to fold-and-thrust alpine belt. This paper focuses on four
caves belonging to the largest in the Tatra Mts.: the Ptasia Studnia System, the Mała w Mułowej Cave, the Kozia Cave,
the Śnieżna Studnia Cave. The caves are developed in the Czerwone Wierchy Unit. A deep shaft or a series of shafts and
a large chamber characterize each of these caves. All these large underground features are located within hinge zones of
the main synclines of the Ździary or Organy Units (the sub-units of the Czerwone Wierchy Unit). The Organy Syncline
has chevron geometry, the Ździary Syncline is characterized by a concentric geometry. Large chambers are formed in
hinge zones of chevron folds and in the hinge zones closer to the core of concentric folds. A strong compression in this
zone has resulted in a large number of sub-structures (folds, faults, fractures). This zone is relatively narrow which results
in the occurence of forms of similar horizontal and vertical dimensions. Chambers are characterized by breakdown features.
The extent of chamber is correlated to the strike of strata and faults perpendicular to beds. Deep shafts are developed in
the outer part of the concentric folds. The shafts based on long steep stratification surface loosen and dislocated each other
by flexular slip, which is an effect of the local extension zone.

1. Introduction

2.1. Geological setting

The relationships between the geological structure of the
massif and the development of karst features discussed by
Grodzicki (1970), Hauselmann et al. (1999), Klimchouk
and Ford (2000), Tognini and Bini (2001) and others. The
shape and direction of cave passages, as well as volume and
extent depend on litology, tectonic and geometry of specific
structures. The geometry and extent of specific structures
are particularly important in case of a fold-and-thrust
orogens. Groundwater flows by the most convenient and
the easiest way. Overthrusts and folds can either facilitate
waterflow or prevent it (Goldscheider 2005).

The caves are located in the Czerwone Wierchy Unit
(Fig. 1B) which consists of a sedimentary sequence from
Triassic to Lower Cretaceous. Simplified profile of
Mesozoic succession is (based on Kotański 1963; Lefeld et
al. 1985; Piotrowska et al. 2009):
• Early Triassic “Campilian” limestone and dolomite with
shale interbeds (the Myophoria Beds);
• Middle Triassic limestone and dolomite with bioturbate
beds;
• Middle Jurassic “Doggerian” crinoida limestone
(Smolegowa Formation – Bajocian), red nodular
limestone (Krupianka Formation – Batonian);

Presented examples from the Tatra Mts. Illustrate the
controling role of the structures geometry of the major folds
on the large shafts and chambers.

• Late Jurassic to Lower Cretaceous (Hauterivian) “MalmoNeokomnian” thick-bedded limestone (Raptawicka Turnia
Formation);

2. Study area

• Lower Cretaceous (Barremian, Aptian) “Urgonian” –
organodetritic thick-bedded limestone (Wysoka Turnia
Formation)

The Tatra Mts. are the northernmost part of the Central
Western Carpathians, they are composed of a crystalline
core and are overcast by autochthonous sedimentary cover,
Hight-Tatric Nappe (Czerwone Wierchy Unit, Giewont
Unit) and Sub-Tatric Nappes (Križna and Choč nappes;
Fig. 1A).

• Lower Cretaceous (Albian-Cenomanian) – green marly
shale, (Zabijak Formation)
The Czerwone Wierchy Unit is composed of two sub-units:
more northern – Organy and lower southern – Ździary,
separated by Organy Fault extending latitudinally along the
major unit, from the Kościeliska Valley to Mała Łąka Valley
(Kotański 1963).

Approximately 1,200 caves have been described in the
Tatras so far, of which just over 800 are in Poland
(Gradziński et al. 2009). Karst in Polish Tatra Mts. occurs
mainly in the Czerwone Wierchy Massif. In this paper the
presented data comes from the four caves located in the N
part of the Czerwone Wierchy Massif. These are Ptasia
Studnia System, Mała w Mułowej Cave, Kozia Cave,
Śnieżna Studnia Cave. Large forms of caverns have
developed in those caves.

In spite of numerous studies the character of the Organy and
Ździary units is not clearly defined. Kotański (1963, 1965)
and Bac et al. (1984) presented these units as a syncline.
Grodzicki (1978) based on measurements of the caves
ascertained that the Organy Unit is made up of two
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Figure 1. Location of study area; A – Main tectonic units of the Polish Tatra Mts.(after Kotański 1963); B – Schematic tectonic map of
the study area with caves location (after Piotrowska et al. 2009); 1 – Mała w Mułowej Cave; 2 – Ptasia Studnia Cave; 3 – Lodowa
Litworowa Cave; 4 – Nad Dachem Cave; 5 and 6 – Kozia Cave; 7 – Śnieżna Studnia; I – Fakro Chamber; II – Czesank Shaft; III –
Large Shaft; IV – Dante Chamber; V – Chamber Under Colossal Boulder; VI – chamber with Wielki Kłamca lake; VII – Wazeliniarzy
Shaft.

(Fig. 1B) at 1,850 m a.s.l. The cave consists of two parallel
main conduits with many branches. One of the meanders at
a depth of approximately 245 m goes into aven type,
reaching a depth of -389 m. The second conduit at the upper
part continues as a tectonic corridor. Below a depth of
100 m is a typical vadose passage and reaches a depth of
-263 m. The connective passages of two conduits are a level
at a depth of approximately 100–120 m. Kozia Cave is
3,470 m long (Wiśniewski and Kotarba 2010).

elements, the lower – Upłaz Mietusi Anticline and the upper
– Organy Syncline. Then Grodzicki and Kardaś (1989)
based on geological measurements from the caves
interpreted geological structure as a duplex style. Jurewicz
(2005) confirmed that the Tatra nappes have been formed
in a manner similar to duplexes, but also showed a much
more complicated history and dynamics of the Tatra massif
proving primary southern inclined of the major overthrust
plane.

The Mała w Mułowej Cave is located at NE slope of the
Ciemniak (Fig. 1B). Entrance is situated at 1,757 m a.s.l.
Mała w Mułowej Cave is 555 m deep and 3,863 m long
(Antkiewicz and Lorczyk 2010). The cave has two main
conduits which separate at a depth 60 m. The first conduit
is a vertical type and contain the biggest chamber in Tatra
Mts. of dimensions 85 × 35 × 90 m. The second conduit is
of Aven type too, but only to 300 m deep. At a depth of
-160 m begins the Czesanka Shaft with a depth of 130 m.
Further passages run 800 m westwards in a straight line to
a depth of 555 m.

2.2. Characteristic of caves
The Ptasia Studnia System has 3 entrances: Ptasia Studnia
(1,627 m a.s.l.), Lodowa Litworowa Cave (1,576 m a.s.l.)
and Nad Dachem Cave (1,522 m a.s.l.). All within the N
wall of the Kozi Ridge (Fig. 1B). The cave is a network of
passages of different nature and origin: phreatic pipe
sometimes remodeled by vadose meanders, tectonic
conduit, deep shafts of probably invasive (vadose). On the
1,480 m a.s.l. Dante Chamber is located, one of the largest
cave rooms in the Tatras measuring approximately 12 × 35 m
and 50 m height. The cave has a length of 6,000 m and
352 m of denivelation (Lorczyk 2010).

The Śnieżna Studnia cave is known only by one entrance.
It is located at a height of 1,747 m a.s.l. at the NE slope of
the Małołączniak (Fig. 1B). In the cave there are two basic
types of corridors. Sub horizontal corridors of phreatic or

The Kozia Cave has two entrances located in Kozi Ridge
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similarities, which proves the formation of these fractures
after the folding. Three faults are documented in the cave.
They are in the Canyon (160/70, about 0.5 m dip separation,
normal fault; Fig. 2), in the Dante Chamber (210/50), which
probably extends to the Chamber Under Colossal Boulder,
and in the chamber with Wielki Kłamca lake (120/80).

tectonic origin, with the general course W-E and the extent
of 900 m. Old inactive conduits are developed between
1,350 and 1,200 m a.s.l., the known active conduit (zone of
sump) extends from the 1,100 m to 1,030 m asl. The second
type is vertical. Within parts from the entrance to the level
-500 the deepest shaft is located in Tatra Mts. –
Wazeliniarzy Shaft (200 m deep). The cave has 763 m of
denivelation and length of 12,050 m (Fuja et al. 2010).

4.2. Kozia Cave
Geology of the Kozia Cave has been generally described
by Grodzicki and Kardaś (1989). They recognized the cave
developed in inverted series of the Middle Triassic
limestone and dolomites. They described that beds are
inclined to S and dip increase with depth, and the cave
developed in the vertical joints. The research shows that in
the western conduit, dip of beds to a depth of approximately
140 m oscillates between 40 and 25° to the SSE, and then
grow to a depth of 245 m where achieves 60°. Here, the
cave changes the charater of meander to aven (shafts serie;
Fig. 3), and dip further increase to 75° to the SSE and at the
bottom reaches 85° to NNW. In the eastern conduit the dip
of bedding is between 32 and 45° to the SSE, and at a depth
of about 200 m grows to 60°. At the bottom dip is
65° to the SSE. The cave is dominated by very steep NE
SW striking joints. This set can be identified with the same
set occurring in the Ptasia Studnia System which is younger
than folds. Meridional steeply fractures, very steep
latitudinal fractures and of WNW–ESE-oriented fractures
are of similar participation in the cave. Meridional and
WNW–ESE trending fractures often occur together (Fig. 3).

3. Methods
Fieldwork has covered measurements of bedding planes,
fractures, faults and tectogliphs. Observations of
relationship between measured structures and the course of
the cave have been made. Rock samples for stratigraphic
position of studied units were collected. All data are
presented as structural plans of caves and geological crosssections.
Structural studies were carried out on the basis of the
detailed structural analysis in order to recognize geometric,
kinematic and dynamic features of minor tectonic
deformation structures represented by: joints, mesofaults
(with accompanying minor structures on the fault surfaces
and shears) and veins. The studies were based mainly on
the geometric analysis of various mesoscale tectonic
structures: their morphology, spatial orientations and
superposition. Collected data were summarized in the form
of structural diagrams (great circles and contours) made in
equal-area Lambert-Schmidt projection on the lower
hemisphere using SpheriStat software. Rose diagrams –
presenting strike directions and dip angles of studied
structures – were prepared in TectonicsFP software.

4. Results of geological observations
4.1. Ptasia Studnia System
The Ptasia Studnia System has been investigated by
Grodzicki and Kardaś (1989). They have recognized at the
Organy Fault plane depth of 15 m below Ptasia Studnia
Cave entrance. Below documented hinge of the Organy
Syncline around 1,450 m a.s.l. Detailed revision confirms
the presence of overthrust separates the two units at a depth
of approximately 15 m. In the depth the cave develops
mainly in Middle Traissic limestone and dolomites. The
Nad Dachem Cave developed in limestone of the
Raptawicka Turnia Formation up to 1,450 m a.s.l. where
there is the boundary between the limestone of the
Raptawicka Turnia Formation, Middle Jurassic limestone
and Middle Triassic rocks (Fig. 2). Beds in the inverted limb
of the Organy Syncline oscillate from 55° to 35°, locally to
20°. The dip direction of bedding is S and SSE less
frequently SSW. In the lower limb of the syncline the dip
of bedding are between 55° and 3° to NE direction (Fig. 2).
Axial surface orientation is 109/22. The syncline is a
chevron type fold with gently inclined axial surface.
Dominated joints in the cave are orientated NNE–SSW,
very steeply occurs The NE–SW-trending and steep re
slightly less frequent. There are also sub-latitudinal and
NNW–SSE trending fractures (Fig. 2). Comparison of
fracture diagrams of the upper and lower fold limbs shows

Figure 2. Geological cross-section of the Ptasia Studnia System;
upper contour diagram is projection of stratification in the cave,
lower is showing fracture; line of the cross-section on the Figure 1B.
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An angle of 60° between them and flat fractures plane can
point that this fractures are complementary shears system.
Φ1 direction (about 335°) which bisects 60° angle is the
same as the direction of the main tension of folding. At the
depth of -160 to -190 a series of parallel faults of the two
cave conduits has been found. Faults planes are gently
eastwards inclined (15–25°). In the W conduit observed
drag indicates left-rotation. In the E conduit the fault is
rejuvenated after the cave development becouse the
passages are dislocated by right-rotation. The presence of
this fault is correlated with interpretative geological crosssection through Krzesanica by Bac-Moszaszwili and
Nowicki (2006).

About 300 m under the cave entrance passages are formed
mainly at the contact between the autochthonous High
Tatric sedimentary cover and the Ździary Unit (Fig. 4). The
first Unit consists of calcareous shale of the Zabijak
Formation and limestone of the Wysoka Turnia Formation,
the second one is formed by the Middle Triassic limestone
and dolomites and the Early Triassic limestone with shale
interbeds. The contact is tectonic (overthrust), the surface
is inclined at an angle of 52 to 83° toward the SW. Shales
are oriented at contact consequently or rarely insequently.
Triassic rocks contact the overthrust plan insequently,
inclined 20–55º toward N. The contact is dislocated by
strike-slip faults perpendicular to them.

4.3. Mała w Mułowej Cave

4.4. Śnieżna Studnia Cave

The geological setting of the Mała w Mułowej cave has
been described by Bac-Moszaszwili and Nowicki (2006).
Their conclusions were based on the surface studies.
Preliminary and incomplete studies have been carried out
by Recielski and next interpreted by Grodzicki (2008).

Geological research in the Śnieżna Studnia Cave was not
undertaken before. The geological structure of the cave was
outlined in Bac-Moszaszwili and Nowicki (2006). They
interpreted the surface data. Fieldwork in the cave still
needs to be completed. Measurements were made in the
main conduit to the bottom and in horizontal passages. It is
expected to work further below the horizon -500. Paper
presents preliminary interpretation of the data obtained so
far. However, the main feature of this study is the
Wazeliniarzy Shaft which is included in the research.

The Mała w Mułowej Cave developed in the Middle
Triassic limestone and dolomites banding up to 300 m of
depth. The beds are arranged in concentric brachysyncline
with sub-horizontal axes and axial surface inclined 37º
toward N. The upper limb is oriented middling 170/45, the
lower 5/65 (Fig. 4). This characteristic is not similar to the
interpretations of Bac et al. (1984), Grodzicki and Kardaś
(1989), Bac-Moszaszwili and Nowicki (2006). The closest
is the interpretation of Kotański (1965).

Figure 3. Geological cross-section of the Kozia Cave; upper
contour diagram is projection of stratification in the cave, lower
is showing fracture; line of the cross-section on the Figure 1B;
legend at the Figure 2.

Figure 4. Geological cross-section of the Mała w Mułowej Cave;
upper contour diagram is projection of stratification in the cave,
lower is showing fracture; line of the cross-section on the Figure
1B; rest of the legend at the Figure 2.
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eastern limits. The fault plane is mineralized and
tectogliphs indicate normal dextral movement. This fault
was rejuvenated in the recent past because it dislocated the
passages, dip separation is equal to 22 cm. Apart the main
dislocation, discontinuities in the cave in the upper part
especially can be seen, where stratification is not too steep,
the cave is formed rather along the cracks. Dominant
fractures are NE–SW, NW–SE, WNW–ESE mainly by
steep and very steep planes (Fig. 5).

Bac-Moszaszwili and Nowicki (2006) presented that the
Śnieżna Studnia cave, to 1,350 m a.s.l., developed into a
inverted series of Triassic and Jurassic rocks, doubled by a
fault. The vertical part of the cave, included the
Wazeliniarzy Shaft, developed in the limestone of the
Raptawicka Turnia Formation belonging to Ździary Unit.
The horizontal passages at the depth of -500 are developed
along the Organy Fault and parts under -500 m are
developed in the Triassic rocks of the Organy Unit.
However, this cross-section was set too far to the west.
The fieldwork shows that the layers are inverted. In the
cave entrance the Middle Triassic limestone are inclined at
an angle of 35° toward the SE. At a depth of 60 m there is
the boundary with Bajocian limestones, a few meters
below the contact with the limestone of Raptawicka Turnia
Formation. At a depth of 150 m the fault is observed, most
likely the Organy Fault. Fault plane inclined 40° toward S.
Limestone interbeded by greenish shales was found, which
probably are the Lower Triassic. Just below the cave is
developed in banding Middle Triassic limestone inclined
50° southward (Fig.5). From a depth of 200 m the cave is
developed in the fault zone. Fault plane is initiated at
bedding planes. Dip of fault plane increases from 55° to
75° to the S and SSE up to a depth of 270 m. Dislocation
has been identified in the cave from the western to the

5. Relations between large shafts and
chambers and main folds
Large volume features in the Ptasia Studnia System are
presented at the depth of -100 to -160 especially. From
Dante Chamber to the West to the chamber with Wielki
Kłamca Lake to the East. The whole zone has cracked
character. In the above-mentioned interval hinge zone of
the Organy Syncline is located. Breakdown parts (bottom
of the Dante Chamber, the Chamber Under Colossal
Boulder, the Shaft with the Pirates Bridge). The Wielki
Kłamca Lake covers the entire surface of the hall so it is
hard to assess clearly the nature of the chamber bottom.
However, the irregular shape of the plan of the hall and
observations from the walls show a significant impact of
the tectonics on chamber development. Cave parts between
the Dante Chamber to the Chamber Under Colossal Boulder
are probably partly conditioned by discontinuity 210/50,
which direction correlates with the direction of the cave and
a prominent fault visible at the roof of the Chamber Under
Colossal Boulder.
Below the depth of 254 m in the Kozia Cave the cave
changes the nature from meander to aven, which correlates
with increasing dip of layers. Caves along their whole
length allude strongly to stratification, regardless of the type
of passages (vadose or tectonic). Water penetrating the
Kozia Cave used the conjugation of stratification and
fractures. The bedding plane is influencing on inclination
of passage, joints and shears on their direction. However,
conduit from -245 m to the bottom (-389) is developed on
the steep and vertical stratification, the fractures receded
into the background. In this lower part the stratification
determines not only inclination but also direction of
passages. Fieldwork confirms the geological interpretation
of Bac-Moszaszwili and Nowicki (2006). Thus it can be
concluded that the increasingly steep layers are associated
with the main syncline of the Ździary, and its open interlimb
angle is the result of the cave course in the outer part of the
concentric fold.
In the Mała w Mułowej Cave the large volume parts, as the
Fakro Chamber and the Czesanka Shaft, are located at the
altitude interval of 1,650–1,470 m, where hinge zone of the
Ździary Syncline is located. The Fakro Chamber is
developed in the N part closer to the core of the fold. This
chamber is a breakdown type. Above the hall and on the
walls minor folds are very visible, some of which are
dislocated. The Czesanka Shaft is located in southern outer
part of syncline. The shaft is developed at very steep and
vertical bedding plan. Both forms have a latitudinal extent,
referring to the strike of layers.

Figure 5. Geological cross-section of the Śnieżna Studnia Cave;
upper contour diagram is projection of stratification in the cave,
lower is showing fracture; line of the cross-section on the
Figure 1B; legend at the Figures 2 and 4.
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The deepest shaft in the Tatra Mts. – the Wazeliniarzy shaft,
which is 200 m deep, is located in the Śnieżna Studnia
Cave. Comparably to the Kozia Cave, it is associated with
increasingly steep layers, which in this case were also
moved relative to each other. Similarly as in the Kozia Cave
gentle change of dip is likely due to the location of the cave
in the outer zone of the fold. The direction of surface
displacement of stratification are consistent with flexural
slip (Fig. 6).
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Large chambers are formed in hinge zones of chevron folds
and in the hinge zones closer to the core of concentric folds.
Relatively large concentration of deformations in small
vertical distance induces development of forms of similar
horizontal and vertical dimensions. Chambers are
characterized by brakdown feature. The extent of rooms is
linked to the strike of layers and faults which are
perpendicular to bedding.
Deep shafts are developed at the outer part of the concentric
folds. Shafts are based on long, very steep stratification
surface which are loosen and dislocated each other by
flexular slip.
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Figure 6. Schematic of a minor deformations in major fold (based
on Ramsey and Huber 1987, changed).
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All of these forms are located within the hinge zones.
During folding sub-structures were formed in the manner
that could have a major impact on the relationship
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First results of a study on hypogenic caves in Sicily are presented. Inactive water-table sulphuric acid caves and 3D maze
caves linked to rising of thermal waters rich in H2S were recognized. Cave patterns are guided by structural planes, medium
and small scale morphological features are due mainly to condensation-corrosion processes. Calcite and gypsum represent
the most common cave minerals. Different types of phosphates linked to the presence of large bat guano deposits were
analyzed.

1. Introduction

systems of Sicily, characterized by flows of hot air and
vapor rising from below.

Hypogenic caves are recognised as generated by water
recharging from below independently of seepage from the
overlying or immediately adjacent surface. Waters are often
thermal and/or enriched in dissolved gases, the most
common are CO2 and H2S. Hypogenic caves can be thermal
caves, sulphuric acid caves, and basal injection caves. They
differ from epigenic caves in many ways, such as:
speleogenetic mechanisms, morphological features,
chemical deposits, and lack of alluvial sediments
(Klimchouk 2007; Klimchouk and Ford 2009; Palmer 2011).
Several studies were conducted to evaluate the hypogenic
origin of a large number of caves (Klimchouk and Ford
2009; Stafford et al. 2009; Audra et al. 2010; Plan et al.
2012; Tisato et al. 2012). A significant contribution was
given by the work of Klimchouk (2007) that systematically
provided instruments and models to better understand and
well define the hypogenic karst processes and landforms.

2. Karst in Sicily
Karst in Sicily is widespread and exhibits a great variety of
surface and underground landforms related to the wide
distribution of soluble rocks (Di Maggio et al. 2012). About
20 % (more than 6,000 km2) of the land area consists of
carbonates and evaporites, primarily gypsum (Fig. 1).
Carbonate karst lies mainly in the northwestern and central
sectors of the Apennine chain and the foreland area in
southeastern Sicily; gypsum karst occurs chiefly in the central
and southern areas of the island, though evaporite landscapes
are also present in the northern and western parts of Sicily.
Carbonate and gypsum karst systems develop under
unconfined conditions and in most cases constitute
epigenetic systems fed by meteoric waters. Hypogene caves
are located only in carbonate rocks and are linked to the
presence of deep thermal waters.

Studies on hypogenic caves in Italy were carried out since
the 90s in different karst systems, especially in the central
and southern Appenines. These studies mainly concerned
chemical deposits related to sulphuric ascending water and
micro-biological action (Galdenzi and Menichetti 1995;
Galdenzi 1997; Piccini 2000; Galdenzi and Maruoka 2003;
Forti and Mocchiutti 2004; Galdenzi 2012; Tisato et al.
2012).
This paper aims to describe preliminary the first results of
a study conducted in some hypogenic caves in Sicily,
highlighting their main features such as pattern,
morphology, mineralogy and speleogenesis. These are
Monte Inici karst system and Acqua Fitusa Cave. For this
purpose topographic and geomorphological surveys were
carried out, and about 40 samples of cave minerals were
taken in different parts of the caves. In addition, a brief
description of Monte Kronio karst system is given. It
represents one of the most important hypogenic karst

Figure 1. Gypsum (white) and carbonate karst areas (grey) and
localization of investigated hypogenic karst systems. 1. Monte
Inici; 2. Acqua Fitusa. 3. Monte Kronio.
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The conduits breach the fault scarp in more points at
different heights. The main entrance leads to a large
chamber enlarged both by corrosion and breakdown
processes, connected to an upper subhorizontal passage that
likely formed during a past higher karst base level.

3.1. Acqua Fitusa Cave
Acqua Fitusa Cave opens in the eastern section of the Sicani
Mounts (west-central Sicily), along the north-eastern fault
scarp of a N-S anticline, westward vergent, forming the Mt.
La Montagnola (Fig. 1). The cave formed in the Upper
Cretaceous Rudist breccias member of the Crisanti Fm.,
composed of conglomerates and reworked calcarenites with
rudist fragments and benthic foraminifera (Catalano et
al. 2011).

Acqua Fitusa Cave represents a clear example of inactive
water table sulphuric acid cave (Audra et al. 2009). Despite
the small size, the cave is very interesting for the abundance
and variety of morphologies and deposits formed at and
above the water table where H2S degassing and thermal
convection produced strong condensation-corrosion
processes.

At present it is inactive with a thermal spring occurring
300 m north and 30 m below the cave. The waters have a
temperature of about 25 °C, and are indicated as chlorinesulphate alkaline (Grassa et al. 2006 and references therein).
During the spring-summer-early autumn the cavity hosts a
large colony of bats, including Myotis myotis and
Miniopterus schreibersii species (Mucedda pers. comm.),
that produce significant amounts of guano.

The floor of some passages is breached for several meters
by an inactive thermo-sulphuric discharge slot that can
reach a depth of 7 m (Fig. 3). In some sections of the caves,
notches with flat roof, linked to lateral corrosion of a water
table with concentrated sulphuric acid, carve the walls at
different heights, recording past stages of base-level change.
Several forms of small and large sizes, generated by
condensation-corrosion processes above the water table, can
be observed along the ceiling and walls. Ceiling cupolas
and large wall convection niches occur in the largest rooms
of the cave. Here and in the upper gallery, pendants at
junctions of more cupolas or between braided channels are
widespread. Cave walls of many passages are carved at
different heights by deep wall convection niches that in
places form notches (Fig. 3). Condensation-corrosion
channels similar to ceiling-half tubes carve the roof of some
passages; replacements pockets due to corrosionsubstitution processes are widespread; boxwork created by
differential condensation-corrosion were observed in the
upper parts of the conduits.

The first explorations of Acqua Fitusa were carried out in
the early XXth century by some inhabitants of the
neighboring villages, but the first human frequentations of
the cavity have to go back to the Paleolithic and
Chalcolithic periods, as evidenced by the discovery of
numerous lithic fragments, remains of food and burials
(Bianchini and Gambassini 1973). Lombardo et al. in 2007
gave a description of the cave and some studies concerned
the hydrogeochemistry and isotopic composition of the
nearby spring waters (Grassa et al. 2006 and references
therein).
According to the survey made in 2011, the cave consists in
at least three stories of subhorizontal conduits, displaying
a total length of 700 m, and a vertical range of 25 m
(Fig. 2). The main passages are generally low and narrow
and follow sets of joints oriented in ENE-WSW, E-W and
N-S directions. Very small passages develop from these
galleries making incipient mazes.

Figure 3. Acqua Fitusa. Passage with discharge slot at the floor
and different levels of wall convection niches.

The most abundant cave mineral is gypsum which displays
different shapes and colours. Replacement gypsum crusts
are common in many passages; the gypsum is located in
large vertical fissures along the walls, it can partially cover
wall convection notches, or replacement pockets. A gypsum
body of about 50 cm of thickness was found on the floor of
the biggest room in correspondence of which small ceiling
cupolas and pendants are associated on the roof.
Centimeter-sized euhedral gypsum crystals grew inside
mud sediments. Finally, the walls of a feeding fissure are
covered with a network of gypsum “roots” in which the

Figure 2. Acqua Fitusa Cave: plan view and extended profile
(Survey: Ceresia, Inzerillo, Provenzano, Sausa, Scrima and
Vattano, 2011).
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Several features linked to rising thermal water and air flow
were recognized in many sections of the cave. Many
passages are characterized by large convection wall niches,
mega-scallops, ceiling cupolas, and ceiling spheres. In some
cases adjacent passages are separated by partitions (Fig. 5).

biological control is obvious. Further investigation on these
apparently subaqueous gypsum speleothems is still
ongoing.
Phosphate minerals, such as apatite [Ca5(PO4)3(OH)], were
found in the form of thin crusts near large deposits of bat
guano.

The cave lacks alluvial sediments; on the other hand
chemical deposits are abundant mainly in the middle level
of the cave, where dripping is still active. Here, a large
variety of calcite speleothems, such as stalactites,
stalagmites, flowstones, shelfstones, etc., occur. Calcite is
present also in the shape of powder, thin crusts, and
frostwork. Gypsum was recognized in the middle and
deepest sections of the cave in the form of tabular or
acicular colourless small crystals (Fig. 5).

3.2. Monte Inici Complex
Monte Inici karst system is situated in northwestern Sicily
(Fig. 1), in the eastern sector of the Trapani Mountains, and
opens along the southeastern slope of Mt. Inici, a gently
westward – dipping monoclinal relief affected by NW-SE,
NE-SW and NNW-SSE high angle faults. The karst system
is composed of two caves, Grotta dell‘Eremita (or Grotta
del Cavallo) and Abisso dei Cocci, formed in Jurassic
limestones and dolomitic limestones. Thermal waters
emerge from three hot springs east and at lower altitude
respect to the caves (Fig. 4). These are of chloride-sulphate
alkaline-earth type and have a temperature respectively of
48.3 °C (Gorga 1), 49.6 °C (Gorga 2), and 44.2 °C (Terme
Segestane) (Grassa et al. 2006 and references therein).
The caves preserve clear signs of prehistoric and medieval
human presence, such as several lithic and bone fragments,
food remains, ceramic finds typical of the Middle NeolithicMiddle Chalcolithic (Grotta dell’Eremita), and large
amounts of medieval pottery (XIth–XVth century), identified
mainly within Abisso dei Cocci (Tusa 2004). These caves
were explored and described in the early 90s. On the basis
of morphological features a genesis linked to thermal waters
was supposed (Biancone 1993; Messana 1994).

Figure 5. Abisso dei Cocci. Passages displaying sub-circular crosssection with vadose entrenchment characterised by uncovered
ceiling and walls with cupolas and gypsum in the lower parts.

Different types of phosphate minerals were found in several
parts of the caves. Hydroxylapatite occurs as thin crusts or
powder above the bedrock, and even forms true stalactites.
Crandallite [CaAl3(PO4)2 (OH)5•H2O] is present as soft
white grains at the contact between weathered rock and bat
guano, in association with green small spherical masses of
montgomeryite
[Ca4MgAl4
(PO4)6(OH)4•12H2O].
Phosphates are linked to the presence of large fossil bat
guano deposits occurring in many parts of the cave.

Figure 4. Sketch of Monte Inici karst system and localization of
the thermal zone.

3.2.1. Abisso dei Cocci
Abisso dei Cocci is an inactive 3D maze cave formed in
Lower Jurassic limestones and dolomitic limestones (Inici
Fm.), arranged in decimetric westward dipping beds. The
cave is one of the largest of Sicily, reaching a total length
of over 2,053 m and a vertical range of -300/+61m. It
consists of several stories of large subhorizontal galleries
and chambers connected by deep shafts. In plan view the
galleries are mainly oriented in NW-SE and NE-SW
direction, parallel with the main tectonic discontinuity lines.
Some conduits are gently inclined and follow the dip of
bedding planes, whereas the shafts develop along vertical
fissures or fault planes. Passages display sub-circular crosssections, sometimes with vadose entrenchments (Fig. 5).

3.2.2. Grotta dell’Eremita
Grotta dell’Eremita formed in Middle-Upper Jurassic
reddish-gray limestones with ammonites (Buccheri Fm.),
and in Lower Jurassic limestones and dolomitic limestones
(Inici Fm.) in its deepest parts. The cave is a relict 3D maze
cave, which reaches a total length of 2880 m, and a vertical
range of -306 m. The air temperature, measured in
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entrance area, gradually increasing up to 21.0 °C in deepest
chamber of the cave.
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thermal waters. These waters, emerging along the southern
slope of Mt. Kronio at lower altitude respect to the cave
entrances, are of chloride-sulphate alkaline type and have a
temperature ranging between 32 and 55 °C (Grassa et al.
2006 and references therein; Capaccioni et al. 2011).
Actually they are used for aesthetic and therapeutic
purposes.

Grotta dell‘Eremita shows many morphological and
depositional features similar to Abisso dei Cocci, although
some differences were recognized. The cave is made up of
large subhorizontal passages and big chambers connected
by deep shafts, which are guided by the main tectonic
discontinuity planes. Some galleries are gently inclined
following the dip of bedding planes and display sub-circular
cross-sections. Along the walls of these passages, in
correspondence of the bedding planes, several small
conduits filled by well-cemented fine reddish sediment of
continental nature, are visible. Large convection niches,
mega-scallops, ceiling cupolas, ceiling spheres, and drip
holes are widespread in the chambers and in the largest
passages of the cavity (Fig. 6).

The caves were visited by man since the end of the
Mesolithic for residential use, place of worship, necropolis,
and from the Ist century BC for thermal purposes. The first
attempts to explore the caves date back to the end of the
XVIIth century; since the 40s several exploration campaigns
conducted by the Commission Grotte “E. Boegan” of
Trieste identified and surveyed the cave system nowadays
known. The explorations, carried out with great difficulty,
due to the critical environmental conditions with
temperatures of about 38 °C and humidity of 100 %, have
allowed the discovery of an extended maze cave system
about 200 m deep (Perotti 1994).
The system is composed of more cavities, located at
different altitude, characterized by subhorizontal passages
connected by deep shafts or steep passages, but there is not
always a passable connection between the several branches
of the caves. Some galleries breach the southern scarp of
Mt. Kronio through small openings some of which emit hot
air, other ones aspire cold air from outside (Perotti 1994).
The upper section of the system, known also as Stufe di San
Calogero, consists of a series of chambers separated by
man-made walls, connected to a maze of narrow passages.
Some chambers are characterized by hot vapour flow rising
from a deep shaft which connects these passages with two
large hot galleries, oriented in NW-SE direction, where
abundant archeological finds were discovered. A small cave
(Grotta del Lebbroso), interested by rising of hot vapour
flow, develops eastward at the same altitude, but to date no
passable connection to the rest of the system was
recognized. The deepest part of the cave is represented by
a large and deep shaft (Pozzo Trieste), from which more
levels of narrow passages, both hot and cold, develop
breaching the southern cliff of Mt. Kronio (Fig. 7). A large
breakdown deposit occurs at the bottom of the shaft.

Figure 6. Grotta dell’Eremita. Passage along a bedding plane
where filled protoconduits are visible. Walls and ceiling are
characterised by large convection niches and cupolas.

A breccia consisting of decimetric carbonatic clasts in a
reddish silt matrix characterized by thin laminas and
decantation structures is exposed at walls and ceiling of
some deep passages.
Different chemical deposits were identified: besides calcite,
occurring in the form of white cigar-shaped crystals grown
under old bat guano, reddish laminae, or coralloids, gypsum
was found as tabular or fibrous crystals. Phosphate
minerals, such as hydroxylapatite and taranakite, occur
mainly in form of powders or crusts near or above deposits
of bat guano. Carbonate-apatite was recognised as crusts or
small stalagmites (Messana 1994). As in Abisso dei Cocci
clastic sediments are absent.

Walls and ceiling of the caves are weathered and important
gypsum deposits, in form of powders or crusts, were
observed (Perotti 1994).

3.3. Monte Kronio karst system
Monte Kronio karst system opens in the southern scarp of
Mt. Kronio or Mt. San Calogero, north-east of Sciacca town
(southern Sicily) (Fig. 1). Mt. Kronio consists of an
imbricate fan system linked to ENE-striking, closely spaced
imbricate thrust sheets, involving Triassic to Miocene
platform and pelagic platform carbonate deposits (Monaco
et al. 1996). The karst system is made up of a series of
cavities characterized by rising of hot air and vapour flow
at temperature of about 38 °C, connected to the presence of

Figure 7. Monte Kronio. Forms linked to condensation-corrosion
(on the right); weathered flat roof affected by condensation (on
the left).
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processes of corrosion by condensation from air flow rich
in H2S, favoured on one hand the enlargement of the early
voids with the formation of large megascallops and ceiling
cupolas, on the other hand the deposition of gypsum in the
lower parts of the passages (Fig. 9).

The study of the geological setting, cave pattern, medium
and small scale morphological features, and the analysis of
cave minerals allowed defining a hypogenic genesis for the
investigated karst systems. All the caves developed along
structural planes, such as bedding, fracture or fault planes,
whose enlargement is due to corrosion by H2S-rich thermal
waters, and to condensation-corrosion processes by air flow
in the cave atmosphere.
Acqua Fitusa cave is an inactive water-table sulphuric acid
cave linked to corrosion processes of carbonate rock with
replacement of gypsum by H2S-rich thermal water (Fig. 8).
Occurrence of notches with flat roof indicates lateral
corrosion processes by sulphuric thermal water fed through
discharge slots still open on the floor of some passages.
Ceiling cupolas, large wall convection niches,
condensation-corrosion channels, boxwork testify that
enlargement of voids occurred mainly above the water table
where H2S degassing in the cave atmosphere, oxidation of
sulphides and thermal convection produced strong
condensation-corrosion processes. In addition, large
amounts of gypsum, replacement pockets, in places
containing gypsum, suggest the corrosion of the carbonate
rock occurred with replacement of gypsum according to the
sulphuric acid speleogenesis (Galdenzi and Maruoka 2003;
Audra et al. 2010 and references therein). Like other
sulphuric acid systems (Galdenzi and Menichetti 1995) the
different levels of passages record past stages of the water
table, in relation to changes of the base-level.

Figure 9. Abisso dei Cocci. Enlargement of passages by widening
of pre-existing forms due to condensation-corrosion.

Figure 10. Grotta dell’Eremita. Genesis of passages along a
bedding plane with formation of protoconduits enlarged by
condensation-corrosion.
Figure 8. Acqua Fitusa. Genetic mechanism of cave passages due
to H2S degassing in the cave atmosphere.

The first speleogenetic phases in phreatic conditions of
Grotta dell’Eremita are recorded, beside the pattern, by the
presence of several filled anastomosed protoconduits visible
at the bedding plane, along which the passages develop. The
next phase of evolution of the system may have followed
two possible ways: a) enlargement of voids by
condensation-corrosion processes which destroyed the
network of protoconduits and formed the main passages as
testified by the presence of megascallops, ceiling cupolas,
etc. (Fig. 10); b) corrosion processes by a deep sulphuric
thermal water enlarging the early voids, destroying the
protoconduits and forming the main passages in phreatic

Grotta dell’Eremita and Abisso dei Cocci caves were
identified as inactive 3D maze caves. Pattern and cross
sections of the main passages of Abisso dei Cocci suggest
the early speleogenetic phases to have occurred in phreatic
conditions by rising thermal water which formed a well
developed 3D maze system. An important role in the
evolution and widening of the subterranean voids was
played by air flow when the cave passages switched from
phreatic to vadose conditions, as a consequence of the uplift
phases of this sector of the Sicilian chain. In this case, the
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conditions. Successively, condensation-corrosion processes
by acid sulphuric air flow enlarged the early phreatic voids
with the formation of megascallops, ceiling cupolas etc.,
and deposition of gypsum. The question is open, future
studies will clarify the issue.
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SEDIMENTS AT THE MÜNNICH PASSAGE IN THE BARADLA CAVE
(HUNGARY): MINERALOGICAL AND PETROLOGICAL STUDY
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Berényi Üveges1
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2
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Department of Mineralogy, Eötvös Loránd University, Pázmány Péter stny. 1., H-1117 Budapest, Hungary
4
Department of Petrology and Geochemistry, Eötvös Loránd University, Pázmány Péter stny. 1., H-1117 Budapest,
Hungary
Unconsolidated sediments at Münnich Passage in the Baradla Cave were studied by sedimentological and mineralogical
methods (grain size distribution, sorting by grain size fractions and studying them by, XRD and SEM). In silty sediments
filling the cavern in 755 cm thickness quartz is the dominant mineral. Mica-illite, illite/smectite, kaolinite, limonite
(goethite) are present in all layers. The mineral composition of the clay fraction, the presence of iron minerals and
idiomorphic quartz and tourmaline crystals, as well as the absence of calcite suggests short transport pathway. This means
that the fine sediments found at Münnich Passage may originate from the soils and fine sediments of the surface area
nearby.

1. Introduction

sandy gravel, red clay). Ground-water tracing studies
proved the presence of the second level under the main
branch. There is no passage accessible for man between the
two levels. The cave creek is temporary, flowing water
occurs only during the time of great floods.

Our research group has studied the sediments of Baradla
Cave since 2002. The research was started at Münnich
Passage because this place seemed most promising to find
sediments of several meters thick according to unpublished
former studies (mid 1980’s) of the Hungarian Geological
Institute. Since 2002 seven other sites were sampled by
drilling where sediments in various thickness were found.
Based on these experiences a more detailed study using
more sensitive methods with repeated sampling at this site
can contribute to the understanding of the genesis of the
cave particularly on the cyclic filling and depleting of the
sediments (Berényi et. al. 2006).
Baradla Cave is located on the north-eastern part of
Hungary at the border with the Slovak Republic in the
mountains called “Gömör-Torna Karst” (Fig. 1). The cave
is part of the Aggtelek National Park, belongs to the World
Heritage and is protected by the Ramsar Convention.

Figure 2. Map of Baradla Cave. (Map from National Cave
Register).

The Münnich Passage is located 1,300 m from the entrance
at Aggtelek village. It’s a man-made path named after
Kálmán Münnich who recognised that by digging out a
short section filled by sediments a convenient tourist route
can be formed that exclose a difficultly accessible section
called “Nehéz-út (Hard Road)” (Figs 2, 3, 4). The height of
the roof here is about 1.5–2.5 m now. Adding the thickness
of the sediment (755 cm according to our sampling), the
cavern of about 10 meters high can be assumed. It
corresponds to the characteristic size of the cave at Aggtelek
section.

Figure 1. Location of Baradla Cave.

According to the findings (Bosak et. al. 2004) the age of the
top part of the sediment at Münnich Passage is 114 ka based
on U/Th series dating.

Baradla Cave is the longest known cave in Hungary with
the total length of 27 km. It is developed in Triassic
limestone that is covered by younger sediments (gravel,

150

Karst and Caves in Carbonate Rocks, Salt and Gypsum – oral

2013 ICS Proceedings
vacuum impregnator. The measurements were carried out
on the AMRAY 1830 I/T6 SEM/EDX.

3. Results and discussion
At the entrance of the passage the thickness of the
sediments is 755 cm. Table 1. presents the sediment
characteristics in the borehole. The sediments found in the
borehole and in the wall of the passage are uniform. The
particle size distribution curves are presented in Figure 5.
Table 1. Sediment characteristics in borehole.

Figure 3. Map of Münnich passage and it’s region (Ország et al.
1989), left side: direction to Aggtelek, right side direction to
Jósvafő. Legend: 1: Hard Road, 2: Hill of Mórea, 3: Wax street,
4: Münnich passage, 5: Place of borehole.

Depth

Material

0–195 cm
195–202 cm
202–220 cm
220–245 cm
245–400 cm
400–710 cm
710–755 cm

reddish brown silt
silt with charcoal
light brown silty sand
reddish brown silt
yellowish brown silt
yellowish brown silty sand
yellowish brown silty sand with black grains

Figure 5. Particle size distribution curves measured in the
sequence.

Figure 4. Baradla-Cave Münnich-Passage (from Aggtelek side).
Legend: Place of undisturbed sample.

According to the particle size distribution curves (Fig. 5)
and the SEM study (Fig. 6) the particle size ranges between
10–60 micrometers and the smallest fraction is between 20
and 30 micrometers. Particle size characteristics are very
similar to that of loess. The structure of the sediment is
closely packed and only a few laminar voids can be found.
Particles are angular and fragmented.

2. Materials and Methods
The sediments were sampled by hand operated helical
(D = 55 mm) soil sampler. Material forming a uniform layer
was collected in one sample. If the uniform layer was
thicker than 50 cm samples were taken at 50 cm intervals.
Undisturbed samples were also taken from the wall of the
passage (Fig. 4).
Particle size distribution was determined by sieving
combined with sedimentation method. Mineralogical
composition was studied after wet sieving and heavy
mineral separation (SPT method) by binocular microscopy.
X-ray diffraction studies were carried out by a Phillips PW
1710 equipment with Cu K-alpha radiation 35 mA tube
current and 45 kV acceleration voltage. Semi quantitative
analysis was carried out on the disoriented powdered
sample. Clay minerals were studied after separating the
fraction less than 2 micrometers by sedimentation.
Ethylene-glycol and heat (350 °C and 550 °C) treatments
were also applied.
SEM studies were carried out on the undisturbed dried
samples. The samples were impregnated into two
component clear epoxy adhesive (Araldite 2020) by

Figure 6. Backscattered electron image of the undisturbed sample
taken from the sidewall of the Münnich-passage.
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The shape and sorting of the particles indicate a short
transport distance, they sedimented from a still or slowly
percolating water.

The results of SEM, XRD and microscope studies are in
mutual agreement. The mineralogical composition of the
sediments are: quartz 50–70 %, 5 % feldspars (both
plagoiclase and K-feldspars), and 20–25 % phyllosilicates
(mica-illite, kaolinite, illite/smectite mixed layer mineral,
smectite). Carbonates are not present in the sediments,
except the layer where dropstone fragments were found.
Goethite is present in less than 5 % in the bottom part of the
sequence.

SEM investigation showed that the cracked parts of quartz,
tourmaline monacite grains are next to each other. This
indicates that the cracking took part after the sedimentation.
The origin of a high pressure cracking these particles is
unknown; perhaps frozen water on the surface of the
sediment or in the pores can be responsible for that.

Limonite aggregates were also found. Binocular
microscope study showed that the forms of limonite
aggregates are laminar on the top of the sequence. Fine
grained aggregates or nodules occur at the bottom.
Tourmaline (dravite composition), monacite and xenotime
were also detected by SEM-EDX.

Reddish clayey sediments and soils can be found at the
surface of the Aggtelek-karst having goethite as dominant
iron mineral, and kaolinite with smectite as characteristic
clay minerals (Fekete et al. 2008). Other studies found
hematite and kaolinite in red soils of the same region
(Czirbus et al. 2010).
The absence of carbonates in the sediment indicates that the
sediment transported into the cave did not contain
carbonates originally or they were eluviated (washed out
and totally dissolved) – similar to present day soils – before
the sediment entered the cave.

Figure 7. Part of bedded thin section sample from 0–50 cm depths,
>250 μm grains. Legend: 1: bone fragment, 2:calcite, 3: limonite
aggregates.

Dominant clay minerals are illite and kaolinite, their ratio
is the same throughout the sequence. Smectite is present in
a smaller amount in the form of illite/smectite. The amount
of smectite increases upwards, and reaches its maximum in
the top layer of the sequence (Fig. 8). The interlayer cation
of the smectite is dominantly Ca – and based on SEM-EDX
it is rich in iron substitution in the octahedral sheet. It is
noteworthy that the bottom layers do not contain chlorite,
it occurs only in the uppermost layer in a small amount. In
the bottom part goethite is detectable in the clay fraction
which indicates its pedogenic origin.

Figure 9. SEM image of a cracked tourmaline. (Undisturbed
sample taken from the sidewall of the Münnich-passage).

4. Summary
Based on our mineralogical studies, the fine sediments
found at Münnich Passage can be originated from the soils
and fine sediments of the surface area nearby. Short
transport distance is indicated by the presence of
idiomorphic quartz and tourmaline. To support this
assumption a detailed study of the sediments on the surface
is planned.
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Figure 8. XRD patterns of the clay fractions by depth. Legend: I/S
= illite/smectite, Gt = goethite.
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HIGHLY POROUS CHALK AT THE BELGIAN-DUTCH BORDER
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Abstract. Since 2003, the study of several quarries at the Belgian-Dutch border has made it possible to identify numerous
karsts essentially developed in coarse chalk (calcarenites) of the Maastricht Formation (Upper Cretaceous). This lithology
is highly porous and is often considered unfavorable to karstification. However, caves, solution pipes, sponge networks,
roof channel, pockets (alveoli) several meters in diameter developed inside without connection to fractures. These karsts
belong to flooded karsts (caves and pockets) or to younger cryptokarsts (input karst type – thousands of solution pipes).
When the endokarsts dewater, the high porosity of calcarenites inhibits closed caves from evolving. Tubular solution pipes
are produced by the seepage water under fluvial terrace gravels and can exceed 30 m deep under the surface plateau.
Sometimes, they encounter caves which are consequently filled and fossilized. By this process, they preserve caves from
further collapsing inside a crumbly lithology.
Abstrait. Depuis 2003, l’étude de différentes carrières, à la frontière belgo-néerlandaise, a permis d’identifier un grand
nombre de karsts essentiellement localisées dans des calcarénites de la Formation de Maastricht (Crétacé supérieur). Cette
lithologie très poreuse est souvent considérée peu karstifiable car elle devrait inhiber une concentration des altérations.
Pourtant, grottes, racines du manteau d’altération, réseaux en éponge, chenaux de voûte, alvéoles plurimétriques y sont
développés, hors fracturation. Ces morphologies sont rattachées soit à des endokarsts noyés (grottes, alvéoles) soit à des
cryptokarsts plus récent de type « karsts d’introduction » (plusieurs milliers de racines du manteau d’altération). Au moment
de l’exondation des endokarsts, la porosité élevée des calcarénites stoppe l’évolution des grottes fermées. Des racines du
manteau d’altération, formes tubulaires générées par les eaux d’infiltration sous un cailloutis de terrasse fluviale, peuvent
s’enfoncer de plusieurs dizaines de m sous la surface du plateau. Elles peuvent recouper des grottes qu’elles colmatent et
qu’elles préservent d’effondrement ultérieur dans une lithologie très friable.

1. Introduction
Cretaceous chalks and calcarenites (coarse chalks) at the
Belgo-Dutch border (Fig. 1) develop numerous endokarsts
and cryptokarsts without connection with fractures and in
spite of a high porosity of the rock (Willems et al. 2004,
2005a, b; 2007a, 2007b, 2010; Lagrou et al. 2008; Rodet et
al. 2009b). These cryptokarsts are essentially vertical tubes,
solution pipes, which can reach more than 30 m deep under
the plateau surface. In the area, they take place only under
fluvial terrace gravels. The endokarsts are centimeters to
several meters in size closed pockets which can be
organized in subhorizontal blind tunnel-like caves which
can be more than 60 m long. These caves had functioned as
drains in the top of an aquifer.

Figure 1. Localization of the studied area.

Pure white chalk and impervious marls of Campanian age
separate the exposed Maastrichtian carbonates from the
underlying deeply weathered and kaolinized Carboniferous
limestones (Felder and Bosch 1998). Above the Cretaceous
layers, Oligocene marine sands were deposited. In some
places these sands are preserved in dolines developed in the
Cretaceous formations. During Pliocene time, the river
Meuse drainage system came into existence and
progressively incised down to its present level, as testified
by peneplain surfaces and gravel terraces. The high terrace
of the river is a Middle Pleistocene gravel formation. This
coarse and loamy river deposits armour the underlying
Cretaceous chalk and lead to a local relief inversion
(Juvigné 1976). During the Weichselian glaciation, about

2. Physical environment
The studied karsts are intersected by underground or surface
quarries opened in the Gulpen and Maastricht Formations
(Cretaceous), exposed with a thickness of 100 m. The
upper-lying Maastricht Formation consists in macroporous
calcarenites rich in flint nodules and subdivided by
hardgrounds. Porosity between 37 % and 44 % (Willems et
al. 2010) is determined near cavities. These values are much
reduced at hardgrounds or fossiliferous beds, which have
no influence on the studied karst morphologies.
The underlying Gulpen Formation consists of very fine
calcarenites grading downwards to chalk rich in flint beds.
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ten meters of loess was deposited, burying the pre-existing
landscape (Haesaerts, 1984).
High rates of underground water flow (2.2 to 13 km/day)
have been reported (Dassargues and Montjoie 1993). They
are similar to highly karstified aquifer (Harold 1937;
Atkinson and Smith 1974; Rodet 1992; Maurice et al.
2006). They could be due to horizontal narrow pipes
observed in drainage galleries (Van Den Broeck et al. 1910;
Ministère de la Région wallonne and Université de Liège
2006), but also to the caves and sponge networks found in
the Maastricht Formation. Deep weathered nodes are also
generated in chalks of the Gulpen Formation, tens of meters
under the Meuse alluvial plain (Willems et al. 2007a, b;
2010). They could also favour high rates of flows.

3. Cryptokarsts
The cryptokarsts are essentially tubular solution pipes
(raciness du manteaux d’altération) (Fig. 2) developed
under terrace gravels of the river Meuse. They have quite
regular sections and their diameters vary between a few
centimeters to over two meters. They may exceed 30 m
deep under the plateau surface. The solution pipes contain
Oligocene sands and/or sandy clays, and also rounded
pebbles coming from the upper Meuse river terrace. The
descent of superficial deposits into the Cretaceous strata
supports evidence of deepening of the solution pipes. Their
widening results from the coalescence of smaller ones.
Juvigné (1992) connected their genesis to lithological
variation in terrace deposits. The coarse parts of the terraces
produce local concentrations of seepage water and initiate
these solution pipes (Rodet et al. 2009a). A local flint
accumulation could trigger the same water concentration
process. On the contrary, when sand deposits partially cover
the Cretaceous formations, no evidence of solution pipes
are found. The reason for this could be the dispersion of
seepage water in this kind of lithology. Several observations
show that these cryptokarsts stopped enlarging at around
75–80 ka BP, i.e. the Upper Weichselian (Juvigné 1992;
Juvigné et al. 2008; Willems et al. 2010). Juvigné (1992)
suggests a permafrost, which inhibited the seepage water.
Another hypothesis is a fast loess deposit on the terrace
gravel playing the same role as a sand cover (Willems et al.
2010). The rapidity of loess deposits is supported by a noneroded tephra inside the loess. Some solution pipes
encountered lower horizontal caves, their filling are
withdrawn, and small swallow holes are generated (Willems
et al. 2010).

Figure 2. Solution pipes opened in the underground quarry
(Caster, Belgium).

by the coalescence of many centimetric to decametric
pockets. There is an obvious continuum between sponge
networks, single-room caves, and corridor caves (Fig 3).
Endokarsts have the following characteristics:
1. The caves are formed outside the fractures. If fractures
are present, they are poorly karstified and they dissect the
caves.
2. Numerous small horizontal pipes are connected to the
main cave without a preferential orientation.
3. The cave floor is made of mixed collapsed blocks and
weathered calcarenite powder. There is a transition
between this powder and the fresh bedrock without a
clear limit. Traces of oxide migrations inside the
weathered part of the floor attest to slow water flows. In
some cases, the cave floor consists in pockets.
4. Some corridor caves are completely clogged up by
superficial deposits (Tertiary sands, loess) (Fig. 3c) and
show sedimentary fill typical of low energy flow. These
observations show that some caves had functioned as
drain in the top of an aquifer.

4. Endokarsts

5. Trace of an ice-wedge is observed in the floor deposit of
a cave (Willems et al. 2010). It demonstrates the top of
an old permafrost tens meters under the plateau surface.
Figures of hydromorphy under this structure (traces of
iron hydroxide remobilization) could result from a
perched aquifer due to the impermeable permafrost. It
could explain the temporary concentrated flows from the
seepage water and promotes drains and a slow moving
of the brecciated materials of the floor.

Most endokarsts consist of meters to several meters sized
blind cavities with similar altitudes. They are located
between 20 and 30 m below the plateau surface and
between 10 and 20 m below the contact Oligocene/
Cretaceous (Willems et al. 2007, 2010). Two types of
cavities can be identified: the first one consists in a corridor
with an ellipsoidal section, developed in a parallel to the
subhorizontal stratification. The second one is made of a
single room with rounded walls, which are in turn generated
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5. Discussion – Conclusion

6. Some caves are encounter by solution pipes. The
superficial materials (loess, terrace pebbles, etc.) which
constitue the central part of the solution pipe partially
dump in the caves. The deposit shows evidence of a
process in an unsaturated zone. It shows that the cave was
dewatered before it was encountured by solution pipes.

At least three stages are identified in evolution of the karsts:
Firstly, the developments of caves, deep under the surface
of the plateau, in phreatic zone, as evidenced by sponge
networks, micro and macro pockets.
Secondly, a dewatering of the caves and a widespread
terminated of dissolution process.
Thirdly, the development of fractures which dissect the
caves or solution pipes which encounter them. In this stage,
the caves can be completely filled and fossilized (Fig. 4).
Various caves listed are sometimes several kilometers away
from each other and have similar altitudes. Their genesis
can be related to a paleo aquifer. The caves could also result
in the evolution of deep weathering nodes (Fig. 5) such as
those found twenty meters below the Meuse alluvial plain
(Willems et al. 2007). These nodes are similar to “ghostrocks” found within the Tournaisian limestone (Quinif et al.
1994; Vergari 1998). The ghost-rock is “in situ” limestone
weathering with residual weathered-rock (“ghost-rock”)
that keeps its initial volume.

Figure 4. Complex karst network in the quarry of RomontBelgium. Horizontal corridor cave (G) – single room caves(A)
encountered by solution pipes (R) which intersect previous forms.

The caves could be related to slow water circulations within
the Cretaceous Formations and under the regional thalwegs
(Willems et al. 2007 a, b) The dismantling of this paleo
aquifer can be due to the downcutting of the Meuse River
and its tributaries.
Studies of karst in high porosity carbonate rocks are still
few (Rodet 1992). However, the example of the Cretaceous
chalk karstification at the Belgian-Dutch border shows that
they can be very numerous. Their genesis results of a much
more complex history than a simple fracture karstification.
Their impact on water resources needs to be evaluated.
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THE TUPPER GLACIER SINK – RASPBERRY RISING CAVE SYSTEM,
GLACIER NATIONAL PARK, CANADA: A REMARKABLE EXAMPLE IN
STRIPE KARST
Charles Yonge, Nicholaus Vieira, Adam Walker
Alberta Karst Consulting, 1009 Larch Place, Canmore, Alberta, Canada, chas-karst@telus.net

The large spring in Rogers Pass named by cavers as Raspberry Rising, and by Parks Canada as Cascade Cave, has been
known of for over a hundred years. In the late 1960’s, Derek Ford and others from the Karst Research Group at McMaster
University inserted dye at the Tupper Sink, which takes the large outflow from the Tupper Glacier, recording an
unprecedented underground flow time to Raspberry Rising (almost 500 m lower and 2 km away) of 53 minutes. Such a
rapid flow-through indicates a very direct route through an open cave system, which is contained within a sub-vertical,
narrow sheet of marble – a classic Type 1 stripe-karst hydrology. The Tupper-Raspberry cave system is compared to 3
other significant stripe karst caves in the vicinity and to Raggejavri-Raigi Cave in Norway.
A short (10 m) sump encountered 70 m into Raspberry Rising had been repeatedly dived from 1971 onward. Progress had
been halted at a large waterfall, with only one attempt being made to climb it by mapole in 1981. Now while the system’s
proximity to the TransCanada Highway makes it accessible, high water levels in the summer necessitate winter travel into
one of the Pass’s largest, most highly restricted avalanche zones (the Connaught Slide Path). Despite this however, the
winters of 2011 and 2012 saw success in climbing the waterfall and the mapping of around 2.4 km of large, well-decorated
passageways, with almost half of the distance to the Tupper Glacier Sink reached. Work is in progress.

1. Introduction

has been known of for over a hundred years. In the summer
of 1966, Derek Ford and others from the Karst Research
Group at McMaster University dye-traced the water at
Tupper Sink, the source of which is the large Tupper

The large spring in Rogers Pass named by cavers as
Raspberry Rising, and by Parks Canada as Cascade Cave,

Figure 1. Location of the Tupper–Raspberry Cave System.
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Glacier, and getting a positive and rapid response at
Raspberry Rising, 483 m lower and 1.94 km away, in 53
minutes (Ford 1967). An open, vadose cave system seemed
likely, especially as both sink and spring appeared to be
contained within a narrow, sub-vertical band of marble. Its
proximity to the highway makes it very accessible
(Figure 1) although winter travel into one of the Pass’s
largest avalanche zones (the Connaught Slide Path) is
highly restricted.

Figure 2. Copious speleothems in the T-R System. The curtain at
right is ~2 m long.

the very extensive speleothems (Figures 2 and 7) and made
preliminary observations of the surprisingly sparse
biological/organic material.

2. Geology and Geomorphological Setting
The Tupper-Raspberry cave system (T-R) is confined to a
20 m to 60 m-wide marble band sandwiched between
calcareous slates and garnet schists (the Precambrian
Horsethief Creek Group of the Shuswap Metamorphic
Complex (SMC): Poulton and Simony 1980). It varies in
dip from near vertical to 45° (Figure 3), giving a practically
straight-line path between sink and rising. Furthermore the
band extends eastwards to another sink from a small lake
known as Dyegone, 371 m above Raspberry Rising
(Figure 1). Dye placed in this sink by the McMaster Group
travelled to the rising in approximately 8 hours.
Figure 3. Steeply dipping beds at the Nick Point. Note thinner
bands of schist within the marble.

Once inside Raspberry Rising, the first serious obstacle
preventing exploration comes 70 m from the entrance where
there is a 10 m sump. This sump was first passed in 1971 by
Mike Boon, but he was soon stopped by a high waterfall.
While other dives followed the only progress made was by
Mike Boon, Pete Lord and Randy Spahl in 1981 (see Yonge
2012 for the history of these dives). Boon ascended the lower
part of the waterfall using a maypole, but was ultimately
overwhelmed by the volume of falling water and Pete Lord
had been able to climb ledges to the right of the waterfall,
apparently finding 65 m of passage to a dig (this likely leads
to the passage system above the waterfall found later).

Figure 4. Location of stripe karst caves in the area.

The nearest caves of any significance, also in marble stripe
karst, are White Rabbit, Cody and Nakimu Caves (Figure 4
and Table 1). The closest, 11.5 km west of the T-R system,
are Nakimu Caves (Rollins 2004) in the highly fractured,
veined crystalline Badshot Limestone of Lower Cambrian
age (Poulson and Simony 1980). Actually, it comprises a
system of three caves with a common meltwater stream
separated by collapsed sections, which yielded a total
surveyed length of 5.49 km and and depth of 286 m. It is of
the Type 3 perched stripe karst type. The next nearest cave
of any significance, albeit at an early stage of exploration
(< 400 m mapped) is White Rabbit which is 100 km west

Thus Vieira, with us in support as far as the sump – made it
to the top of the waterfall via modern bolting methods on
February 2nd, 2012; it is 25 m high and named the Nick
Point. What he discovered beyond (The Dream Collector)
was astounding; he saw that the passage ran ahead as a field
of massive tumbled boulders with the stream running under
them, 15 m wide and 20 m high.
Later that winter and spring plus this winter, we conducted
several diving and mapping trips into the system,
penetrating 800 m into the mountain with some 2.4 km of
survey completed. We also undertook basic photography of
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hanging wall. Furthermore, the confining walls of schists
and slates containing sulphides and ferrous oxides, which
tend to impregnate the enclosed marbles, allows sulphuric
acid dissolution to take place (rust staining on the marble

of the T-R system. It is in a late Precambrian to early
Cambrian marble of the Mount Grace Formation (Hoy and
Pell 1985) with a possible length of > 2 km and depth of
~ 400 m. Dips are low at an average of 23°, qualifying it as
a Type 3 stripe karst i.e. the marble band is narrow at ~50 m
and the cave appears perched on the lower impermeable
unit. Cody Cave 180 km to the south is ~1.5 km long and
~60 m deep. It is in the Milford Group of Triassic age (Fyles
1967) and has some relationship to Nakimu lying in the
same north-south metamorphic belt. It is an example of the
Type 2 stripe karst being confined to development at the
upper contact (Lauritzen 2001 and Table 1). The four caves
(including the TR system – Figure 4) are indicative of the
rareness of speleogenic carbonate rocks in the area and the
diversity of relationship (age of rock and setting) between
them. All lie within the extensive Shushwap Metamorphic
Complex of the Middle to Late Jurassic.

3. Results and Discussion

Figure 5. Person standing on breakdown in the main passage.
Note bedding and jointing sets.

3.1. The Tupper-Raspberry Stripe Karst
The Tupper-Raspberry System is a fine example of a
Type 1, sub-vertical marble stripe karst (the Scandanavian
Caledonides or “Norwegian Karst Type” exemplifies the 3
types or classes of stripe karst defined in the Norwegian
setting – Lauritzen 2001 and 2004). The Tupper-Raspberry
System meets the Type 1 criteria, consisting of a narrow
outcrop of steeply dipping karst rock, where the allogenic
contact perimeter (P) is very large relative to the area (A)
of karst i.e. the outcrop is very narrow compared to its
length. Lauritzen (2001) defines a quantity r based on the
P/A where γ is the ratio of the length of the “stripe” λ to its
width w (i.e. γ = λ/w) which replaces λ and w in the
expression. We have used a modified expression to give a
dimensionless integrity to the relationship by defining a
ratio of r’ = P/A1/2 (Figure 6), yielding:
r’ = P/A1/2 = 2(γ1/2 + γ-1/2)

at the contact suggests this). However, because of
metamorphism, primary voids tend to be absent, but the
brittleness of the marble leads to prevalent fractures and
joints for which extensive speleogenesis is required
(Lauritzen 2001 and Figure 5).
The Tupper–Raspberry system does show extensive
fracturing with enormous, truck-sized breakdown blocks.
The rotation of the marble band from near vertical at the
rising to 45° at the midpoint back to around 80° at Tupper
Sink suggest tectonic flexing of the unit leading to
additional fracturing beyond that due to initial uplift and
regional folding (Figures 5 and 7). This system can be
compared to the celebrated Type 1 stripe karst cave at
Hellemofjord, Norway known as Raggejavri-Raigi (RJR –
Lauritzen et al. 1991 and Table 1). RJR descends a subvertical vertical marble from a plateau to the base of the
fjordal wall rising just below sea level (a dry, relict entrance
allows for a through trip). Whereas the marble band in this
case is oriented at a right-angle to the fjord wall, the T-R
system is angled (Figure 1). However while similar in depth
(RJR = 580 m), the distance from sink to rising is much less

(1)

The right-hand side of the expression is the same as that
used by Lauritzen (2001) and is a sigmoidal function with
its differential having a maximum at γ = 3.
dr’/dγ = P/A1/2 = γ-1/2 + γ-3/2
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(2)

The modified r does not change the essential discussion
given by Lauritzen (2001), and it can easily be shown that
the minimum for P/A is a square (i.e. γ = 1). The
dimensionless r’ = P/A1/2 also yields a minimum at γ = 1.
The differential is a measure of the sensitivity of the
perimeter to area of stripe karst in which values of 3 > γ > 30
which Lauritzen refers to as the region of development to a
full stripe karst geometry.
Thus based on the distance between Raspberry Rising and
the known sink-points of 1.94 and 2.63 km, and an in-cave
horizontal expression of the marble from 20–30 m (average
25 m), γ = 78 to 105 is indicative of a fully developed karst
geometry γ > 30. (Note that White Rabbit, Cody and
Nakimu Caves have γ = 44, 19 and 3 respectively, which
defines all as stripe karst, although the latter represents an
end member.)

Figure 6 (modified from Lauritzen, 2001). Eqn. (1) and its first
derivative plotted, showing a maximum sensitivity of γ = 3. The
sensitivity of P/√A with increasing γ dies out above γ = 30, i.e.
stripe geometry is fully developed. Most stripe karsts display γ in
the interval 10 < γ < 200.

Narrow, steeply-dipping stripe karst gives rise to solution
on both contact faces with greater karstification at the
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yields an average flow speed of 61 cm/s. Worthington et al
(2000) have compiled linear karst groundwater velocities,
based on a global data set of 3,015 trace experiments
(compensated for a sinuosity of 1.2) and finds that only
0.5 % of karstic flows have speeds greater than this. The
high T-R hydraulic gradient (483 m / 1,940 m = 0.25)
combined with open passages in a linear, narrow, subvertical carbonate band leads to this rapid flow. Dygone
Sink is at a lower altitude and is further away, giving a
hydraulic gradient of 0.14 (371 m / 2,630 m). With an 8-hour
summer breakthrough, this yields a flowspeed of 9 cm/s;
we suspect that additional sedimentary blocking and
possible siphons are responsible for the slower flow.
Despite this, Dygone falls within the top 10 % of the fastest
karst flow-through times.
The combined flow of Tupper, Dygone and the many other
inlets (both seen and unseen) yields summer flows of 0.71
cumecs. Based on increasing flows at Raspberry during a
typical summer’s day; Ford (1967) estimated that 75 % of
the water comes from the Tupper Glacier. In winter, we
have calculted average flows of around 0.05 cumecs or
7 % of summer flow, but the relative contributions from the
various sinks is unknown (we have already encountered
many inlets so far).
While the T-R system has obstructions at both ends – a
blocked sink at the top and sump at the bottom – it (so far)
appears open in between. Although we have reached a
second 1m sump (duck) which leads to a series of cascades,
including one pitch, and a third longer siphon, these are
unlikely to hold up the flow. The average gradient (thalweg)
of the cave thus far is ~11.5° (figure 8) which suggests a
significant increase ahead (> 300 m) to arrive at the Tupper
Sink (an overall gradient of 14°). Dygone has a gradient of
8°, suggesting that it may actually be an earlier sink point.
Alternatively, the current stream profile extrapolates to an
area of depressions and one abandoned cave (Cavegone)
between Tupper Sink and Dygone, which may be the
original sink point (Figure 1; see discussion below). Higher

Figure 7. Strike view of the Tupper-Raspberry System at 70°. Note
that the beds at the north end of the system at 45° splay the
passage network.

for RJR at 0.79 km compared to 1.94 km for T-R. This gives
RJR a high hydraulic gradient 0.73 compared to 0.25 for
T-R, and results in some large pitches and likely rapid
flowthrough times, although this has not yet been
determined (Lauritzen, percomm.). Unlike RJR, where
large chambers have consumed almost all of the
surrounding rock (a width of between 20–30 m) the T-R
system appears to wander between the confining walls. This
occurs because thin discontinuous schist horizons in the

Figure 8. Elevation view on 227° of the Tupper-Raspberry System.

gradient relict passages such as the Dream Collector and
Freedom 65 suggest major inlets, and these may be
provided by the sizeable valley system cutting the middle
of the Cannaught Slide (informally named Grizzly Paradise
– figure 1). These latter, storeyed passages are expected in
Type 1 stripe karst (Lauritzen 2001 and 2004), indicating a
deep karstification of the marble unit. Passage below the
Nick Point and out to the current entrance appears to be
junvenile, so further exploration may yield a relict rising as
a downward continuation of the main passage.

marble limestone temporarily confine the passage width.
Indeed the initial sump penetrates through a narrow slot in
a thin schist unit dividing one massive marble unit from
another.
3.2. Hydrology and Speleogenesis
The rapid flow-through time for the Tupper-Raspberry link
can be compared to some of the fastest vadose karstic flows
anywhere. The summer T-R breakthrough of < 53 minutes
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While Tupper is a massive sink compared to Dygone, the
latter may actually be older or at least contemporaneous.
Using a 1956, 1:50,000 topographic map and current
Google Earth imagery, it can be seen that the Tupper Glacier
has retreated 1.2 km (21 m/year). The glacier currently lies
1.85 km from Tupper Sink at an altitude of 2,100 m; in 1956
it was 0.65 km distant at 1920 m. This suggests that in postWisconsin times an extensive glacier lay above both sinks.

2013 ICS Proceedings
We note that in the Western Cordilleras of Canada, karst
and caves are more developed in south-facing valleys and
cirques, where solar melting is considerably more
extensive. In the case of Tupper, the west side of the valley
cirque is shaded by the high Mount Tupper ridge, whereas
the east side receives long daylight sun. We would then be
expect to see an earlier karst develop on that side with
Dygone (or at the aforementioned area of depressions)

Table 1. Data on stripe karst caves discussed in text.

* After Lauritzen et al (1991).

Cave/System

Estimated
length (m)

Estimated
depth (m)

Marble
width (m)

Marble
dip (°)

Sink elev.
(m)

Resurge
elev. (m)

Sink to
resurg. (m)

Hydraulic Stripe
gradient Karst

White Rabbit
Cody Cave
Nakimu Caves
Tupper-Rasp.
Dygone-Rasp.
RJR Norway*

2,500+
3,000+
5,500
6,700
9,000
2,000+

398
60
285
483
371
580

50
110
300
20–30
20–30
20–30

20–27
55
40–50
45–80
45–80
65

1,443
1,440
1,708
1,748
1,636
580

1,045
1,380
1,423
1,265
1,265
0

2,220
2,040
910
1,940
2,630
790

0.18
0.03
0.31
0.25
0.14
0.73

receiving meltwater at the contact for a longer time.
Eventually the glacier would have retreated back over the
cirque sill, depriving Dygone (and other area) of the main
supply. Currently all of the glacial meltwater cascades over
the low west side of the sill to sink entirely at Tupper
(except in very high water when the residual flows down
the overflow channel on the surface – Figure 1). In respect
of the marble band cutting across the front of the glacier, it
is possible that the Tupper Sink had an anchoring effect on
the glacier, causing it to pivot on the east side down the
steep slope above Dygone thus enhancing the ice flow on
that side and under a regime of greater melting. Anchoring
of glaciers on karst by depriving them of basal, lubricating
regelation water has been observed in Norway (Lauritzen
1996).

Type 3
Type 2
Type 3
Type 1
Type 1
Type 1

its storeyed or tiered network is typical of a mature, Type 1
sub-vertical stripe karst. While we are uncertain of the
relative age relationships of the two main sinks (Tupper and
Dygone), it may be that the smaller Dygone and adjacent
area of depressions represent an earlier phase of
karstification. Work establishing a primarily baseline survey
(Figure 9), but complemented with some spelothem dating,
will be continued over the next few years.
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In January 2011, we were visiting Ras Al-Khaimah Mountains in the Northern Emirate of United Arab Emirates with the
purpose to find some new caves. There are several big caves known in Oman, but none really big in the UAE. Several
areas in Ras Al-Khaimah emirate on the Musandam Peninsula were surveyed, particulary in the northern part of Oman
Mountain range near the border with Oman. We found several small caves on the northern slopes of Mount Al Jeer, at the
entrance to Wadi Haqil and at different locations in Wadi Al-Bih and Wadi Taweeyan and also in its tributary Wadi Maai.
Unfortunately we didn’t find any big caves, almost all were short horizontal caves on the wadi slopes and the longest one
was not even formed by solution, but was an opening along the relaxation fissure.

1. Introduction

study areas were located close to the United Arab Emirates
(UAE) – Oman state border, where the Musandam
Mountains are over 2,000 m high. The locations of our
explorations are shown on map (Fig. 1).

There were many studies done on caves and karst in
different areas of the Arabian Peninsula. The most extensive
research has been done in Saudi Arabia (Edgell 1990; Forti
et al. 2005; Kempe and Dirks 2008) and Oman where the
biggest caves of the region are known. In Oman for instance
were done several studies on speleothems; especially on
dating and climatic changes (Fleitmann and Matter 2009;
Burns et al. 1998, 2001; Sadiq and Nasir 2002).

2. Geology
Oman and the UAE are located on the NE margin of the
Arabian plate (Ricateau and Riche 1980; Kusky et al. 2005).
This plate is bounded to the south and SW by the active
spreading axes of the Gulf of Aden and Red Sea. On the
east and west its border is marked by transcurrent fault
zones. On the north the plate is marked by a complex
continent–continent to continent–ocean collision boundary
along the Zagros and Makran fold and thrust belts. During
the Cretaceous spreading of the Tethyan Sea, Gondwana
Land continued its dispersal, and the Arabian-African plate
drifted northward about 10°. These events combined with
the opposite rotation of Eurasia and Africa initiated the
closing of the Tethyan during the Late Cretaceous. At the
early stages of closure, downwarping of the Arabian
continental margin combined with the compressional forces
of closure from the Eurasian plate initiated obduction of the
Tethyan oceanic crust along preexisting transform faults,
and still hot oceanic crust was detached along oblique
northeast dipping thrust faults.

But karst and caves in the United Arab Emirates are not
very much explored. There have been only few research
expeditions and the existing studies have been mainly
undertaken by the Emirates Natural History Group in Jebel
Hafit (Jeannin 1992; Waltham and Jeannin 1998; Fogg et
al. 2002; Aspinall and Hellyer 2004).

The Musandam Mountains are built up of several major
structural units ranging in age from Precambrian to
Miocene. These include a pre-Permian Basement, the Hajar
Unit, the Hawasina Nappes, the Samail Ophiolite and
metamorphic sole, and the postnappe structural units. The
main structure of the Musandam Mountains is a complex
interaction of Late Cretaceous thrust sheets folded over the
Musandam mid-Tertiary culmination, with two foreland
basins developed in front of the rising mountains (Searle
1988). The Musandam Carbonates were deposited in
shallow water on the Arabian continental margin. The
Samail Ophiolite represents a portion of the Tethyan ocean
crust formed at a spreading center of Middle Cretaceous
age (Cenomanian). During the late Cretaceous the
Musandam Carbonates and Semail Ophiolites were

Figure 1. Locations of our studied areas in Ras Al-Khaimah
Emirate in UAE (source Google Earth).

Here are presented preliminary research results of field
observations in January 2011 when our group explored and
mapped few new caves and other karst features on the
western slops of Musandam Mountains, which are northern
part of Oman Mountains, in Ras Al-Khaimah Emirate. Our
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During our field work the karst springs named Khatt and
MeBreda, which differ significantly in their
hydrogeological characteristics, were studied in more detail.
For the comparison only, the basic physical and
bacteriological parameters of samples taken at the pumping
station in an intergranular aquifer and in a small collector
of surface water in a rocky slope of the wadi Haqil were
defined additionally.

The emergence and uplift of the Musandam Peninsula in
the Miocene caused the initiation of the drainage network
in the northern UAE. However, the UAE–Oman mountain
range has only been a barrier for the last fifteen to twenty
million years, which has also influenced the climatic
conditions there.

The Khatt spring with two main outflows Khatt north and
Khatt south is located 15 km south of the town Ras AlKhaimah at the extreme east of the gravel plains at the foot
hills of the Northern Oman Mountains. The gravel aquifer
in the plain is overlying very poorly permeable rocks of
Cretaceous age (marls and shales with varying admixtures
of coarse detrital debris of chert, basic igneous rocks, and
limestone). The karst recharge area of the spring is
composed of dolomitic limestone and limestone of Jurassic
and Cretaceous age. In the period from 1979 to 2004 the
average annual discharge of the Khatt north spring ranged
between 1 and 60 l.s-1, and of the Khatt south spring
between 4 and 55 l.s-1 (Wycisk et al. 2008). The oscillation
of discharges clearly reflects the influence of the amount
and distribution of precipitation. In dry years with low
amount of rain the discharges were significantly lower. The
spring with the water temperature of approximately 39 °C
is used for balneological purposes.

In the Pleistocene, huge terraces of alluvial sediments
accumulated in wadis at the feet of the Musandam
Mountains (Al-Farray and Harvey 2000). The limestone
mountain ranges are dissected by wadis of various sizes
ranging from smaller gorges to large valleys, which present
a unique image of fluvial relatively densely dissected karst.
Unique caves with characteristic rock relief forms
developed in their slopes.
Our studied areas were dominated by carbonate rocks of the
Musandam Group (Lower, Middle, Upper Musandam
limestone) of Upper Jurassic to Lower Cretaceous age, but
carbonates of the Russ al Jibal Group (Bih dolomites, Haqil
limestone, Ghail limestones) of Middle Permian to Middle
Triassic age and of the Elphinstone Group (Milaha
limestone, Ghalilah limestones and mudstones) of Upper
Triassic to Lower Jurassic age may also be found (Hudson
and Chattan 1995; Hudson 1960).

3. Hydrogeological characteristics and water
quality

In the MeBreda area in the rocky slope of the Wadi Shehah
(a tributary to the Wadi Al-Bih) a karst spring is situated at
the altitude of 710 m a.s.l. The name MeBreda is used also
for the spring. At the point of a small, permanent outflow
of water through a fissure in dolomite rock a group of local
people built in 1925 two pools for collecting water. The
location of the spring is most likely conditioned by the
existence of a less permeable zone within the carbonate
sequence. This enables the water storage in a small perched
aquifer, which recharges a perennial spring with the
discharge of several l.s-1. Water flowing out of the fissure
is first collected in the upper pool (our local guide used it
as drinking water), and then flows in the lower pool (water
used by goats and for irrigation of a small plantation).

Hydrogeological characteristics of the UAE are
significantly influenced by low amount of precipitation and
high potential evaporation. The annual precipitation ranges
between 15 mm in very dry years to 600 mm in extremely
wet conditions. Practically all rain water drains as surface
flow in a form of seasonal floods, and according to some
estimation only 2 to 3 % of it recharges the groundwater
(Rizk and Alsharhan 2003).

Several small holes, which are artificially arranged as
collectors of rain water, were seen in the rocky slope of the
Wadi Haqil. One of them was partly filled with water in the
time of our visit. Stored water is probably used by herds
and goats as drinking water. In the nearby pumping station
the groundwater is pumped from a gravel aquifer and used
for irrigation of agricultural land, mostly for cultivation of
date palms.

Groundwater is stored in 4 main types of aquifers: karst in
carbonate rocks, fissured in ophiolites, and intergranular in
gravel and sand dunes. For the wadis karst aquifers of rocky
slopes and intergranular aquifers of alluvial deposits are
characteristic. The main source of recharge of the
intergranular aquifers in Quaternary alluvial deposits, which
are composed of gravel and sand with thin interbeds of silt
and clay (Rizk and Alsharhan 2003), is surface water that
drains in the wadis. The karst aquifers are composed of
limestone and dolomite. They are recharged by infiltration
of rain and discharged through karst springs at the contact
with less permeable rocks or directly into the sea.

At all described locations we measured physical and
chemical parameters and did basic bacteriological analyses,
because drinking water in arid areas is of great concern.
Already the comparison of basic physical parameters shows
very different types of analyzed waters. The EC value of
groundwater from the gravel aquifer is very high due to
salinization. In the small collector of rain water in the rocky
slope of the Wadi Haqil stagnant water was sampled, which
has been altered by some additional influences.

Thirty-nine samples were taken at 6 locations in the wider
surroundings of the city of Ras Al-Khaimah to make
fiftynine microscopic thin-sections that were examined
from the petrological and lithostratigraphic aspects. All
samples were also subjected to calcimetric analyses. The
main result was that the samples are made of shallow sea
carbonates which were partly recrystallized and
dolomitized.

The results show that although both, the MeBreda and Khatt
springs, are recharged from karst aquifers, they differ
significantly. In the MeBreda spring the anions arranged
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Figure 2. A) The slopes above Wadi Maai with numerous opening to the small caves; B) entrance to the largest cave; C) plan view (left)
and extended elevation (right) of the cave (Photos and map - Karst Research Institute ZRC SAZU).

4. Characteristics of explored caves

according to their decreasing concentrations are HCO3->
SO42-> Cl-> NO3-, and in the Khatt spring HCO3-> Cl-> SO42> NO3-. The springs have significantly different T, EC, and
concentrations of anions. Relatively low EC, the chemical
composition of water, and the ratio Ca2+/Mg2+=1.6 in the
MeBreda spring indicate an outflow from a carbonate
aquifer with a larger share of dolomite. Increased
concentrations of nitrates are due to grazing goats around
the spring.

Even though the geology of the area has been studied
thoroughly, few references report on caves and karst
phenomena in UAE (Jeannin 1992; Waltham and Jeannin
1998; Fogg et al. 2002). Our primary target was
mountainous region in the NE part of the emirate Ras AlKhaimah, where some potential caves had been reported.
Some of these caves came out to be small cavities or even
rock shelters. As information on our work was well spread
several more caves and areas with caves were reported to
us by locals. Nevertheless, extended caves are not common
for the area. Arid climate and local geology with relatively
impure limestones and marls do not favor formation of big
cave systems. Climate in Pleistocene however resulted in
higher accumulation of clastic sediments in river terraces
and diamicts at the wadis bottoms, probably also in some
caves. Such sediments have been found in all visited wadis
(Wadi Al-Bih, Wadi Taweeyan and Wadi Maai).

According to its high temperature of 38.5 °C the Khatt
spring can be characterized as a thermal spring with deep
circulation of groundwater. For other springs in the northern
part of the UAE the temperatures of springs range from 25
to 32 °C (Wycisk et al. 2008). Viable microbes on
Ridacount test plates were retrieved from all sampling sites
except from water pumped from the underground which had
high conductivity. Surprisingly, the traditionally collected
rainwater in natural crack had low number of total bacterial
count; however detected E. coli indicated probable fecal
contamination of water from pasturing goats. Considering
two ISO standards SIST EN ISO 9308-1 (coliforms and E.
coli) and SIST EN ISO 6222 (total bacteria) none of the
water from any of the tested sites matched the ISO criteria
for direct human consumption.

We first explored caves on the very eastern border with
Oman on the slopes of Mount Al-Jeer where the local
people knew of several cave entrances that no one had
previously entered. The surface of the rock was finely and
shallowly corroded, and we found several solution pans
with outflow channels. We examined many small passages
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along bedding planes that had developed in thin-layered
limestone that alternated in places with layers of dolomite.
All the passages ended after a few meters, and all narrowed
characteristically from the entrance inwards. Their floors
were covered with material from the walls of the passages,
light grey clay, bones, and larger plant seeds.

slopes as well as on and in the sediments covering the
bottoms of the wadis. More extensive karren are found on
the tops of the mountains. The rocky riverbeds of wadis were
shaped by rapid water currents and corrosion at the contact
with sediment. Rock forms are an important trace of the
formation and development of caves and karst surfaces.

North East from Ras Al-Khaimah a large number of small
cavities and caves have been found in a hill at the entrance
of Wadi Haqil. Small ridge, which rises about 45 m high
from the wadi bottom is intersected by numerous cavities,
small conduits and roofless caves. Looking as whole, the
hill looks like a block of limestone characterized by vuggy
porosity. However, caves are short, cavities unlinked and
isolated. There was only one cave longer than 10 m. It is a
relatively simple channel with oval cross-section. Some of
the channels are fully and some partially filled with yellow
clastic sediments. Also few layers of flowstone between
clastic sediments and many calcite crystals were detected.
Few samples were after analyzed by x-ray diffraction
method in the Laboratory of Physical Methods at Institute
of Geology ASCR in Prague. All samples contained quartz,
gypsum and kaolinite, almost all of them also calcite,
palygorskite, smectite and illite. Calcite and gypsum
represent precipitates from the cave (crusts, crystals,
cements) and other minerals were brought to the cave most
probably by water or wind from eroded rocks and/or soils
from wadi catchment area. In caves in Wadi Haqil mousetailed bats (Rhinopomatidae) were observed which belong
to the species Rhinopoma cystops.

Caves in wadis are located just above the sediment level
and are therefore periodically flooded and dry at various
levels above it. They also share similar rock relief. Ceiling
pockets are found on the ceilings of niches that developed
at the contacts of passages and at their sharp bends in areas
of emphasized swirling of water. As a rule, their diameters
do not exceed one meter but they are usually deeper, with a
1:3 ratio, and wider in the upper part. In places, pockets are
also found on walls, but their lower parts are flat and their
upper parts are vaulted. The lower parts were frequently
covered by sediment that protected the rock from dissolving
and erosion and therefore grew upwards and sideways. The
walls of passages are smooth and rounded. The mechanical
erosive action of water currents carrying material appears
to play an important role in their formation. The ceilings of
passages are usually covered by above-sediment channels
that along with the paragenetically raised cross sections of
passages indicate the frequent filling of caves with
sediments and the flow of smaller quantities of water above
them. The largest reach a depth of one meter, the
consequence of the relatively long-term formation of caves
of this kind and their filling with sediment. Along-sediment
wall notches, up to one meter deep, indicate periodic partial
filling of the caves and a long lasting sediment level in the
cave. Along-sediment rock forms are the trace of relatively
frequent filling of wadis with sediment and its removal.

Along Wadi Taweeyan, for instance in the area of Jebel Al
Khab and tributary wadi Maai (Fig. 2), many small cavities
can be observed in several places. More or less all were
short horizontal channels with some rest of fluvial
sediments.

5. Discussion and Conclusions

In Wadi Al-Bih we checked two tributary wadis. First was
wadi Shie Haft, where was 50 m above river located bigger
cave entrance. But unfortunately after few meters cave
finished. There was big accumulation of debris and clays in
the cave bottom.

In our studied, very arid area, with an average annual
precipitation only slightly above one hundred millimeters,
of which only a small percentage recharges the
groundwater, karst surface forms, caves, spring caves, and
springs are rare.

A cave close to the top of MeBreda, above Wadi Shehah
which is also tributary to Wadi Al-Bih, at 825 m above sea
level, was very distinct from the others found. The cave
follows a set of vertical relaxation fissures with absolutely
no solutional features. A block of the massive, with well
expressed fold, has separated from the plateau and is sliding
into a valley (Fig. 3). The only sediment in the cave is
breakdown material. We have measured about 70 m of the
cave. Temperature in the cave was 17.5 °C, relative
humidity 57.8 % and carbon dioxide concentration 380 ppm
(January 27, 2011).

The described caves along with several smaller ones show
some common characteristics that could point to their
origin. The passages are generally round with well
expressed ceiling channels, wall and ceiling pockets, and
dead ends. There are no obvious flow paths along which
caves developed. In some areas the vuggy porosity
resembles that found in caves of hypogene origin. However,
we did not observe any other typical indicators of hypogene
origin. The dimensions of passages decrease from the
entrance toward the interior of caves. Most caves end with
solid walls with no leads continuing into the massif.
Scallops are rare or non-existent.

4.1. Rock relief of wadis and caves

Detailed geological studies have shown that the significant
factors for the karstification and the growth of the caves in
the studied wadis were like everywhere: bedding planes and
slips along them, older tectonically broken zones in the
carbonate rocks, occurrence of large concentrations of
calcite, contacts between dolomitized and non-dolomitized
rocks, and last but not least, recent fissures and faults.

Characteristic rock relief dissects the circumference of the
special caves forming in the walls of the wadis that were
studied comprehensively for the first time. The slopes of the
wadis are often dissected by large recesses, relatively rare
subsoil forms, and karren with microrills and rain flutes.
Karren-like rock surface also occurs between wadis, and
rock forms are found on rocks that have broken off from the
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Figure 3. Mountaine at MeBreda above Wadi Shehah A) broken and fissured slope above the cave; B) entrance to the cave marked by
an arrow on Fig. 3A.; C) extended elevation of the cave; D) map of the cave. (Photos and maps - Karst Research Institute ZRC SAZU).

At this stage we do not have firm arguments for any
mechanism behind the origin of these caves; however,
some of the characteristics mentioned above indicate that
the caves originated from near-surface processes. We found
and studied mainly clastic sediments. Speleothems are rare,
probably due to the arid climate and the very low and
diffuse infiltration from the surface. Sediment samples
differ in content due to their origin in different rock. Along
with fluvial cave sediments, eolian sediments and
sediments of organic origin (guano, bones, seeds) are also
present.

change of the sediment level. The majority of caves,
including those currently located high above any sediment,
were filled with sediment over a longer period. The walls
on the sides of wadis commonly exhibit individual or linked
cavities that resemble tafoni of various sizes. Some of these,
although rare, are large enough to enter.
The general morphology of caves can be linked to
floodwater patterns (e.g., Palmer 2007). The flow patterns
in bed sediments of wadis are known to be very complex.
The carbonate bedrock at the side of the wadis is therefore
exposed to dissolution by both superficially flowing water
and water flowing within the sediments. The dissolution
could occur along the sediment-bedrock contact resulting
in cave geometry defined by the combined action of
dissolution and sediment morphology. This suggests that
caves could form as the wadis develop. However, this
hypothesis needs further field and theoretical verification.

Cave rock relief and surface rock relief indicate the major
significance of along-sediment and subsoil formation of the
wadis and the karst between them. We can observe the
development of wadis through extensive filling with
sediment and rocks from the slope, the shaping of rock at
the contact with sediment, and the emptying or distinct
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Fogg T, Fogg P, Waltham T, 2002. Magharet Jebel Hafit – a
significant cave in the United Arab Emirates. Tribulus Journal
of the Emirates Natural History Group. 12, 1, 5–14.

One possible explanation of why there are not many caves
in the studied area of Ras Al-Khaimah is that little water
penetrates the steep karst slopes of wadis, which does not
create ideal conditions for the development of caves,
especially in recent climate conditions. The annual
precipitation values here are very low and most of the
precipitation falls in the form of downpours causing major
surface runoff in the mountainous areas due to large
inclination of slopes and the thin-layered impure limestone
with intermediate marl layers.
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Traces of the Pleistocene glaciations in the Dinarides have attracted attention of many researchers. Thus in the Velebit Mt.
area in Croatia numerous surface traces of ice influence were explored (destructive and accumulation). As Velebit is
dominantly composed of carbonate karstified rocks the interaction between glacial and karst processes is expressed. Such
phenomena are visible on the surface and in the karst underground. The aim of this paper is to explore this interaction on
three examples in northern and central Velebit Mt.

1. Introduction

methods used in this study were geomorphological mapping
and speleological research. Also, some sedimentological
methods were used and dating of the flowstone crust was
provided. It was sampled and dated by the 14C method in
the Laboratory for Low-Level Radioactivity at Ruder
Boskovic Institute. The measurements were carried out with
a Liquid Scintillation Counter, Quantulus 1220, using the
benzene synthesis method (Horvatinčić et al. 2004).

Velebit Mt. is a part of the Dinaric karst mountain range. It
is located in Croatia and extends to the length of 145 km
along the northern part of the eastern coast of the Adriatic
Sea. The highest peak is 1,757 m high. Velebit mostly
consists of karstified carbonate rocks (limestone, dolomite
and breccias consisting of carbonate rock fragments).
Former glaciation of this region has long attracted
researchers (e.g., Hranilović 1901; Gavazzi 1903). Studies
have shown that a large part of the area was affected by the
Pleistocene glaciations. The best preserved glaciations
traces in landscape are from the last glaciation period –
Würm. Studies of these glaciations were more detailed in
the southern Velebit area (e.g., Nikler 1973). Glaciation of
north Velebit was first studied by Bauer (1935), while the
central Velebit glaciations were less known. Research of the
glaciations of northern and central Velebit were particularly
intensified during the past twenty years (Bognar et al. 1991;
Bognar and Faivre 2006; Velić et al. 2011). In those works
they found morphological traces of different types of
glaciers, and the surface morphology evidence of their
propagation (denudation phenomena and material
accumulation in moraines). These results have prompted
questions about the impact of glaciation on the development
of karst, especially the underground karst formations –
caves in this area. This question has been studied so far in
the areas outside the Dinarides (e.g., Glover 1977; Kunaver
1983; Mylroie 1984; Audra 2000; Woodward and Goldberg
2001).

Figure 1. Location of the researching sites: 1 – Jezera area; 2 –
Ledena jama u Lomskoj dulibi (Ledena Ice Cave); 3 – Štirovača
Ice Cave.

3. Results
The paper presents two examples of northern Velebit, and
one which is in the border area of northern and central
Velebit. In the area of Jezera (Lakes in Croatian,
~ 1,400–1,500 m a.s.l., Fig. 1) it was noticed that the
moraine material (which is relatively impermeable) affected
the appearance of small occasional streams. These streams
cause cutting in small torrents and increase the surface
erosion processes in karst environment. In the areas where

2. Aims and methods
This paper explores the impact of the Pleistocene
glaciations on the karst development in northern and central
Velebit. Special emphasis has been given to the research of
the impact of the glaciations on the development and
morphology of the caves in the area (Fig. 1). The main
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bedrock is visible, and occasional short streams sinking at
the contact zone of the moraine material and bedrock
(Jurassic carbonate rocks). In this way several small blind
valleys were formed.
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20–40 cm thick, which has been defined as limestone
debris. The sediment is mainly composed of unrounded
limestone fragments, rarely of sandstone fragments and
pelitic pebbles. The material is moderately sorted. The
upper part of this sediment body is covered with a flowstone
layer. The presented results show that all the sediments are
of different ages. Based on the age of the flowstone crust
of 8,230 ± 150 years BP, as well as on its position, it may
be concluded that coarse-grain clastic sediment and
limestone debris are older. Based on the sedimentological
properties, primarily on their cementation properties, it can
be assumed that limestone debris is significantly younger
then the fluvioglacial fan material. This indicates that the
fluvioglacial fan cannot be related to the Würm/Holocene
transition, although we may presume that the limestone
debris was deposited at that time. During cold periods,
glacial exaration produced a particularly significant quantity
of sediments. Consequently, the underground karst conduits
situated below the snow line during the Pleistocene were
filled with high-energy sedimentary structures, glacial and
fluvioglacial sediments. That reduced or even stopped their
conduit function, and led to difficulties in the drainage of
meteoric water, to lake formation within morphological
depressions and to a rise in the local water-table level. With
the denudation of these deposits, conduit reactivation and
a drop in the underground water level occurred.
Stabilisation during milder climatic conditions led to
aggradation of the cave and to deposition of the flowstones
from 8,230 ± 150 years BP.

In the glacial valley Lomska duliba (Fig. 1) is the Ledena
jama (Ledena Ice Cave), 536 meters deep, characterized by
ice accumulation thicker than 50 m. During this study we
mapped the moraine forms along the valley and found that
the same material plugged entrance part of the cave (Bočić
et al. 2012a). The entrance to the cave is located on the route
of the former glacier at 1,256 m a.s.l.). Morphology and
sediment traces indicate that the water flow (from melting
ice) was sinking into the cave. So, the entrance part of the
cave was filled with glacial and fluvio-glacial materials. In
this way, the former canyon of the incoming surface water
flow is now completely filled (Fig. 2). Based on the residue
of moraine material one can conclude that the entrance part
of the cave was filled with more quantity of that material
and perhaps even the whole entrance part of the cave was
completely filled. In the cave channel that is below these
materials (at the depth of 60 m) the sample of speleothem
was taken and dated with 230Th/234U method. There was
assessed the age of 301,000 ± 55,000 years BP (Jelinić et
al., 2001). It suggests that glaciations older than Würm also
had the influence on the genesis of the cave.

Figure 2. Ledena jama u Lomskoj dulibi (Ledena Ice Cave): A –
Entrance with moraine material, erratic and buried canyon, B –
Survey of the cave, GF/G – glaciofluvial and glacial material, E –
erratics (cave topography according to Jelinić et al. 2001).
Figure 3. The coarse-grain clastic sediments in the Štirovača Ice
Cave.

Great influence on the development of glaciation surface
and underground karst forms was studied in Štirovača
(middle Velebit area). Here is the 351 m long Štirovača Ice
Cave with abundant erosional remnants of the fluvioglacial
deposits that fully filed much of the known part of the cave
in the past (Bočić et al. 2012b). Coarse-grain clastic
sediments, generally rarely present, have been discovered
in this cave (Fig. 3). They occur as erosional residues and
pebbles are cemented with calcitic cement. This sediment
is defined as a coarse-grained, moderately to weakly sorted,
porous, polymictic ortoconglomerate, and formed by
sedimentation resulting from polyphased torrential flows.
We may presume that we are dealing with sediments of
fluvioglacial origin, i.e. with material that was transported
from the fluvioglacial fans, and which was finally
sedimented in the cave’s channels. On the northern edge of
the cave another sedimentary body has been found,

4. Conclusions
It can be concluded that the Pleistocene glaciation had
multiple effects on the development of karst in this area.
Moraine deposits, relatively impermeable, promote local
development of surface runoff and erosion. In this way, they
temporarily slow down the process of karstification below,
but because of the contact process they accelerate
karstification along their edges. Moraine-derived material
can also be accumulated in the caves, directly or after
resedimentation as fluvioglacial material. In this way it fills
the underground channels and then reduces and hinders
drainage function of these channels. These studies are being
continued.
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The U-P Itataia deposit, which occurs in the northern portion of the Borborema Province, northeastern Brazil, has the
largest uranium reserves in the country. It is a phosphate deposit which has byproduct uranium. However, there is no
uranium mineral. All uranium content is in the apatite structure in the micro- to cryptocrystalline masses called
collophanites. The collophanites hosted in dolomitic marbles of Alcantil Formation of the Neoproterozoic age, belonging
to the Ceará Complex. These collophanites occur as massive bodies very porous filling brittle faults and fractures, fractures
at the edges as part of calcite veins, the walls of open fractures with botrioidal habit, filling voids in epissienites dikes
hosted in marble and as fragments filling karst features.
The origin of the deposit remains enigmatic to this day. The genetic models for the source of the mineralizing fluids points
to two main strands: hydrothermal with magmatogenic source or metamorphic-hydrothermal with sedimentogenic source,
both with late supergene enrichment by karstification. The karstification phase is marked by a profile of supergene alteration
that reaches up to 300 meters deep, with precipitation of collophanites in fracture zones in subaqueous environment of low
temperature. The collophanites normally exhibit botryoidal habit characteristic of subaqueous environments. It’s composed
mainly of fluorapatite, but may contain newly formed calcite and fragments of preexisting minerals (feldspar, hornblende,
biotite and opaque minerals). The content of P2O5 may be above 25 % and the contents of U3O8 are averaged 0.23 %.

1. Introduction

hornblende, biotite-phlogopite, calcic plagioclase, garnet,
quartz, titanite and scapolite, marking the gradual passage
between the carbonate sequence and gneiss on the top. The
presence of this lithological association could indicate that
the mineralization is related with the deposition of marine
or paralic restricted platform (Castro 2005).

The Itataia uranium-phosphorus deposit was discovered in
1976 by NUCLEBRÁS during Canindé Project, from a
radiometric anomaly located in Santa Quitéria, Ceara,
northeastern Brazil. From the discovery were conducted
geophysical surveys, geological mapping, 37,000 m of
diamond drilling, 1,270 m of galleries and several wells.

The Itataia phosphorus-uranium deposit has complex
geometry, but two bodies were individualized. The main
ore body of ellipsoidal shape occurs at an elevation, with
dimensions 800 m × 400 m and a depth of 180 m, with east
plunge. The other ore body is elongated in the NW
direction, withextension of approximately 800 m and depth
ranging from 100 m to 200 m. The ore bodies are
collophanites that occur in different forms and associations,
but preferentially hosted in marbles and calc silicates rocks
(Castro et al. 2005). Regarding the typology of
collophanites main body, defined the following types: solid;
botrioidal, filling open fractures; fragmented, filling karst
features (paleokarst); thin vein; and disseminated in the host
rocks and episyenites.

Total reserves of the deposit are estimated at 9 million tons
of phosphate and 80,000 tonnes of uranium. In addition to
the reserves of phosphate and uranium, the field also has
potential for explotation about 32 million tonnes of marble.
The richest ore has P2O5 content of 21.2 %, intermediate
11.8 % P2O5 and the poor ore 2.5 % P2O5 is discarded in the
tailings pile (Source: FIEC, 2008). From laboratory tests
and pilot plant expected to yield a final concentrate of
34.4 % P2O5 and 0.228 % of U3O8 (Vidal et al. 2005).
The mineralization occur in the setentrional domain of the
Borborema Province in metasedimentary sequence of
passive margin of Neoproterozoic, metamorphismsed in
amphibolite facies and individualized as Itataia Group
which is formed by a sequence that is divided into four
units, from bottom to top by: i) migmatites and gneisses, ii)
quartzites, iii) migmatitic paragneisses, iv) marbles, Bt
gneisses and calc silicates rocks (Figs. 1 and 2). Mendonça
et al. (1982) assigned the following names for these
formations: Serra do Ceú, Laranjeiras, Barrigas and
Alcantil. The mains uranium-phosphorus bodies hosted in
marbles of the Alcantil Formation. The Alcantil formation
is composed for gray to white marble with green horizons
of pure calcitic marbles or nearly pure, passing dolomitic
marbles and even more impure types rich in pyroxene,

2. Climate and Physiographic Features
In Ceará state, the tropical hot semi-arid occurs in 68 % of
its total area (IPECE 2008). Other climatic types also occur
in the state in potions more restricted, as is the case in
tropical hot semi-arid mild that occurs in the south, north
and northwest of the state. Already, the tropical hot and
humid and sub-humid tropical wet subquente, are restricted
to the Baturité and Ibiapaba saws.
The relief in the Ceará were defined five geomorphological
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performed at SGS Geosol, Brazil. We analyzed the major
oxides (SiO2, TiO2, Al2O3, Fe2O3, MgO, CaO, MnO, Na2O,
K2O P2O5) by fusion with lithium metaborate determination
by ICP-ES and minor, trace and rare earth elements
including (Ba, Be, Co, Cs, Ga, Hf, Nb, Rb, Sn, Sr, Ta, Th,
U, V, W, Zr, Y, La, Ce, Pr, Nd, Sm, Eu, Gd, tb, Dy, Ho, Er,
Tm, Yb, Lu) by fusion with lithium metaborate
determination by ICP-MS. The elements Mo, Cu, Pb, Zn,
Ni, As, Cd, Sb, Bi, Ag, Au, Hg, Tl and Se were held open
by dilution with aqua regia and determination by ICP-MS.

units that are related to geological (lithology and structure),
paleogeographic, climatic and environmental variables.
These units are the coastal plain, the glacis pre-coastal,
sertanejos highlands, waste massive and hinterland
depressions (IPLANCE 1995). Making a correlation
between morpho-structural compartments defined from
SRTM image of the IBGE (www.ibge.gov.br) were
earmarked by three compartments: hinterland depression
with elevations below 400 m, the sertanejo plateau with
elevations between 401 m and 600 m and massive waste
with altitudes between 601 m and 850 m.

4. Results
4.1. Field and Petrography
The collophanites are epigenetics and confined mainly in
marbles and secondarily in calc-silicate rocks belonging to
metasedimentary sequence of sillimanite-garnet-biotite
gneisses, marbles, quartzites and calc-silicate rocks, locally
designated Itataia Group and regionally disigned Ceará
Complex (Fig. 2). It is a rock composed essentially of
collophane (or microcristaline apatite), fine-grained,
homogenous texture, reddish brown color, has cavities filled
with powdery material and carbonates, exhibit massive,
botryoidal and fragmented aspects (Figs. 3, 4, 5 and 6).
These collophanites occur as massive lenticular lodes filling
large cavities, and as veins and veinlets arranged in
stockwork (Fig. 3), and filling open fractures, border of
calcite veins in contact with marbles, and also in the main
foliation planes and voids filling episyenites bodies. Marble
filled fractures by collophanite of the main ore body are
preferentially N5°–15°E and N40°–45°E (Alcântara e Silva,
2003). Another mode of occurrence is lithic fragments in
breccias and filling cavities of karstic marbles (Fig. 6).

Figure 1. Setentrional portion of Borborema Province with the
location of Itataia deposit (compiled and modified of Arthaud et
al. 2008).

Under the microscope, the collophanites has reddish brown,
fine-grained (Fig. 7), light displays scores (carbonate and
feldspar altered) and dark (amphibole, pyroxene and opaque
minerals). It comes in a massive way, botryoidal, stockwork
and veining. Often, displays or empty cavities filled with
secondary material, such as calcite, clay or silica finely
granulated. It consists essentially of a mass of micro- to
cryptocrystalline brownish coloration of collophane that
may contain feldspar, pyroxene, amphibole and accessory
phases such as carbonate and titanite, apatite and opaque,
subordinate.

3. Methods
The field activities were conducted geological profiles,
surface sampling and diamond core samples. Subsequently,
thin and polished thin sections were prepared and were
analyzed by optical microscopy and scanning electron
microprobe. Geochemical whole rock analyzes were also
performed for major oxides, trace and rare earth elements.
The microprobe used was a Cameca SX50 with 4 WDS
spectrometers and a spectrometer Kevex EDS, of the
Mineralogy and Petrography Department, Brasília
University. The whole rock geochemical analyzes were

The other peculiar form of collophanite occurrence is filling
voids in episyenites dikes. The episyenites rock is a coarsegrained to pegmatoide texture, vesicular, with pinkish to
reddish mainly composed of albitized feldspar. The
vacuoles, which in the literature are described, as a result
of desilicification are usually filled by collophane and
carbonate. In blade exhibit granular texture and consisting
essentially of large crystals of albitized feldspars (80 %) and
subordinately for collophane. The opaque minerals occur
in ancillary quantity and carbonate is secondary. The
plagioclase feldspar is represented by albitized like crystals,
altered to sericite and clay minerals. Apatite (collophane)
has a dark color due to the presence of oxidizing material
filling the interstices between larger crystals of feldspar and
the edges of the cavities (Fig. 8). Calcite also occurs filling
cavities and also as a product of alteration of plagioclase.

Figure 2. Geologic setting and localization of Itataia ore deposit
(Modified of Angeiras, 1988).
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4.2. Mineral Chemistry
Apatite is a generic term used to describe calcium
phosphates with simplified formula Ca5(PO4)3 X (where X =
F, Cl, OH). Since a long time (1856–1860), has been called
fluorapatite, and hydroxyapatite cloroapatita, depending on
the predominance of anion X-(Pasero et al. 2010). Currently,
the IMA (International Mineralogy Association) has inserted
several mineral species within the apatite supergroup, which
was divided into 5 groups (Apatite, Hedyphane, Belovite,
Britholite and Ellestadite). The apatite group is composed
of apatite-(CaF), apatite-(CaCl) and apatite (CaOH), having
the following idealized formula Ca5 (PO4)3F, Ca5 (PO4)3 Cl
and Ca5 (PO4)3OH, respectively.
Figure 4. Detail of outcrop of marble of Alcantil Formation with
collophanites filling fractures.

Figure 5. Botryoidal collophanite on the top of main ore body of
Itataia deposit.

Figure 3. Outcrop of marble of Alcantil Formation with
collophanites filling fractures.

The collophanite is a rock composed essentially of
microcrystalline apatite. In Itataia deposit occur apatite(CaF), known as fluorapatite, with content of F between
4.1–2.6 % and Cl < 0.1 % (Table 1). The content of MnO is
less than 0.07 % and Fe > 1 % and S (expressed as SO3 %)
< 1 %. The presence of Fe and S in the apatite may be related
to the redox conditions of the mineralizing fluid, oxidizing
the ore. SO occurs as SO4-2 which is easily replaced by the
(PO4)-3 in the apatite (Pasero et al. 2010). In collophanites
of Itataia SO4-2 is relates with an increase of FeO.

Figure 6. Paleokarst features in marble, such as conduits, filled
with fragments colofanito in clay matrix.

above 25 % in the samples richest and around 20 % in the
samples poorest. The content of P2O5 increasing with of
increasing CaO and decreasing of SiO2. Already uranium
(3,689–1,582 ppm) has positive correlation with Fe and Mg.
The samples richer in MgO and Fe2O3, also have a higher
content of uranium (Tables 2 and 3).

There is also a strong correlation between sodium (Na2O),
strontium (SrO) and uranium (UO2). With increasing
contents of Na2O and SrO, is also increased UO2.

In relation to REE, the collophanites are enriched by up to
100 times chondrite standard, planar displays, slightly
enriched in light rare earth elements relative to heavy and
has a mild anomaly of Eu (Fig. 9). In relation to the trace
elements, have U and P positive anomalies and K, Zr, Ti
negative (Fig. 10).

4.3. Geochemistry
The whole rock geochemical analyzes showed the
phosphate content of collophanite that occurs almost always
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Figure 8. Microphotograph showing detail of botryoidal
collophanite associated with calcite veins hosted in marble.

Table 1. Mineral chemistry of apatite.

Table 2. Lithogeochemistry of oxides in collophanites.
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Table 3. Lithogeochemistry of REE in collophanites.

Figure 9. Diagram of rare earth elements for collophanites,
according Boynton 1984.

5. Discussion and Conclusions
In the study area, the intense magmatism that occurred in
the period between the Neoproterozoic and Cambrian
marked the evolutionary history of the Province
Borborema. This story begins with the collision of cratons
West Africa and São Luis, around 660 Ma, followed by
magmatism of the Tamboril – Santa Quitéria Complex
between 657–591 Ma, through high-grade metamorphism
at 620 Ma, the anorogenic magmatism in around 470 Ma
and the Rio Ceará-Mirim magmatism related to the opening
of the South Atlantic at 130 Ma (Brito Neves and Cordani
1991; Fetter 1999, Brito Neves et al. 2001, Hollanda et al.
2006).

Figure 10. Diagram of trace elements for collophanites, according
to Sun and McDonough (1989).

rich. The processes of albitization and episyenitization
correspond to the early stages of mineralizing process. In
the study area were described sterile and mineralizaded
albitites, and breccias locally enriched in phosphate (up to
15 % P2O5) and uranium (2,300 ppm).

In this geological context of Brasiliano mobile belt that fits
the Itataia deposit and other phosphorus-uranium
occurrences of this region. The geological setting and
structural control of the collophanites ore bodies are in
brittle structures and infers different sources for
mineralizing fluids. The genetic models existing on the
deposit Itataia point to two main strands, a hydrothermal
with magmatogenic source and metamorphic-hydrothermal
with sedimentogenic source, both with supergene
enrichment through the phenomenon of karstification.

The collophanites of Itataia deposit were to be formed later
with the introduction of a hot spring, Rio Ceara-Mirim
dykes, related to rifting on a global scale and activity
hotspot during the opening of the South Atlantic and
Equatorial. Based on thermo-geochronological studies of
fission track in apatite, Netto et al. (1991) obtained the age
of 91±6 Ma for the formation of collophanites associated
with a Cretaceous thermal event. During this event, great
faults of gravity and combined fractures that became the
main sites of ore deposition. This hot spring associated with
the exhumation of the land would have generated a
convective system hydrothermal involving a mixture of
meteoric and magmatic fluids, which removed the
phosphate and uranium from alkaline rocks and depositing
apatite rich in uranium as collophane at low temperatures
(140–50 °C), giving rise to collophanites in an environment
subaqueous karst. Subsequently, a new phase of
karstification reworked this material, fragments of
reconcentrating collophanites in karst depressions.

From the new studies, a new frame can be painted. In the
proposed model, alkaline rocks associated with the final
stages of consolidation Tamboril-Santa Quitéria Complex
(Neoproterozoic) are considered the primary source of
phosphate and uranium. In the study area were described
feldspathic affinity alkaline rocks rich apatite with contents
of up to 10 % P2O5 and 0.08 % U. These rocks have
undergone processes of albitization, desquatzification
(episyenitization) at temperatures between 550 – 350 °C
(Cuney 2010), becoming the protore phosphate uranium-
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NA JAVORCE CAVE – A NEW DISCOVERY IN THE BOHEMIAN KARST
(CZECH REPUBLIC): UNIQUE EXAMPLE OF RELATIONSHIPS
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The Na Javorce Cave is located in the Bohemian Karst, Czech Republic, near the Karlštejn castle, about 25 km SW of
Prague. The cave was discovered as a result of extensive exploration including cave digging and widely employed capping
of narrow sections. Exploration in the cave has already lasted 20 years. The cave is fitted with several hundred meters of
fixed and rope ladders and several small fixed bridges across intra-cave chasms. Access to the remote parts of the cave is
difficult because of long narrow crawl passages and deep and narrow vertical sections. The Na Javorce Cave became the
deepest cave discovered to date in Bohemia with the discovery of its deepest part containing a lake in 2010. The cave was
formed in vertically dipping layers of Lower Devonian limestone; it is 1,723 m long and 129 m deep, of which 9 m is
permanently flooded (data as of December 2012). The cave is polygenetic, with several clearly separable evolutionary
stages. Cavities discovered to date were mostly formed along the tectonic structures of two main systems. One of these
systems is represented by vertical faults of generally N-S strike, which are frequently accompanied by vein hydrothermal
calcite with crystal cavities. The second fault system is represented by moderately inclined faults (dip 27 to 45°, dip
direction to the W). Smaller tube-like passages of phreatic morphology connect the larger cavities developed along the
two above-mentioned systems. The fluid inclusion data obtained for calcite developed along both fault systems in
combination with C and O stable isotope studies indicate that the hydrothermal calcite was deposited from moderately
saline fluids (0.5 to 8.7 wt. % NaCl equiv.) in the temperature range from 58 to 98 °C. The fluids were NaCl-type basinal
fluids, probably derived from the deeper clastic horizons of the Barrandian sedimentary sequence. The age of the
hydrothermal processes is unknown; geologically it is delimited by the Permian and Paleogene. The hydrothermal cavities
are small compared to cavities formed during the later stages of karstification. The majority of the known cavities were
probably formed by corrosion by floodwater derived from an adjacent river. This process was initiated during the Late
Oligocene to Early Miocene, as was confirmed by typical assemblage of heavy minerals identical in the surface river
sediments and in clastic cave sediments. The morphology of most cavities is phreatic or epiphreatic, with only local
development of leveled roof sections (“Laugdecken”). The phreatic evolution of the cave is probably continuing into the
present in its deepest permanently flooded part, which exhibits a water level close to that of the adjacent Berounka River.
Nevertheless, the chemistry of the cave lake differs from that of the river water. The cave hosts all the usual types of cave
decoration (including locally abundant erratics). The most interesting speleothem type is cryogenic cave carbonate, which
was formed during freezing of water in relation to the presence of permafrost during the Glacial period. The occurrence
of cryogenic cave carbonate here indicates that the permafrost of the Last Glacial period penetrated to a depth of at least
65 m below the surface.

1. Introduction and history of the cave
exploration

A new exploration phase was initiated by the members of
the Czech Speleological Society, Unit 1-11 Barrandien
(who are also the authors of this paper), in the upper
entrance in March 1993. Clay sediments, with only small
open spaces near the roof, filled the passages of the upper
entrance behind the section explored archaeologically. The
excavated material was transported using a special
suspended mini-railway. The excavation performed in the
complicated space of karstified tectonic structures with
large unstable blocks of rock reached a length of 49 m in
1997. The work was interrupted here because of the
instability of the walls of the excavated space. The next
effort was focused on the lower entrance after an
interruption of 3 years, again using a similar mini-railway
suspended near the roof of the passage. Narrow sections had
to be widened using capping. After 15 m of difficult work,
the first open cavities with attractive decorations were
reached in 2001 (Fig. 1).

Two small cave entrances, located high in the eastern slope
of the Javorka Hill, close to the famous Karlštejn castle,
already attracted attention at the end of the nineteen forties
and beginning of the nineteen fifties. Jaroslav Petrbok, a
well-known karst researcher, archaeologist and zoologist
focusing on terrestrial mollusks, performed excavations in
both entrances. Radvan Horný and Jiří Kovanda helped him
during this work (both later became well-known
geologists). Only a few meters of the entrance sections were
explored, with finds of several ceramic fragments of the
Hallstatt culture and an iron spear point dated to the Middle
Ages (Petrbok and Horný 1950; Petrbok 1955). Allegedly
Mesolithic finds, fragments of antlers, were later suggested
not to be artifacts by Fridrich and Sklenář (1976) and
Sklenář and Matoušek (1992). This stage can be considered
not to be important from the viewpoint of cave exploration.
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Figure 1. Speleothem decoration in the cavities of the lower
entrance (a cavity called Digital Chimney) discovered in 2001.
Photo by J. Novotný.
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Figure 2. Simplified longitudinal E-W section (side view) of the
Na Javorce Cave. The horizontal line at 285 m a.s.l. corresponds
approximately to the base of the Neogene river terraces, and
simultaneously to the base of the oldest Early Pleistocene river
terraces in the adjacent valley. The sites of sampling of cryogenic
cave carbonates (stars) and of hydrothermal vein fill (triangles)
are also depicted. Based on mapping of J. Dragoun, J. Vejlupek
and J. Novotný in 2010.

The discovery initiated more intensive work, which enabled
further uncovering of this morphologically complicated
cave, which is very difficult to explore. It became clear that
the cave developed in a structurally complex space, affected
by low-temperature hydrothermal activity with deposition
of calcite crystals in cavities.
The cave generally consists of several types of cavities. The
first type is represented by narrow, flat cavities developed
along the N–S faults with calcite veins. The cavities are up
to 1–2 m wide (frequently only 0.3–0.4 m), but up to several
tens meters long and commonly several tens of meters high
in the direction along the faults. The second important type
of cavities is represented by both narrow and larger
corridors that developed along faults moderately dipping to
the W. The two systems of cavities are interconnected by
narrow, tube-like phreatic channels.
Further exploration resulted in the interconnection of the
upper and lower cave entrances in 2005. Together with
further minor discoveries, the cave was explored to a length
of 500 m that year. Difficult access to the above-mentioned
connecting tubes between the vertical cavities required the
construction of small hanging platforms, from which further
exploration was possible. Difficult digging at the bottom of
a narrow shaft called Zubatá finally resulted in penetration
into larger open spaces in 2006. The cave was explored to
a depth of 104 m in that year (Figs. 2, 3).
Further exploration was more rapid in the following several
years. After cleaning of another connecting tube, a high
parallel cavity was reached and, following difficult
climbing up this chimney (in 2007), the upper levels of the
cave have been gradually explored. This upper part of the
cave also has rich decoration, including long soda straws
and abundant erratics (Fig. 4). Any work in this distant cave
section requires long access, which was facilitated by the
construction of small bridges across the chasms. Cave
digging in the narrow passages of the upper part of the cave
enabled further discoveries in 2008 and 2009. The largest
cavity, an inclined irregular passage called Sešup, was
discovered in this period. Exploration of vertical cavities in
this part resulted in the discovery of the deepest cave section
with a lake in 2010.

Figure 3. Typical appearance of vertical cavities of the Na Javorce
Cave. The photo is taken in a vertical cavity above the point of
-104 m (cf. Fig. 2). Photo by J. Novotný.

The water level of the lake has lies at 120 m below the
upper entrance (Fig. 5). Measurement of the water depth
and first diving explorations demonstrated a water depth of
9 m, which corresponds to a total cave depth of 129 m. The
cave became the deepest one discovered in Bohemia.
Further cave exploration performed at several locations
within the cave since 2010 did not result in new discoveries.
Altogether, 498 one-day or two-day work shifts have been
spent in the cave during the last 20 years. The cave became
not only the deepest discovered in Bohemia, it is also the
third longest cave discovered in the Bohemian Karst.
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small geographical catchment of the cave under the presentday topography. The major lithology hosting the cave is
Lower Devonian Kotýs Limestone, especially pure
limestone layers in the upper part of the Lochkovian Stage.
Nevertheless, cavities frequently also penetrate to the lower
lithology, Kotýs Limestone with siliceous chert lenses and
layers, and rarely also to the upper Loděnice Limestone and
Dvorce-Prokop Limestone, both of which already belong
to the Pragian Stage. Layers of all types of limestone dip
almost vertically in this part of the Javorka Hill (the strike
of the layers is almost E–W, 80 to 85°; the layer dip is
around 90°). The main Hercynian folding, producing a
complicated structure including abundant large overthrusts,
occurred in the Late Devonian and Early Carboniferous in
the area.
The vertically dipping sedimentary sequence is affected in
the cave area by the faults of two main systems. Vertical
faults of N–S strike (the whole range of strikes is 155 to
180°), represent the most important fault system. The
limestone layering had a small effect on the cave
morphology. The layering is roughly parallel to the E–W
simplified section (Fig. 2), while the N–S faults and cavities
developed along them are perpendicular to this section. The
second fault system is represented by moderately inclined
faults (dip 27 to 45°, dip direction 240 to 270°). Both
entrance passages and the large Sešup Passage developed
along the faults and joints of this second system (Fig. 2).
Calcite veining and crystal cavities were formed especially
along the structures with N–S strike. Locally they also
penetrated into inclined faults. Calcite is coarsely
crystalline, with scalenohedrons and rhombohedra with
sizes up to 10 cm, of white, yellowish or brownish color.
The evolution of calcite veins was irregular. Locally, they
reach a thickness of several tens of cm, while at other places
they are completely absent on the faults. Hydrothermal
calcite was more resistant to corrosion during the later cave
evolution, so that the calcite veins locally protrude out of
the cavity walls, producing typical boxwork. Limestone
alteration (inter-granular corrosion) locally produced rock
with sandy disintegration and small accumulations of
carbonate sand at several places. Cavities of tectonic and
hydrothermal origin represent only a small portion of the
known cavities. Most cavities developed during the later
stages by common corrosion in the phreatic karst zone.
Corrosion occurred along all the types of faults and calcite
veins, so that the extent of earlier hydrothermal corrosion
(if present) cannot be evaluated. Phreatic corrosion, a
dominant process shaping the cave, is well-recorded in the
morphology of the cavities. A small section of leveled roofs
(“Laugdecken”), indicating long-term stagnation of the
water level, developed only locally.

Figure 4. Speleothem decoration in the Radvanská Passage
(distant upper part of the cave) with erratics and long soda straw.
Photo by J. Novotný.

Figure 5. Lake in the deepest part of the Na Javorce cave. Photo
by J. Novotný.

There are several types of clastic cave sediments. The most
interesting are quartz-dominated gravels with well-rounded
pebbles and quartz-dominated sands of white to grey color.
They occur in the upper part of the cave in a small quantities
(up to several m3), especially in sections located close to
the lower entrance. They represent the lowermost part of
the cave sedimentary filling here. Since they show
lithological similarity to the surface sediments of a river
flowing not far from the cave during the Late Oligocene to
Early Miocene, they have been subjected to study of the

2. Cave location, geology, hydrothermal calcite
and cave decoration
The two cave entrances are located in the steep eastern
slope of the Javorka Hill at elevations of 329.8 and 313.3 m
a.s.l. The upper entrance opens 120 m above the water level
of the Berounka River flowing at a distance of several
hundred meters (the usual water level in the river is at
209.5 m a.s.l.). The cave is located below the S and SE
slopes of the hill close to its summit. This results in only a
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a very large number of tiny primary inclusions with variable
LVR ratio in 3D distribution (“sponge texture”). The
inclusions were of oval to irregular shape and from 5 to 20
μm in diameter.

heavy mineral assemblage (see below). Quaternary
speleothems can be found in the cave in a variety of
morphological types, including long soda straws and locally
abundant erratics (Fig. 4). Several chambers and corridors
are well decorated, while the majority of the cave does not
have any speleothems. Cryogenic cave carbonates formed
by crystallization accompanied by water freezing occur at
several sites (see the star symbols in Fig. 2; cf. Žák et al.
2012). They occur as accumulations of free crystals and
crystal aggregates loosely deposited on the bottom of the
cavities (Fig. 6 and the discussion below).

Only fluids of the H2O-type were found in primary inclusions
of all the studied samples. No fluid inclusions with a gaseous
phase, such as CO2 or CH4, were recorded. Due to the
variable LVR, the homogenization temperatures (Th) were
measured in clusters of inclusions with LVR of 0.90 to 0.95.
The values of Th of the primary inclusions fluctuated from
58 to 91 °C; the salinity of an aqueous solution, calculated
from the melting temperature of the last ice crystal (Tm),
varied from 0.5 to 7.0 wt.% NaCl equiv. The eutectic
temperature (Te = -22.0 to -23.2) indicated that NaCl was the
major component of the aqueous solution (Tab. 1).

3. Analytical methods
New analytical research in the cave included study of the
hydrothermal processes using fluid inclusion and stable
isotope data on hydrothermal calcite, study of preQuaternary clastic sediments in the cave using the
assemblage of heavy minerals, research on specific types
of speleothems – cryogenic cave carbonates (cf. Žák et al.
2012), and a pilot study on the chemistry of the lake water.

Table 1. Fluid inclusion data. FIA – fluid inclusion assemblage;
Th – temperature of homogenization; Tm – temperature of melting
of the last ice crystal; Te – eutectic temperature.
No. FIA
FIA Th
generation type (°C)

Microthermometric analyses of fluid inclusion entrapped in
hydrothermal vein calcite and calcite crystals in cavities were
performed on cleavage chips (of about 300 μm thick) using
Chaixmeca apparatus (Poty et al. 1976). The apparatus was
calibrated in the temperature range -100 to +400 °C using
Merck chemical standards, the melting point of distilled
water, and phase transitions in natural pure CO2 inclusions.
The reproducibility of temperatures of homogenization up to
+200 °C was ±3.0 °C; the reproducibility of the temperatures
of ice melting in fluid inclusions below 0 °C was ±0.2 °C.
The salinity of fluids was calculated according to Bodnar and
Vityk (1994) and the composition of the salt system was
evaluated after Borisenko (1977).

Tm (°C)

salinity Te
(wt.%
(°C)
NaCl eq.)

H2O 58–68

-2.1 to -4.4 3.6–7.0

pseudosec. H2O 79–98

-1.2 to -2.1 2.1–3.6

secondary H2O 65–94

-0.1 to -0.4 0.2–0.7

H2O 84–91

-1.1 to -3.3 1.9–5.4

pseudosec. H2O 72–86

-0.7 to -0.8 1.2–1.4

Jav1 primary

Jav2 primary

-23.2

-21.5

secondary H2O 75–112 -1.2 to -2.1 2.1–3.6
H2O

–

pseudosec. H2O

–

Jav3 primary

-0.3 to -1.2 0.5–2.1
–

-22.0

–

secondary H2O 85–112 -0.8 to -3.4 1.4–5.6
-12.6 to -13.9 16.5–17.7

-21.5

H2O 58–74

-1.4 to -3.5 2.4–5.7

-22.5

pseudosec. H2O 74–94

-2.6 to -5.6 4.3–8.7

Jav4 primary

C and O stable isotope composition of hydrothermal calcite
was determined using the standard method of McCrea
(1950). The isotopic composition of the CO2 gas produced
by decomposition of samples was measured using a
Finnigan MAT 251 mass spectrometer. The heavy minerals
were separated from a sieved 0.2 to 0.6 mm fraction of the
cave sands using tetrabromethane with a density of
2.95 g.cm-3. Methods used for the study of cryogenic cave
carbonates are contained in Žák et al. (2012). Minerals were
determined by X-ray powder diffraction using a Bruker D8
apparatus. The chemistry of water in the cave lake was
determined using standard analytical methods (AAS,
HPLC).

secondary H2O

–

–

–

Pseudosecondary fluid inclusions were observed in the
studied samples along short healed microfractures. The
inclusions were mostly of oval shape, up to 20 μm in
diameter, and exhibited consistent LVR ratios from 0.90 to
0.95. The Th values yielded valuable data in the range from
72 to 98 °C, the salinity of the aqueous solution was
calculated between 1.2 and 8.7 wt.% NaCl equiv., and NaCl
was assumed to be the major compound of the aqueous
solutions (Te = -21.5 °C).
Two generations of secondary inclusions were found in the
studied calcite samples. They were observed either along
longer healed microfractures, where they are of oval shape,
up to 20 μm in diameter, and with consistent LVR from 0.90
to 0.95, or along cleavage planes, where they are of
irregular shape, from 10 to 200 μm in diameter, and with
variable LVR. The obtained Th values in the inclusions of
the first generation ranged between 65 and 112 °C, and the
salinity of the solution was found to be from 0.2 to 5.6 wt.%
NaCl equiv. The Th value of the second generation of
secondary fluid inclusions was not determined because of
variable LVR. The obtained Tm values yielded two intervals
of salinity, from 1.9 to 1.9 wt.% NaCl equiv., and from 16.5
to 17.7 wt.% NaCl equiv.

4. Results and discussion
4.1. Fluid inclusions in hydrothermal calcite
The Jav1, Jav2 and Jav3 samples (see Fig. 2 for the sample
location) contained relatively small amounts of primary
fluid inclusions in 3D distribution. The inclusions were of
irregular shape, from 5 to 60 μm in diameter, and with
variable liquid to vapor ratios (LVR = L/L+V). The most
common (about 80 %) were liquid-only inclusions, followed
by liquid-rich two-phase inclusions with LVR of about 0.9
(about 15 %), and inclusions with prevailing vapor phase
were relatively rare. In a contrast, the Jav4 sample contained
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temperature. The occurrences of cryogenic cave carbonates
in the Na Javorce Cave (stars in Fig. 2) have been studied
and dated in detail by Žák et al. (2012). Site 1 yielded
U-series ages of 50.04±0.39 and 28.56±0.17 ka BP, Site 2
an age of 14.98±0.17 ka BP and Site 3 an age of 9.19±0.07
ka BP. The data show that the rock massif and the cave were
in a permafrost zone down to at least 65 m below the
surface during the Last Glacial.

The carbon isotope data of the hydrothermal calcite (δ13C
from -6.37 to -3.33‰ vs. VPDB) and the oxygen isotope
data (δ18O from -10.74 to -9.20‰ VPDB) were obtained on
identical hydrothermal calcite cleavage chips, which were
also used for the fluid inclusion study. This enabled
recalculation of the mineral C and O isotope data to the
stable isotope parameters of the fluids. HCO3- was assumed
to be the dominant carbonaceous component of the fluids.
The fluids depositing the calcite had δ13C values in the
range from -8.1 to -4.8‰ VPDB and δ18O values in the
range from 0 to +5‰ VSMOW. These characteristics are
typical for basinal fluids. Meteoric waters of shallow
circulation cannot be considered for the deposition of
hydrothermal calcite because of the fluid δ 18O values and
also their temperature and salinity.
4.3. Pre-Quaternary clastic cave sediments and the
evolution of cavities in the phreatic zone
Well size-sorted, white to gray, quartz-dominated sands
from the passages of the lower cave entrance are locally
accompanied by white to light-gray clays. The heavy
mineral assemblage of the sands (2–5 % andalusite,
5–15 % secondary Fe-minerals, 30–40 % ilmenite, 5 %
kyanite, 2–10 % leukoxene, 1–5 % magnetite, 10–15 %
rutile, 3–5 % turmaline and 10–15 % zircon) contained only
stable minerals typical in the studied area for Late
Oligocene and Early Miocene river sands. In contrast,
minerals typical for Quaternary river terraces (amphiboles,
pyroxenes, garnets, etc.) were completely missing in the
studied cave sands. The relationship of the studied cave
sands to an Oligocene/Miocene river can be considered as
proved. The mineralogy of the spatially related lightcolored clays (kaolinite, illite/muscovite) supports the preQuaternary origin of the cavities hosting these clastic
sediments.

Figure 6. Cryogenic cave carbonate of raft type with two
generations of crystals, Na Javorce Cave, location 1 in Fig. 2.
Photo by M. Filippi.

4.5. Present-day cave hydrogeology
The cave lake (Fig. 4) contains low-mineralized karst water
(sampling on 27 December 2010; composition in mg.L-1:
Li+ 0.0042; NH4+ <0.02; Na+ 7.00; Mg2+ 29.94; Al <0.20;
K+ 2.34; Ca2+ 71.9; Mn2+ 0.015; Fe 0.11; Zn2+ <0.005;
HCO3- 311.2; NO3- 13.6; F- 0.09; SO42- 20.2; Cl 15.84; pH
7.42; conductivity 503 μS.cm-1). This water chemistry
differs from that of the adjacent Berounka River (which
exhibits a higher content of sulfate and chloride). It also
differs from the water of karst springs with deep circulation,
and from the water of a polluted creek flowing through the
village of Karlštejn. The water in the cave lake is therefore
local infiltration water derived from the forested Javorka
Hill itself. The present-day hydrogeological behavior of the
lake is unknown. Detailed studies in the past few years
clarified the hydraulic relationships between the river and
adjacent caves (Vysoká et al. 2012). Nevertheless, the cave
lake in the Na Javorce Cave is farther away from the river
than any of the lakes studied by Vysoká et al. (2012).

We assume that these clastic sediments penetrated into the
cave together with floodwater injection from the
Oligocene/Miocene river. The cavities were rapidly
enlarged by corrosion by the river water, possibly with a
contribution from mixing corrosion during mixing of the
river and karst waters. As the Quaternary valley network
started to develop, the upper parts of the cavities became
drained, and the phreatic zone moved deeper and deeper.
4.4. Cryogenic cave carbonates and permafrost during
the Glacial

5. Conclusions – overview of the cave evolution
The cave evolution was initiated by tectonic processes. The
inclined structures of western dip are probably older than
the vertical tectonic structures of approximately S-N strike.
Movements on these vertical structures locally opened
small tectonic cavities. These cavities were later filled by
hydrothermal calcite, containing abundant crystal cavities.
Neither the tectonic phases nor the hydrothermal phase have
been precisely dated. Dating is lacking for any of the
abundant calcite veins of the Bohemian Karst. Geological
observation indicates that the movement along vertical
faults could have occurred from the Carboniferous to the

Freezing of mineralized karst water is inevitably
accompanied by cryogenic mineral precipitation. The
cryogenic cave carbonates exhibit typical modes of
occurrence, morphology and geochemistry. The lowventilation caves can be cooled to freezing temperature only
as a result of formation of permafrost. The occurrence and
dating of cryogenic cave carbonates in these caves can be
used for estimation of the permafrost depth of former
glacials (Žák et al. 2012). The low ventilation of the Na
Javorce Cave is reflected in the elevated content of CO2 in
the cave atmosphere (around 2 %) and by its almost constant
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been attributed to the bone finds in the entrance cave
sections, transported into the cave by predators. The
presence of animals and prehistoric humans was restricted
to only a few meters behind both entrances, because of the
sediment fill of the passages.

Cretaceous, and the hydrothermal phase could have
occurred at any time between the Permian and the
Paleogene. Movements along faults after the formation of
hydrothermal calcite were either absent or only of small
amplitude. The hydrothermal phase occurred at
temperatures between 58 and 98 °C. Moderately saline fluid
(0.5 to 8.7 wt.% NaCl equiv.) with δ18O in the range
between 0 and +5‰ VSMOW and δ13C in the range
between -8.1 to -4.8‰ VPDB was most probably some kind
of basinal water derived from a deeper part of the
sedimentary sequence. The extent of hydrothermal
corrosion is difficult to evaluate, since later karst corrosion
in the phreatic zone overlaps the earlier hydrothermal
corrosion.

Exploration work done in the cave since 1993 (intensive
since 2001) resulted in the discovery of this interesting
cave, which became the deepest cave of Bohemia in 2010.
It is clear that the Na Javorce Cave has not yet revealed all
its secrets.
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The upper parts of the Na Javorce Cave (above
approximately 285 m a.s.l., which is the upper limit of the
Quaternary river terraces) were formed by phreatic
corrosion in the pre-Quaternary period, most probably
during the Late Oligocene and Early Miocene. The
relationship between the river of this age and the cave is
reflected in the presence of quartz-dominated sands in the
cave, which contain identical heavy mineral assemblage
like the surface sediments. The surface fluvial sediments at
a site located 2 km away from the cave are dated by
paleontology (Žák et al. 2003). The principal processes of
cave formation were probably floodwater injection and
mixing corrosion. These processes resulted in irregular
morphology of the cavities. The cavities below a level of
285 m a.s.l. could also have been formed (or their formation
initiated) during the Oligocene or Miocene. In relation to
the deep incision of the river during the Quaternary, the
upper parts of the cave became drained and the phreatic
evolution could continue only in deeper part of the cave.
The present-day hydraulic relationship between the cave
phreatic zone and the 400 m distant river is unknown (the
cave lake was discovered in 2010 and has very difficult
access). The water level in the cave lake and in the river are
approximately equal (within the measuring error). It is clear
that the cave was “trapped” in the Javorka Hill during the
Quaternary. It has very limited geographic catchment area.
The cave-lake water chemistry is different from those of the
river and of a creek flowing through the town of Karlštejn.
The water chemistry probably reflects infiltration in the
forested area of Javorka Hill itself. Water flow along the NS faults from a more northern area is another possibility.

References
Bodnar RJ, Vityk MO, 1995. Interpretation of microthermometric
data for H2O-NaCl fluid inclusions. In: Fluid Inclusions in
Minerals, Methods and Applications, B De Vivo and ML
Frezzotti (Eds.). Virginia Tech, Blacksburg, VA, 117–130.
Borisenko AS, 1977. Izutchenye solevogo sostava rastvorov
gazovozhidkych vklyutcheniy v mineralach metodom kriometrii.
Geologia i Geofyzika, 8, 16–28. Moscow (in Russian).
Fridrich J, Sklenář K, 1976. Die paläolitische und mesolitische
Höhlenbesiedlung des Böhmischen Karstes. Fontes
Archaeologici Pragenses, 16, 1–122. Prague.
McCrea JM, 1950. On the isotopic chemistry of carbonates and a
paleotemperature scale. Journal of Chemical Physics, 18,
849–857.
Poty B, Leroy J, Jachimowicz L, 1976. Measuring temperature
under microscope – Chaixmeca micro-thermometry apparatus.
Bulletin de la Societe Francaise Mineralogie et de
Cristallographie, 99(2–3), 182–186.
Sklenář K, Matoušek V, 1994. Die Höhlenbesiedlung des
Böhmischen Karstes vom Neolithikum bis zum Mittelalter.
Fontes Archaeologici Pragenses, 20, 1–212. Prague.
Vysoká H, Bruthans J, Žák K, Mls J, 2012. Response of the karst
phreatic zone to flood events in a major river (Bohemian Karst,
Czech Republic) and its implication for the cave genesis.
Journal of Cave and Karst Studies, 74(1), 65–81.

The Quaternary evolution of the cave is poorly understood.
Sections with vadose morphology are generally rare in the
cave (corrosion by drip-water is locally present) and the
speleothems have not been dated yet, except the cryogenic
cave carbonates of the Last Glacial. These cryogenic cave
carbonates indicate that, during the Glacial, especially
during the Last Glacial Maximum (between ca. 26.5 and
19.0 ka BP), the permafrost extended to a depth of at least
65 m below the surface. Cryogenic cave carbonates were
found at several sites within the cave (Fig. 2) and were
dated and studied in detail by Žák et al. (2012). The
youngest age of the cryogenic cave carbonate of 9.19±0.07
ka BP was obtained for the sample with the deepest location
within the cave. This possibly indicates that the relic
permafrost lenses could have survived until the Early
Holocene. Late Glacial and Early Holocene age have also

Žák K, Táborský Z, Lachmanová M, Pudilová M, 2001. Heavy
mineral assemblages in allochthonous clastic cave sediments
of the Bohemian Karst: A pilot study. Český kras, XXVI,
5–14. Beroun (in Czech with abstract in English).
Žák K, Teodoridis V, Sakala J, 2003. Find of flora in Tertiary
sediments near Karlštejn. Geoscience Research Reports for
2002, 47–49. Prague (in Czech with abstract in English).
Žák K, Richter DK, Filippi M, Živor R, Deininger M, Mangini A,
Scholz D, 2012. Coarsely crystalline cryogenic cave carbonate
– a new archive to estimate the Last Glacial minimum
permafrost depth in Central Europe. Climate of the Past, 8,
1821–1837.

184

Karst and Caves in Carbonate Rocks, Salt and Gypsum – poster

2013 ICS Proceedings

FIELD MEASUREMENTS OF GYPSUM DENUDATION RATE
IN KULOGORSKAYA CAVE SYSTEM
Nikolay Franz1, Sergey Sorokin2,3, Alexandra Alexeeva4, Irina Inshina4, Olga Novysh3, Anton Kazak3
1
Arkhangels Speleological Association “Labirinth”, Arkhangels, Russia, franikol@mail.ru
2
Tver State University, Zhelyabova 33, Tver, Russia, sergey@tversu.ru
3
Arkhangels Speleological Association “Labirinth”, Arkhangels, Russia
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Tver State University, Tver, Russia

Results of measurements of karst denudation rate in natural conditions in Kulogorskaya cave system are reported. Taking
into consideration relatively high rate of denudation in gypsum caves we have used simplified MEM measurement method.
Observation of hydrological situation suggests that most of the dissolution in caves of the area occurs during a few days
of spring flood. Here we report results of measurement at 62 points located at 6 sites for the period from 2003 to 2012.
Data analysis gives us average retreat rate of 0.0448 mm/day, while point is underwater. Confidence interval for this value
is 0.0379 to 0.0516 mm/day.

1. Introduction

annual rainfall 560 mm. The coldest month – January
(average long-term temperature -13.0 °C). The warmest
month – July (average long-term temperature +15.4 °C).

Kulogorskaya cave system includes 7 caves, three of which
constitute the largest cave system in Russia in a gypsum,
with a total length of surveyed passages more than 17.5 km.

Karstifiable rocks of massif are represented by gypsum and
dolomite of Permian age. Primary karst rock is gypsum,
forming homogeneous strata ranging from 0.2 to 7 m,
interleaved with dolomites. Average total width of
sedimentary cover above caves is 20 m.

Cave system is studied by speleologists from Arkhangels, St.
Petersburg, Moscow, Tver and other cities under the guidance
of Arkhangels Speleological Association “Labirinth”.
This report presents the preliminary results of the
measurements of dissolution of gypsum in the natural
conditions, which are held from 2003.

Caverns in the massif are well represented in all
hydrodynamic zones: vertical transfer zone, zone of
seasonal fluctuations of water table levels and phreatic
zone. Human-passable channels are located only at the zone
of water table. In karst dissolution infiltrational,
condensational and floodwaters are involved. Local erosion
bases for caves in Kulogorskaya cave system is Pinega
River and Pinega-Kuloy channel.

3. Conditions of karst denudation
The most important role in the process of dissolution of
gypsum walls in the water-table zone play floodwater
penetrating the karst massif through numerous small ponors
laid along the Kulogorsky ledge in the area of contact
between the karst rocks and the floodplain alluvium.
The penetration of floodwater into massif mainly occurs in
spring (April–May) when Pinega waters rise by 4–5 meters
above the winter low water (in the caves in this period water
rises up to 2–3 meters, completely flooding almost all
horizontal passages). During this period water flows in
horizontal passages in water-table zone, which are typically
dry in other seasons. Absorbed water temperature typically
ranges around 1 °C.

Figure 1. Geographical position of Kulogorsky Cave Region.

2. Geography and geology

Autumn floods in the river and caves are less affluent: the
rise of water in the river – up to 2–3 m, in caves – up to 1
m. The inflow of water into the massif in this period is only
through channels of phreatic zone (flooding of caves is
caused by raising of the water-table level). Reverse runoff
after autumn flood occurs on the same path in the opposite
direction (the horizontal filtering through the thickness of
the alluvium in the direction of erosion basis).

Geographically Kulogorskaya cave system is located in the
north of the East European Plain, in the watershed of Pinega
(tributary of Northern Dvina) and Kuloi (Fig. 1).
The climate here is quite severe, with low air temperatures
and high humidity, rainfall exceeds evaporation. The multiyear average annual temperature is +0.2 °C. The average
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Figure 2. Measurement method.

Rate of Karst Denudation in Russian) were fitted by us only
in the passages of this zone.

The main feature of the hydrogeology of Kulogorsky massif
is absence of significant inverse flow of flood waters after
passing through the peak of the spring flooding. In other
words, floodwaters which penetrate the caves from the
floodplain, never pour back by the same horizontal
channels. Our current understanding is that at mean water
period the water from caves is unloaded by slow horizontal
filtering through the thickness of alluvium in the direction
of the local base level of erosion.

4. Methods
To study the rate of dissolution of gypsum in the natural
conditions since 2003, we have equipped 15 measurement
sites in five caves. Almost all sites were equipped on the
surfaces of the ceilings and walls of passages laid in the
massif of white-and fine-grained gypsum with rare clusters
of large gypsum crystals.

To determine the saturation of cave waters with gypsum,
we measure its electrical conductivity, which is directly
proportional to the salinity of water – both according to the
data of other researchers (Krawczyk and Ford 2006), and
confirmed by our observations.

Since the expected rate of dissolution of gypsum is higher
than that of limestone, we used a simplified, compared to
the classic version of the MEM method (Smith, 1977).

In 2004 we conducted experiment in K-2 cave on the
dissolution of gypsum powder in the water from
underground lake (initial conductivity 2.1 mS) at natural
cave temperature +2.2 °C, which gives us maximal
conductivity of 2.5 mS.

Each SKD site includes from 1 to 4 rows of control points.
Rows of control points may be oriented horizontally or
vertically. Each row, in turn, includes from 4 to 7 observation
points located with an interval of 3 cm along a straight line
between the two fixed reference points.

But these values are not reachable in the natural
underground water exchange, which is convincingly shown
by the results of long-term observations of hydrochemical
karst springs in the river Pinega: conductivity of discharged
water is never more than 2.2 mS (88 % of maximum
mineralization).
Since caves are inaccessible to humans during flood, we
have used the tanks with automatic closure to determine the
salinity of flood waters. These tanks have been installed by
us in 2005 at a different distance from ponors.
Analysis of the data showed, that conductivity of aggressive
flood water, which penetrates the massif is 0.5–0.6 mS
(20–24 % of maximum). After passing for many hundreds
of meters underground transit, these waters are saturated to
1.8–1.9 mS (72–76 %). Then, in a few months of slow water
level drop, conductivity of underground water reaches
2.2–2.3 mS (88–92 %).
Thus, during the transit time (in a few days at the peak of
the spring flood) in conditions of heavy water exchange,
floodwaters are saturated with the products of dissolution
of sulphate rocks up to 50 % approximately. Over the
following months, during slow level decline, water gather
additionally about 15 % to reach the maximum observed
mineralization of 2.2–2.3 mS, or 88–92 % of the maximum
possible in these climatic conditions.
Since, as mentioned above, main floodwater flow occurs in
the zone of water-table, we can assume that maximal
denudation of cave walls happens in this zone. That is why
all karst denudation rate measurement sites (“SKD” for

Figure 3. Location of measurement sites.
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Figure 4. Hydrograph of spring flood at Pinega river. Data from the state gauging station in Kulogory village in the immediate vicinity
of the cave system (Federal State Unitary Enterprise “Centre of Russian water works inventory and state water cadaster”, 2012).

exceptionally high rate where identified. They are shown
with “high rate” comment in tables 1 and 4, and they are
not used for any calculations.

Reference points are stainless steel screws fixed to the wall
with plastic plugs to a depth of 50–60 mm. During the
measurement special aluminum rod of square section with
test holes every 3 cm is imposed on the heads of the screws
(Fig. 2).

Using data from the remaining points we calculate mean
retreat rate for every measurement row and site.

Vernier caliper probe is inserted to each hole and distance
between wall surface and outer surface of the rod is measured.

Average retreat rate for all observation points is 0.0448
mm/day. The confidence interval for this value from 0.0379
to 0.0516 mm/day.

On every SKD site we made a special “passport” with the
tables of the measured values on each set of control points.
We also made an exact measurement of height above sea
level of each control point row.

The column “conditions” of Tables 1 and 2 provides an
assessment of denudation conditions for each of the sites.
In the sites marked “Corrosion” there is no signs of water
flow. “Erosion” – conditions are suitable for water flow and
there are signs of such flow.

5. Results and discussion

It is interesting to note that the maximum retreat rate on
surfaces of walls and the roof was measured at the SKD-8
site, equipped in one of the passages of Vodnaya (Water)
Cave, where the nature of water deposits suggests floodflow velocities above 1 m/sec. and here, respectively, there
is a very intense water exchange.

This report presents the results of observations on six oldest
SKD sites equipped in 2003–2004 and affected by nine
spring floods (2004–2012). Locations of sites are shown in
Fig. 3. Totally 62 points were analyzed.
Obviously, in the existing hydrogeological environment
hypsometric position of the observation point plays a
significant role. Thus, the higher (in absolute elevation) is
the reference point, the less time it is exposed to dissolving
effects of flood waters, and vice versa. This is illustrated by
a spring flood hydrograph of Pinega River in 2012 (Fig. 4),
which is fairly typical.

From these data it is clear that the denudation rate of cave
channels depends strongly on the local conditions, which is
characteristic for gypsum karst (Klimchouk et al. 1996). On
the example of SKD-2 site one can see that the dissolution
rate can vary significantly even at points located in close
proximity to each other. However, the obtained confidence
limits give hope that average rate really characterizes the
process of denudation within all massif.

Therefore, in the analysis of the data, we took into account
the absolute height of each of the control points. Taking into
consideration available data on the dynamics of the spring
floods of the river Pinega for 2004–2012 years, it was possible
to determine the estimated time (in days) of the interaction
between gypsum surface and aggressive floodwater for each
control point for the entire observation period.

Another trend that can be observed in collected data, is
higher rate of dissolution of horizontal surfaces (ceilings)
than of vertical (walls). However, the existing data does not
reliably establish that fact. We hope to clarify this point,
after completing the measurements on the other sites.

The resulting values of the total retreat (in mm) at each test
point and the data on the duration of flooding of each of them
allowed us to determine the retreat rate (Tables 1 and 2).

The resulting average speeds of karst denudation in real
hydrogeological conditions of Kulogorskaya cave system
can later be used to build a variety of mathematical models
and reconstructions of paleogeography environments and
stages of development of the caves of massif.

We have used Smirnov-Grabbs criterion on the values of
the retreat rate to identify outliers. Four points with
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We continue to equip new measurement sites and are
working on improvement of our techniques. Long-term
monitoring of natural karst denudation processes will
undoubtedly allow us to deepen our knowledge of the laws
of development of not only Kulogorskaya cave system, but
also of the entire northern sulfate karst.
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Table 1. Measurement data and statistics, part 1.
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5
6
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3
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1
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4
5
6
1
2
3
4
1
2
3
4
5
1
2
3
4
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2
3
5
1
2
3
4
1
2
3
4
5
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Pecularities

high rate

crystall

crystall

Height,
m a.s.l.

Days
underwater

Depth
in 2004
mm

Depth
in 2012
mm

Total
retreat,
mm

Retreat
rate,
mm/day

16.69
16.66
16.60
16.57
16.54
16.36
16.33
16.30
16.21
16.02
15.99
15.96
15.93
15.90
15.35
15.32
15.29
15.26
15.23
15.20
15.57
15.57
15.57
15.57
16.27
16.27
16.27
16.27
16.27
15.18
15.18
15.18
15.18
15.18
15.34
15.34
15.34
15.34
15.70
15.70
15.70
15.70
15.94
15.94
15.94
15.94
15.94
15.94

25
25
25
25
25
36
36
36
36
46
46
46
46
46
79
79
79
79
79
79
51
51
51
51
33
33
33
33
33
80
80
80
80
80
72
72
72
72
50
50
50
50
44
44
44
44
44
44

22.0
27.7
35.0
33.6
29.2
26.5
31.2
32.6
29.1
35.0
34.2
28.4
27.8
25.0
25.0
23.0
25.6
23.3
26.2
28.0
18.1
16.2
16.0
13.8
18.0
17.3
17.2
18.0
17.7
16.4
12.0
17.8
18.5
20.0
11.2
14.8
16.0
25.4
14.4
18.5
16.3
20.1
21.5
21.0
20.0
20.8
21.5
20.8

23.7
29.4
36.4
36.8
31.3
28.2
32.1
33.1
30.3
38.4
36.0
31.2
30.5
27.9
27.3
25.1
28.5
26.6
29.3
31.0
19.9
16.8
16.9
14.5
19.2
18.3
18.3
18.8
20.8
17.3
13.1
19.5
19.7
21.0
13.0
16.8
19.2
29.3
16.5
20.1
18.6
21.4
22.5
23.0
21.4
22.3
23.0
22.7

1.7
1.7
1.4
3.2
2.1
1.7
0.9
0.5
1.2
3.4
1.8
2.8
2.7
2.9
2.3
2.1
2.9
3.3
3.1
3.0
1.8
0.6
0.9
0.7
1.2
1.0
1.1
0.8
3.1
0.9
1.1
1.7
1.2
1.0
1.8
2.0
3.2
3.9
2.1
1.6
2.3
1.3
1.0
2.0
1.4
1.5
1.5
1.9

0.0680
0.0680
0.0560
0.1280
0.0840
0.0472
0.0250
0.0139
0.0333
0.0739
0.0391
0.0609
0.0587
0.0630
0.0291
0.0266
0.0367
0.0418
0.0392
0.0380
0.0353
0.0118
0.0176
0.0137
0.0364
0.0303
0.0333
0.0242
0.0939
0.0113
0.0138
0.0213
0.0150
0.0125
0.0250
0.0278
0.0444
0.0542
0.0420
0.0320
0.0460
0.0260
0.0227
0.0455
0.0318
0.0341
0.0341
0.0432
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Avg. rate
for row,
mm/day

Avg. rate
for location,
mm/day

0.0690

0.0299

0.0475
0.0591

0.0352

0.0196
0.0330
0.0436

0.0148

0.0148

0.0378
0.0372
0.0365

0.0352

0.0352
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Table 2. Measurement data and statistics, part 2.

1
2
3
4
5
1
2
3
4
5
1
2
3
4

Pecularities
high rate
high rate

high rate

Height,
m a.s.l.

Days
underwater

Depth
in 2004
mm

Depth
in 2012
mm

Total
retreat,
mm

Retreat
rate,
mm/day

15.90
15.90
15.90
15.90
15.90
15.60
15.60
15.60
15.60
15.60
15.30
15.30
15.30
15.30

45
45
45
45
45
52
52
52
52
52
73
73
73
73

14.2
15.2
15.2
14.2
15.0
14.3
15.5
21.0
22.6
19.6
20.1
16.1
13.2
16.0

21.9
20.3
23.5
18.6
16.9
18.2
19.8
24.1
26.3
23.4
25.5
21.4
23.2
19.9

7.7
5.1
8.3
4.4
1.9
3.9
4.3
3.1
3.7
3.8
5.4
5.3
10.0
3.9

0.1711
0.1133
0.1844
0.0978
0.0422
0.0750
0.0827
0.0596
0.0712
0.0731
0.0740
0.0726
0.1370
0.0534
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Avg. rate
for row,
mm/day

Avg. rate
for location,
mm/day

0.0844

0.0723

0.0667

0.074
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GEOLOGY AND STRUCTURE OF PARIAN CAVE, ISFAHAN, IRAN
Ghassem Ghaderi , Leila Karimi
Iran Speleology Society, 71438-54941, Gas S., Shiraz, Iran, ghaderi1348@yahoo.com, L_karimi2007@yahoo.com

Parian Cave is located in Meimeh, Isfahan Province and formed in to the Triassic dolomites (Shotori Formation). The
cave was discovered in 1999 and about 1,400 m of it has been surved. The cave developed above the water level (vadose
zone) and has a very beautiful carbonate speleothems such as stalactites, stalagmites, columns, coralloids, flowstones,
draperies, helectites, anthodites, frostworks, crusts, flowers, sodastraws, rimestones and shields.
This survey is geological, morphological and structural viewpoints and the study results shows that the cracks and fissures
have created enough porosity in the host stone and rainfalls have provided internally karst conditions. The cave passages
follow discontinuity surfaces. They look are like a network of related underground spaces. Depending on the morphology
of the passage and cave climate, every passage creating special speleothems and should be examined separately because
each underground space has its special morphologic, hydrogeologic and hydrochemic conditions. The Parian Cave is a
maze cave and has a pool with carbonate type elements.

1. Introduction
Vast regions in Iran including Zagros, Elburz and central
Iran mountains consist of karst rocks which are important
source of drinkable water for the population arid and
semiarid climate of Iran. On the other hand, the
hydrocarbon sources (oil and gas) are mostly located in
karst regions in Iran and many silver, lead, zinc and bauxite
sources are situated in similar locations.
In this article the geology, geomorphology and tectonics of
the Parian Cave were studied. The research is divided into
two parts: (1) superficial and (2) subsurface examinations.
The geologic map (1:2,000) and structural map including
joints, faults, strata dip and strike and fold axes by the
satellite photos are obtained. All discontinuous surfaces
including fissures, faults, joints and beddinging in 14 places
on the surface around the cave entrance were sampled and
analyzed.
The cave was mapped by compass and all the
discontinuities were measured and analyzed by “rockwork”
and finally the gained superficial and internal data were
compared and the formation and development ways were
analyzed.

Figure 2. The Parian Cave in geologic map.

2. Discussion
The Parian Cave is formed in Middle Teriassic dolomite.
Lithology around the cave was mapped by meter and
compass in the field (Tab. 1). Five main layers and eleven
secondary layers were found in the travers from the valley
bottom, hill summit up to the next valley.
Limestones are light and dark colored with sandstone
interbed deposited in shallow coastal environment. The
Parian Cave is located in massive limestone layer.
Dolomitic layers form cave walls. The change in the
carbonate rock lithology and its impurities represents an
important factor increasing potential for the karst formation
in this region.

Figure 1. Satellite photo of the Parian Cave.
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By virtue of the joint studies on 14 parts around the cave
entrance, 3 sets of discontinuous surfaces are found. The
joint surface properties included planar, semi-open, unfilled
or filled partly with loam, and rough surface and moderately
weathered. Countour and rose diagrams are shown three
joint sets with northeast to southwest trend (Fig. 4).

Table 1. Lithology of the layers measured during field.
Symbol

Thickness

Rash5

Rash4

Lithology
Alternation of green shale with layers of
sandstone and thin layers of limestone and
dolomite, sometimes ferrous

5

Light cream crushed limestone

7.4

Light cream limestone

2.9

Dark grey limestone

2.9

Alternation light and dark limestone

11.2

Cream crushed limestone

14

Alternative dark and sandy limestone

23.2

Brown ferruginous sandy limestone

7.4

Dark grey limestone

35.1

Alternation of grey limestone and red
ferrous sandstone

20.7

Alternation of grey limestone and sandstone

10.8

Dark and cream limestone

Rash3

184

Fissured cream limestone with fault and
superficial karen

Rash2

62

Green shale with sandstone and limestone
interbeds

Rash1

2013 ICS Proceedings

Light cream thickly-layered limestone with
small caves

Figure 4. The countour and rose diagram of discontinuous
surfaces on the ground.

Figure 3. Geological section of The Parian Cave.
Figure 5. The countour and rose diagram of discontinuous
surfaces in the cave.
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The internal fissures were measured in the passages and
chambers of cave (Fig. 5). The stereographic diagram
shows that the cave fissures pattern is approximately similar
to the earth surface; only the dip of discontinuities in the
cave are less than the surface ones and have a 20–30°
turning. The cave discontinuous surface properties are open
and not filled.

2013 ICS Proceedings

Table 2. The specifications of the statistic analysis of The Parian
Cave.

The Parian Cave was surveyed completely in four weeks
by meter and compass and data drawn by the software
compass. Figures 6 and 7 show the plan and profile drawn
by software and Table 2 shows statistic analysis of the cave.

Included Length

1,401.5 m

Total Surveyed

1,401.5 m

Horizontal Length

1,185.7 m

Cave Depth

110.1 m

Surface Length

178.5 m

Surface Width

209.0 m

Surface Area

37,308.3 m2

Cave Volume

99,409.4 m3

Average Diameter

8.4 Meters

Wall Area

39,593.5 m2

Floor Area

10,349.5 m2

Average Inclination

25.8°

Figure 6. The Parian Cave plan.
Figure 8. Rose diagram of the cave passages.

Figure 7. The Parian Cave profile.

The azimuth of the cave has the NE–SW trend and is
completely similar to the discontinuities on the surface and
inside the cave (Fig. 8). The cave has the negative or
positive 20° dip (Fig. 9) and also 70 % of cave length is in
the depths of 30 to 70 m (Fig. 10).

Figure 9. The dip diagram of The Parian Cave.
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2. The discontinuous surfaces which developed on the earth
and deep fissures transfer the rains into the cave and
create the porosity necessary for karst development. The
rose diagram in the cave is completely similar to the
surface. Also, the properties of discontinuity are similar
to the surface; only the cave fissures are open and
unfilled completely.
3. The Parian Cave represents a set of related passages and
corridors following the discontinuity pattern on the
surface and in fact, it is a maze cave.
4. Total length of the cave is 1,401 m with an area of
37,000 m2. The mean diameter of the disintegration
passages is 8.4 namely the disintegration is effective. The
lowest part of the cave is in 110 m depth from the
entrance.

Figure 10. The passage length versus passage dip of The Parian
Cave.

5. The mean slope is positive and negative 20° and the most
development is the depth of 30–70 m.

This survey shows that two systems effect to form of
speleothems. Internal cave system and external cave
system. External cave system relates to near-surface
hydrological cycle and internal cave system refers to every
process that has happened in the cave. In this point of view,
all of the speleothems in the Parian Cave have classified to
two major groups.

6. Internal and External cave systems are effect to form
Parian speleothems. Speleothems which were formed by
dripping water and flowing water controlled by physicochemical conditions of outer cave system. Also
Speleothems which were formed by percolating
precipitation and speleothems which formed within pools
controlled by physico-chemical conditions of external
cave system.

1. Speleothems controlled by physico-chemical conditions
of the External cave system that has recorded in infiltered
water and goes down to cave and can be recognized in
speleothems which were formed by dripping water(such
as stalactite, stalagmite, column, sodastra) and flowing
water (flowstone, drapery, shield).
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2. Speleothems controlled by physico-chemical conditions
of the internal cave system that related to microclimate
conditions in cave and can be recognized in speleothems
which were formed by seeping water(coralloid, helectite,
frostwork, anthodite) and speleothems that formed under
pools (crystal lining, gours).
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PRELIMINARY STUDIES ON CORROSIVE FORMS AND CLASTIC
DEPOSITS IN THE ŚNIEŻNA CAVE (THE TATRA MTS., POLAND)
Ditta Kicińska
Institute of Geology, Adam Mickiewicz University, ul. Maków Polnych 16, 61-606 Poznań, Poland,
kicinska@amu.edu.pl

The Wielka Śnieżna Cave is the deepest and the longest system in Poland, which consists from group of vertical shaft
with horizontal parts among of which the highest situated on depth of 300 m (the part of Wodociąg and Ciągi Zakopiańskie
passages). New data on basis observation of corrosive forms and heavy minerals analyses indicate that some passages of
the Śnieżna Cave could be formed on several stage and under phreatic or epiphreatic conditions.

1. Introduction and geological settings
The Wielka Śnieżna Cave System (denivelation of 824 m,
length of 23 km) is situated in the Czerwone Wierchy
Massif, which is surrounded on the northern part by the
Mała Łąka, Miętusia and Kościeliska valleys. The system
includes 5 caves: Śnieżna, Wielka Litworowa, Nad Kotliny,
Jasny Aven and Wilcza (Fig. 1). Preliminary studies were
conducted in the Śnieżna Cave up to depth of 300 m where
the horizontal part named Wodociąg and Ciągi
Zakopiańskie passages occur (Grodzicki 2002).
The system is developed in Mesozoic limestones, which
belong to the High Tatric sequence (Kotański 1959). Three
E–W-trending carbonate belts (southern, middle and
northern) separated by zones of non-karstic rocks occur in
this sequence. The belts run across river valleys. The Wielka
Śnieżna Cave System belongs to the middle belt, in which
the longest and the deepest caves of Poland are located. This
part of the Czerwone Wierchy Massif is discharged by an
ascending Lodowe Źródło Spring (in the Kościeliska
Valley).
Figure 1. Location of Śnieżna Cave.

2. Investigations in the cave

in the main passages of the Wodociąg and Ciągi
Zakopiańskie passages (toward Salka Rysi). Asymmetry of
scallops indicate a west paleocurrents direction (towards the
Kościeliska Valley) (Fig. 2). Composition of heavy minerals
in particular parts is varied. Predominance instable minerals
in the Wodociąg passages and chemostable and
mechanostable minerals – in the Ciągi Zakopiańskie
passages provides that analyzed horizontal passages

The first observation on karst was published by Kowalski
(1953), who claimed that the Lodowe Spring in the
Kościeliska Valley drains the western part of the Czerwone
Wierchy Massif between the Kościeliska and Miętusia
valleys and possible the eastern part of Czerwone Wierchy
Massif too. Zwoliński (1955) suggested that the Lodowe
Spring drains the massif between peaks of Ciemniak and
Małołączniak. The tracing of underground water in the
Śnieżna Cave revealed flow to the Lodowe Spring during
6 days (Dąbrowski and Rudnicki 1967).

of Śnieżna Cave has been not formed on one stage (Fig. 3).
The cross section of passages confirmed suggestion made
by Głazek et al. (1977) that the vertical elements developed
on tectonic discontinuities during deglaciation of
Pleistocene and Holocene age as the invasion caves
(proglacial). Ellipsoidal cross section of the Wodociąg and
Ciągi Zakopiańskie passages, paleocurrents direction based
on scallops and composition of heavy minerals show that
the horizontal parts were formed under epiphreatic or
phreatic conditions, what sheds a new light on the origin,
evolution and probably age of the Śnieżna Cave.
To better understand the Wielka Śnieżna Cave System more
researches is needed such as analysis of spatial patterns of
cave and cross-section of passages, analysis
of corrosive forms and dating of speleothems.

Investigations of origin and age of Śnieżna Cave were made
by Wójcik (1978), Głazek et al. (1979), Grodzicki (1991,
2002) and Głazek and Grodzicki (1996) who concluded that
the main reason of development of cave is tectonic
widening of fissures, which formed during deglaciations.
Following researches were conducted by Kicińska (2002)
and Pawłowska – Bielawska (2007) who origin horizontal
passages related to be formed under phreatic
or epiphreatic conditions.
Observation and measurements of scallops were performed
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Figure 2. Schematic cross-section of Wielka Śnieżna Cave System, areas where scallops were studied, the paleoflow directions and
sampling places of clastic deposits.
Głazek J, Grodzicki J, 1996. Kras i jaskinie. In: W: Mirek Z. (Ed.).
Przyroda Tatrzańskiego Parku Narodowego. Wyd. Inst. Ochr.
Przyrody PAN, 139–169.
Głazek J, Rudnicki J, Szynkiewicz A, 1977. Proglacjal caves – a
special genetic type of caves in glaciated areas. Proceedings 7th
International Speleological Congress, Sheffield, England,
Semptember, 1977. British Cave Research Association,
Bridgewater. 215–217.
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Polskich. Biuletyn IG, 139, 1–160.

Figure 3. Relationship between instable (apatite, amphinole,
epidot), chemostable (rutile, staurolite, disthene, tourmalines) and
mechanostable (garnets, zircon) heavy minerals in the studied
samples, classification diagram after Burkhardt (1978).
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GEOCHEMICAL AND STABLE ISOTOPE CHARACTERIZATION OF DRIP
WATER FROM THE POSTOJNA CAVE, SLOVENIA
Magda Mandić1, Andrej Mihevc2, Albrecht Leis3, Ines Krajcar Bronić4
Department of Physics, University of Rijeka, Rijeka, Croatia, mmandic@phy.uniri.hr
2
Karst Research Institute, Postojna, Slovenia
3
Joanneum Research Institute, Graz, Austria
4
Ruđer Bošković Institute, Zagreb, Croatia

1

Comprehensive investigation of geochemical and isotopic characteristics of drip water in Postojna Cave (Classical Karst,
SW Slovenia) is presented here. Sampling of drip water was performed at 9 locations within the cave from March 2010
to April 2011. Air and water temperature, pH value, drip rate, conductivity, ion concentrations, δ18O of water and δ13C of
DIC were determined. All drip waters belong to the Ca – HCO3 type according to chemical composition and to the seepageflow type according to drip rate and its variability. Cave temperature is relatively constant during the year and reflects the
average temperature in the region. Relatively constant δ18O values of drip water reflect mean δ18O of precipitation. A
process of prior calcite precipitation (PCP) is proposed for explaining observed differences in some parameters at location
05 – Podrti kapnik in comparison with all other locations.

1. Introduction

It is 18 m above the Pivka River sinkhole. The entrance
leads to the upper level of cave passages and larger halls
which are also connected with lower river passage. In the
whole length cross section is rounded and shows leveled
ceilings. On the walls and ceiling of the cave interior there
are marks and remains of sediments, indicating that in the
cave evolution there were cycles of filling and flushing out
the cave passages during the past (Brodar 1966).

The Postojna Cave (Slovenia) is one of the most famous
karst caves in the South-eastern Europe. The comprehensive
investigation of speleothems and cave environment has
been undertaken with the aim to map recent geochemical
and stable isotope characteristics of the Postojna Cave
which could help in providing insights into climate and
environmental changes. In this work we present results that
relate to various geochemical and isotopic parameters in
drip water.

3. Sampling
Monitoring in the Postojna Cave was performed in the
period from March 2010 to April 2011. Sampling of drip
water was done at 9 locations within the cave (Figure 2).
Additionally, the Pivka River was sampled at two locations:
at the entrance to the Postojna Cave and 2.5 km inside the
cave. On the field were measured pH, conductivity, air and
drip water temperature and drip rate. Laboratory chemical
analysis of water samples included measurements of Ca2+,
Mg2+, HCO3- concentrations and twice a year measurement
of Na+, K+,Cl-, SO42- and NO3- concentrations. Stable
isotope compositions of water (δ18O) and dissolved
inorganic carbon DIC (δ13CDIC) were determined.

2. Site description
The Postojna Karst is situated in Slovenia on NW part of
the Dinaric Karst (Figure 1). More than 60 caves are known
in the Postojna Karst. The largest cave system (20.5 km
long) is the Postojna Cave system. One of the caves in the
system is the Postojna Cave, 10,399 m long (Šebela 1997).
The Postojna Cave was formed by the sinking Pivka River.
There are two main levels of the cave passages: the upper,
which is mostly dry, and the lower where the Pivka River
flows. Modern entrance of the Postojna Cave is at 529 m a.s.l.

Figure 1. Map of Europe with position of Slovenia (left); (right) map of Slovenia with Postojna Karst area (darker shadowed area).
The boundary of the Dinaric karst (dashed line) is shown (Gams 1974).
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Figure 2. Sampling locations in the Postojna Cave (left). List of names of the sampling locations and their numbers, and the symbol
applied in this paper (right).

river water follows more closely the outside air temperature.
Monthly amount of precipitation and drip rate are shown in
Figure 4. According to drip rate and its variability, all drip
waters belong to the seepage type (Smart and Friedrich
1987). The lowest drip rate is measured in summer (August
2010), and the highest in November 2010, about two
months after abundant precipitation in September 2010.
During winter period (February 2011), preceded by two
months of low precipitation, the drip rate is again low. Low
discharge in winter may be observed also because of snow
cover during winter months.

4. Measurement
Physical (temperature) and chemical parameters (pH and
conductivity, both corrected to 25 ºC) in drip waters were
measured in situ by the WTW multiline pH/Conductivity
340i Ph Meter. Chemical analyses of water samples were
performed by certificated methods using ion
chromatography. Stable isotope analyses were carried out
in Laboratory Centre for Isotope Hydrology and
Environmental Analytics, Joanneum Research Institute
(Graz) by an on-line continuous-flow system (Gasbench II)
linked to a Thermo Fisher Scientific DELTAplusXL isotope
ratio mass spectrometer. The δ18O values are reported
relative to the VSMOW scale and δ13CDIC relative to the
VPDB scale. Calibration of the mass spectrometer was
accomplished using in-house water and calcite reference
materials whose stable isotopic composition had previously
been calibrated (Spötl 2005).

At location 08 – Vrh Velike gore the highest drip rate is
measured in November 2010 due to the high amount of
precipitation during September 2010. In the time with low
30
25
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5. Results and discussion

01 - S lonova glava
02 - Biospeleološka postaja
03 - Vodopad
04 - Kongresna dvorana
05 - Podrti kapnik
06 - S tebrišèe
07 - È arobni vrt
08 - Vrh Velike gore
09 - Zgornji Tartar
10 - Pivka R ive inside
11 - Pivka R iver outside
Postojna ME TE O

0

Air temperature (Fig. 3) within the Cave varies slightly
around 10 °C, which is close to the mean air temperature
measured at the meteorological station during last decade
(9.7 ±0.5 °C). Variations around the mean are larger at
locations closer to the entrance to the Cave. Drip water
temperature also slightly varies around 10 °C, while the
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Figure 3. Air temperatures on sampling locations in Postojna
cave, together with data from Slovenian meteorological survey for
Postojna during sampling period (step line).
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The average concentration of calcium ion is plotted as a
function of the caprock thickness in Figure 6. Higher
calcium concentration (from 86 mg.l-1 to 89 mg.l-1) is
determined at outer locations (01, 02, 03 and 04) with
caprock thickness between 40 m and 90 m. At other (inner)
locations (06, 07, 08, 09) with caprock thicknesses from 65
m to 85 m, Ca2+ concentration is lower (73 to 82 mg.l-1).
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Relation of calcium ion concentration and drip rate is
different for different locations (Figure 5). At locations 07
– Čarobni vrt, 08 – Vrh Velike gore and 09 – Zgornji Tartar
where drip rate has large variations calcium concentration
is stable. The larger variation of calcium ion concentration
has been observed at location 02 – Biospeleološka postaja,
where the drip rate is constant and low.

Precipitation (L/ m2)

Drip rate (min-1)

precipitation amount the drip rate at location 08 – Vrh
Velike gore is low. That would appoint to short mean
residence time (MRT) at location 08 – Vrh Velike gore. The
response of the drip rate to abundant precipitation is delayed
for about 2 months at locations 07 – Čarobni vrt, 08 – Vrh
Velike gore and 09 – Zgornji Tartar, as opposed to location
02 – Biospeleološka postaja where high precipitation
amount has negligible influence on drip rate, i.e. drip rate
is relatively constant and not dependent on the amount of
precipitation (Fig. 4).
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Figure 6. Mean values of calcium ion concentration vs. caprock
thickness. There are two groups of locations. Full line square
points out outer locations (0 04) and dashed line square inner
locations (06–09). Location 05 does not belong to any of the two
groups.

Calcium concentrations range between 74 and 89 mg.l-1
(Fig. 5). Largest variation from mean value for calcium
concentration is found at location 01 – Slonova glava
(89 ±16 mg.l-1), and at location 08 – Vrh Velike gore
deviation from mean value is the lowest (82 ±3 mg.l-1).
Location 05 – Podrti kapnik has the lowest mean value
(65 ±12 mg.l-1). Mean HCO3- concentrations range between
200 and 273 mg/L at all locations except for Podrti kapnik
(152 mg.l-1).

Therefore, concentration of calcium ion in the drip water is
not determined only by caprock thickness, but also by
geomorphology of the karst terrain itself, i.e. by the routes
that drip water undergoes before reaching the drip site
(Baker et al. 2000; Fairchild et al. 2000; Tooth and Fairchild
2003). Most dissolution of limestone occurs in the epikarst
zone (up to 60 m terrain depth) (Ford and Williams 2007).
In Figure 6, location 11 – Pivka River inside is plotted only
for comparison and demonstration that calcium ion content
of water is not influenced by caprock thickness. Location
05 – Podrti kapnik is an exception and will be discussed
separately. Other chemical parameters are neither
influenced by caprock thickness.
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The pH values of the drip water show seasonal fluctuation
– lowest pH values are measured in August and September
and highest during winter months (November–March).
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At all locations, magnesium concentrations are lower than
1.5 mg.l-1, with the mean value of 0.85 ±0.18 mg.l-1. Both
sampling locations of the Pivka River show higher
concentrations of magnesium ions (> 3 mg.l-1) due to the
Pivka River origin and flow path. Concentrations of other
minor ions are negligible at all locations.
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Figure 4. Monthly precipitation amount (—) and drip rate.
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The δ18O values of drip water vary between -10 and -8‰
with practically now seasonal variations. The variations in

Figure 5. Dependence of calcium ion concentration on drip rate.
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δ18O of drip water at all 9 locations are than that in local
precipitation, indicating good mixing of waters in the
epikarst zone and relatively long MRT of water, from
several months (at locations 01, 02 and 08) to about 1 year
at locations 03, 05 and 09 and reaching several years
(locations 04, 06, 07).
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Conductivity (μS/cm)
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The δ13CDIC values measured in the Pivka River water at
location 10 – Pivka River inside and at location 11 – Pivka
River outside are approximately the same, i.e. -12.4 ±2.0‰
and -12.4 ±2.2‰, respectively. The drip water at location
05 – Podrti kapnik (mean value -9.90 ±2.26‰, ranging
from -11.78‰ to -5.64‰) has more positive δ13CDIC values
than other drip waters, where δ13CDIC mean values range
from -12.32 ±0.28‰ at location 07 – Čarobni vrt to -13.30
±0.33‰ at location 01 – Slonova glava. Smallest variations
have been measured at location 06 – Stebrišče (-13.06
±0.11‰).
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Figure 9. Relation between Isat and pH. Red line presents
equilibrium solution, Isat = 1.

Location 05 – Podrti kapnik has been mentioned several
times as an exception in comparison with other locations,
e.g., concentrations of calcium and bicarbonate ions
(Figures 6, 7) and conductivity (Figure 8) are lower, while
the δ13C values of DIC are on average 2–3‰ higher than at
other studied locations. The differences are more
pronounced during dry periods when the Mg/Ca ratio also
increases. All these observations indicate the possibility of
the loss of calcium and bicarbonate ions due to carbonate
precipitation in some voids within the caprock above this
locations caused by degassing of CO2 from the percolating
water. This process in known as prior calcite precipitation
(PCP; Horvatinčić et al. 2003; Spötl et al. 2005; Fairchild
et al. 2007). In the period after abundant precipitation when
the water level is high, the voids are filled with water and
do not allow CO2 degassing, the mentioned parameters at
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The mean values of saturation index Isat vary from
1.94 ±0.81 at location 01 – Slonova glava to 6.19 ±4.12 at
location 04 – Kongresna dvorana. The highest value (12.82)
is observed at location 04 in February 2011 (Figure 9), and
the lowest value of 0.58 at location 02. Line on the Figure 9
presents equilibrium solution, i.e. Isat = 1. If Isat < 1 there is
no possibility for carbonate precipitation, and if Isat > 1 then
carbonate precipitates. Most of drip water Isat values lye in
the region above the line, and only several Isat values are
close to or slightly lower than 1.
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Figure 8. Correlations of mean annual conductivity and drip rate
with linear fit.
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Mean conductivity and drip rate show linear relationship
(R2 = 0.51; Fig. 8). Conductivity is in direct correlation with
concentration of dissolved minerals in the solution.
Locations with higher drip rate show stronger response to
the rain events. For drip water at location 08 – Vrh Velike
gore and 07 – Čarobni vrt with short residence time
conductivity is low because of shorter time for water – rock
interaction, i.e. for dissolution of the overlying limestone
bedrock, which is opposite to the situation at location 02 –
Biospeleološka postaja.
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Correlation between mean values of HCO3- and Ca2+ ions
for all locations is shown in Figure 7. Good correlation
(R2 = 0.94) is in agreement with classical processes in karst
where higher concentrations of bicarbonate HCO3- in drip
water causes higher concentrations of dissolved minerals,
in the case of limestone, the calcium minerals.
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The highest average conductivity value has been measured
at location 01 – Slonova glava (454 ±76 μS.cm-1), where
maximum value of 556 μS.cm-1 is measured in November
2010. The lowest average value is found at location 05 –
Podrti kapnik (277 ±42 μS.cm-1), where the minimum
conductivity of 197 μS.cm-1 is measured in February 2011.
At location 06 – Stebrišče minimum deviation from mean
value is found 366 ±17 μS.cm-1, i.e. this location shows
most stable conductivity condition of all sampling locations.
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Figure 7. Correlation between mean values of HCO3- and Ca2+
ion concentration for all sampling locations.
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location 05 do not show different values compared to other
locations, justifying our assumption of PCP.

Fairchild I, Borsato A, Tooth A, Frisia S, Hawkesworth C and
Huang Y, 2000. Controls on trace element (Sr-Mg)
compositions of carbonate cave waters: Implications for
speleothem climatic records. Chemical Geology 166, 255–269.

6. Conclusion

Fairchild I, Frisia S, Borsato A and Tooth A, 2007. Speleothems.
In Nash, D. and McLaren, S., eds., Geochemical Sediments and
Landscapes. Wiley-Blackwell, Oxford.

The one-year monitoring of various chemical and isotopic
parameters in drip waters of the Postojna Cave leads to the
following conclusions. Air temperature and drip water
temperature reflect the mean annual temperature of the area,
but the seasonal variations in the cave are much smaller.
Similarly, the mean δ18O values of drip waters reflect the
δ18O of the local precipitation, but without pronounced
seasonal variations. According to its chemical composition,
all drip waters belong to the same type (Ca – HCO3-).
According to drip rate and its variability, all drip waters
belong to the seepage type, although some differences in
the drip rate response to the precipitation amount are
observed among the studied locations. Location 05 – Podrti
kapnik is often an exception when compared to all other
monitored locations by its lower Ca2+ and HCO3concentrations, lower conductivity, higher Mg/Ca ratio, and
higher δ13CDIC values. All these characteristics indicate the
possibility of prior calcite precipitation on the way of the
drip water from the epikarst zone to the cave.
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THE SKALISTÝ POTOK CAVE IN THE RELATIONSHIP TO THE RELIEF
OF THE SOUTH PART OF JASOVSKÁ PLATEAU (SLOVAK KARST)
AFTER 25 YEARS OF RESEARCH
Alena Petrvalská, Zdenko Hochmuth
Institute of geography, Faculty of Natural Sciences, P. J. Šafárik University, Jesenná 5, Košice 040 01, Slovakia,
alena.petrvalska@upjs.sk, zdenko.hochmuth@upjs.sk
The Skalistý potok Cave is situated on the south slope of the Jasovská Plateau. In present, it is the longest and deepest
cave in the Slovak Karst. It consists of three different parts, having different genesis and relationship to relief of slopes
and plateau. We analyze location of cave corridors and relief above them. We can confirm that cave corridors do not have
relation to the relief itself, they do not pass under dolines and they do not correspond to doline lines or lines of slope
valleys. We deal with further perspectives of the research, possibilities and applications of new progressive methods that
can help us solve some research problems (relationship of microclimate and discharge, neotectonic movements etc).

1. Introduction

Plešivecká, Silická, Horný vrch, Dolný vrch, Zádielska,
Borčianska and Jasovská. The altitude difference between
valley and plateau surface is 400 m on average. On the
plateau surfaces, karst forms (exokarst) are well-developed.
Lot of Aven- and Lighthole-type abysses were found there.
It is interesting that active karst hydrological systems with
active flow are known only from the edge of the Slovak
Karst.

The Slovak Karst is situated in the eastern part of south
Slovakia. It forms the largest continuous karst area in the
Slovakia overreaching to Hungary where it is called the
Aggtelek Karst. In Slovakia, it occupies an area of about
800 km2 and is built up of karst rocks.

3. Skalistý potok Cave
Both known and used entrances into the Skalistý potok
Cave (Rocky brook Cave) are man-made. The first was
punctured by workers from the IGHP (Engineer-geological
survey) in 1968 in the place of the periodic spring on the
feet of the Jasovská plateau in the altitude of 205 m a.s.l.
The second one was punctured by cavers on the southern
plateau slope in 2007 at 460 m a.s.l. Most of passages are
overflowed by active underground river, 42 sumps are
already mapped (with a length of about some meters up to
130 m). Finally, the cave is interesting speleodiving locality,
but there are many vertical parts. These passages rank the
cave to the deepest caves in the Slovak Karst and among
Slovak caves it ranks the fourth. The topical length is
7,983 m and denivelation 373 m.

Figure 1. Slovak karst plateaus and the most important caves.

2. Geological and geomorphological
character of Slovak Karst
The Slovak Karst has a complicated geological structure
with five tectonic units (nappes): Silicicum, Gemericum,
Bôrka Nappe, Meliaticum and Turnaicum. A bottom part of
nappes are built up of Lower Triassic non-karstifying rocks
overlain by dominantlight grey and white Wetterstein
Limestone, and Wetterstein Dolomite, Guttenstein
Limestone and Dachstein Limestone (with megalodont
fossils).

4. History of a speleological and speleodiving
survey in the Skalistý potok Cave
1968: In the place of the periodic spring on the feet of the
Jasovská plateau, workers from the IGHP Co. from Žilina
gapped a 13 m long exploration tunnel and they find
underwater parts of the natural cave. Cave passages were
surveyed by Mikuláš Erdős.

The Slovak karst is characterized by uniform pediplanation
surface. We expect that whole area of the Slovak Karst was
in the time of tectonic calm in Miocene (Pannonian age) cut
into the planation surface peneplain. New ideas on the
evolustion of the Slovak Karst were presented by Jakál
(2001), Gaál and Bella (2005), Gaál (2008), Hochmuth and
Labunová (2008), Hochmuth and Petrvalská (2010).

1982: Speleodiver J. Kucharovič from Trenčín city
overcame two sumps and reached a distance 258 m from
the cave entrance, he tentatively surveyed the passages.
1985: renewal of research by regional caving club in
Ružomberok city, later renamed a group Východ – East as
a part of the Commission for speleodiving.

After the uplift in the Rhodanian phase of Carpatian
orogenesis, canyon- and gorge-like valleys were created.
They separate the area into several plateaus: Koniar,
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Figure 2. Map of the Jasovská Plateau and the Skalistý potok Cave position.

of the Háj village. Caver began to perforate a tunnel from
the surface to the “Contact hall”.

1986: In the Skalistý potok Cave, speleodivers Hochmuth,
Koľbik, Šimkovič and Ďurček managed 11. sump in the
distance of 600 m from the cave entrance.

2002–2007: A progress in the horizontal part, sumps No. 23
and 24 were overcome.

1987: 21. sump was reached, the length of the cave is
1,500 m. Detailed mapping with mining set (Meopta) was
running.

2007: Opening of the 2nd cave entrance on the plateau slope,
revival of the speleodiving research in the upper parts.

1988: Discovery of the tributary flow in the section of 17.
sump.

2008: Sump No. 17.13 was overcome by M. Mahart and D.
Hutňan from Speleoaquanaut Prague.

1989, February 11: Cavers overcame sump No. 17.11,
longest in the cave with a length of about 130 m. In the
same year they discovered new areas of the cave,
ascendent dry cave with waterfalls and sinuous horizontal
parts.

2010: Gap of the crosscut above sump No. 17.13.
2011: The ascending part above Kladenská Passage and
record denivelation 373 m was reached.

1991: In the ascending passage new research and mapping
by classical methods started. The new highest point was
attained (Vrchol 91 – Peak 91) in the height of 441 m.

2012: The waterfall was overcome, new waterpassage with
sumps Nos. 17.14, 17.15 and 17.16 was discovered, in the
siphon 17.17 wasn`t attained. The cave length is under 8
km already.

1992: Resumption in the passages against the underground
river. The new highest point was discovered – Vrchol
“peak” 92 on the slope of a huge hall with waterfall.

Many papers were published about this cave, for example
Hochmuth (1989, 1992, 1994), Hochmuth, Danko and
Hutňan (2011), Hochmuth and Hutňan (2012) etc.

1993: D. Hutňan is going to help with new research in the
cave. Climbing up the 31 m high waterfall and discovery
of new subhorizontal parts with halls and sump No. 17.14.
At this point the research was stopped. Denivelation of the
cave is 287 m.

5. Genetic parts of the cave
The Skalistý potok Cave has 3 genetically different parts.
Lower subhorizontal part of the cave is situated between
164–200 m a.s.l. (the lowest localities are in sumps). It
spreads into WSW and in some parts it generates meanders.
In the straight direction the passages are more than 2,8 km
long. Most of these passages are tectonically conditioned
by fault area between the foothill of the plateau and the
hollow basin. But typical are freatic, meander segment and
flooded vertical “well”. A schematic profile of the cave is
included in the paper Hochmuth (1994). Only a third of this
part is overflowed by underground flow from a vertical
passage. West heading passage is mainly dry, overflowed
only in flood period of the year. It is interesting that this
part of the cave is not increasing, but horizontal and every
each siphon is in greater depth.

1994: A progress in the lower parts of the cave (Hochmuth,
Ďurček), overcome of the 31. sump and discovery of a long
horizontal passage with sump No. 22. Damping of the
speleodiving activity.
1999–2000: Research of the Speleoaquanaut Club from
Prague (the Czech Republic) and group from Kladno
heading by D. Hutňan. Overcome of sump 17.13 and
discovery of next passages with sump and shallow inflow.
In this time Peak 91 was overcome and the passage was
near to the Jasovská Plateau slope.
2000: Overcome of 22. sump and discovery of more than 1
km long new passages that are occurring nearby built areas
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Figure 3. Schematic profile of the Jasovská Plateau (under the angle of 45–225°).

We proposed a solution to this question by “divergention
against the water flow” longer time ago. A extension of this
branch is problematic since there are permanent siphons
(Nos. 23–25) situated, passages on the fault zones are tight
and collapse-like. In sediments of this part, boulders of
metamorphic rocks are occurring indicating transport by
flood waters from the west-situated Hájska Valley. The
surface flow of the Hájsky Brook contains these bulders as
well. In the fine fraction of sediment we observed heavy
minerals that outline the catchment area of the stream.
There is an evidence of hydrological connection with
underground stream in the Kunia Abyss (250 m) by tracers.
The water passed from the siphon to the spring in 5 weeks
in minimal discharge. It is possible to consider this part of
the cave as relatively young developing in parallel with
river plain of the Hájsky Brook and its alluvial cone.

6. Topical problems of research
The research of the cave with classical methods, after the
opening the upper parts of the cave, reached the top. At
present time, there is research in three ways running:
Observation of neotectonic movements with exploitation of
TM 71 dilatomer, which was installed on the active zone.
This fault formed north-south direction of the “Upper level”
in the cave.
Measurement of water discharge with automatic depth
sensor which was installed on Thompson weir situated on
the upper stream in the cave. It helps us understand
relationship between rainfall, temperature and snow melting
on the plateau surface.

Vertical parts with meander passages. The passages that P.
Bella called “vadose canyons” and other authors (P.
Hipman, Z. Hochmuth) called “caves of the mountain
type”, are known from the Alps and in Slovakia and Poland
from higher mountains in the Carpathian range (the High
and Low Tatras). Their existence in the Slovak karst region
was surprising. The waterfalls of 2–31 m height alternate
with meander passages of oval shape (profile) and with
“vertical canyons”. This part heads generally to the north
however not following tectonic line or lines. Some parts
even avoid tectonic structures identified on the slope
surface. Into these parts a new entrance was made to better
access to the highest passages of the cave. Water channel is
currently developing, in some parts completely without
sediments and in other parts with corroded sinter crusts.
These parts witness of accumulation phase in long-term
period (paleomagnetic research of speleothem has been in
progress). “Vadose canyon” is on some places 20–30 m
high and higher parts have interesting crystal trappings and
speloethem forms similar to helictits.
Upper subhorizontal part is situated between 480–520 m
a.s.l. There was an active underground flow with the
existence of sumps in this part. Their position is not typical
for such a high altitude. Passages are oriented northwards
generally and east-west parts are tectonically conditioned
by fault area. These passages are 200 m from the rim of the
plateau and situated only 25–60 m under the plateau
surface. This subhorizontal part consists of fossil freatic
level 10–20 m above active flow, in the highest fossil
passages an acoustic connection was established.

Figure 4. Character of water channel in the upper parts. Photo
by J. Stankovič.
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Figure 6. Specific forms of stalactites and stalagmites formed
under the conditions of flowing aerosol from the waterfalls. Photo
by P. Šuster.
Figure 5. Fossil freatic passages in the upper parts. Photo by J.
Stankovič.

Research of sediments with classical mineralogical and
petrographical methods to recognize a catchment area of
non-karstic components.
Prolongation research was centered on the area behind
sumps Nos. 17.14–17.17 with major inflow. Direction of
this passage to the NE only a few meters under the plateau
surface is seemingly interesting and it will be necessary to
work in here in the future. For practical survey in the cave
it would be helpful to gap a next entrance from the plateau
surface (near the Vrchol – Top 2011). The survey in the
down parts of the cave is possible only with change in
research philosophy, methods and new generation of
speleodivers. Another problem is a speleological connection
with Kunia Abyss. It belongs to the catchments area of the
Skalistý potok spring and the research in past was in
progress in both ways (from the Kunia Abyss bottom and
in Skalistý potok Cave from the sump No. 17.9). The
revival of the research by group of new cave divers would
be desirable.

7. Summary
Relation of corridors in the Skalistý potok Cave and its
relief above them is shown on the map. This cave, similarly
to other caves “avoids” to depressions on the relief. The best
evolved parts of the cave are under the crest (covered by
karren) of the Jasovská plateau, however not under the slope
valleys as we expected. The passing of spaces under the
relief does not imply it. One part lying under the plateau
relief nearby the slope and dry valley does not copy the line
of the valleys (tectonic line of N–S direction), but runs

Figure 7. Specific forms of stalactites and stalagmites formed
under the conditions of flowing aerosol from the waterfalls. Photo
by P. Šuster.

through the valley bottom to the second site, and it
continues there. In the cave one can find recrystalised sinter,
which can, according to Hochmuth (in verb.) show the older
age (pre-Quaternary), similar sinters were found in the older
upper fossil level in the Drienovecká Cave. On the cave
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CAN CONDUIT VOLUMES OBTAINED FROM ARTIFICIAL TRACER
TESTS BE TRUSTED?
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Phreatic loop in a natural carbonate cave was used to test the reliability of artificial-tracer tests for estimating the volume
of a flooded karst conduit (Fig. 1). The volume of a phreatic tube was measured by filling a drained phreatic loop with a
constant inflow over a known time period. The volume of the phreatic loop is 190 ±20 m3, and it was compared to
independent calculations of conduit volumes based on values based on tracer breakthrough curves (Vojtechovska et al.
2010). The best results were for mean transit time, where tracer-test calculations yielded volumes very similar to the
volume obtained by direct filling of the loop (Table 1). On the other hand, using the first-arrival time or peak time in the
volume calculation resulted in considerable underestimation of the phreatic tube’s volume, and these methods should be
avoided except when breakthrough curves are affected by molecular diffusion. This demonstrates that volume estimation
by tracer tests may be quite precise for common natural conduits, but results are strongly affected by the chosen
breakthrough-curve parameter.

Acknowledgments
Research was supported by institutional project No.
MSM0021620855.

References
Vojtěchovská A, Bruthans J, Krejča F, 2010. Comparison of
conduit volumes obtained from direct measurements and
artificial tracer tests. Journal of Cave and Karst Studies 72, 3:
156–160.

Table 1. Times and corresponding calculated volumes (modified
from Vojtěchovská et al. 2010).
Time

Real volume (pumping)

Minutes
after
injection

Corresponding
volume
(m3)

Compared to
real volume
(%)

–

190

100

tA first arrival time

116

85

45

tP peak time

176

129

68

tR mean residence time

231

169

89

tC mean transit time

290

212

112
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Figure 1. Map and longitudinal vertical section of sump in Chýnov Cave (modified from Vojtěchovská et al. 2010).
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The water pathways of the underground river of Agia Triada (Karystos, Greece) and their generation are examined in this
study. One of the longest caves explored in Greece is formed at heavily deformed metamorphic rocks and the suggested
combined methodology, which includes traditional geological mapping, speleological exploration and remote sensing
image interpretation, led us to the conclusion that the water flows along the hinge of a NE–SW-trending mega-fold. A
number of faults that have been activated after the generation of the underground river, have altered its pathway by creating
“knick-points” which host impressive subsurface waterfalls, the largest of which is about 20 m high. The extraction of
morpho-lineaments from ortho-rectified satellite images revealed the importance of structures that were identified on the
open surface mainly by high-resolution remote sensing data interpretation and are related to the cave development. This
was made feasible with the use of the Geographic Information Systems as all the collected data were converted into layers
for further interpretation. It proved to be very useful as the projection of the cave trace on the ortho-rectified data revealed
the underground linkage between two adjacent hydrological basins. This explained the unusual large quantities of water
discharged by the Agia Triada spring.

1. Introduction

The applied methodology seems to be ideal for cases like
this one as underground rivers are more often related to
tectonic structures that might have surface expression. In
such cases remotely sensed datasets with proper
interpretation can lead to the structures that were
responsible for the cave generation.

It is quite often to study an underground karstic landform
only regionally, since the major subject is the generation
and operation of a cave. Especially in caves that act as
underground river flows, the main question that arises is
whether this subsurface network should be part of the
surface drainage or not (Papadopoulou-Vrynioti 2002;
Papadopoulou-Vrynioti and Kampolis 2011). In this paper
we investigate the role of the tectonic structures at the local
karstification and the influence of several tectonic structures
at the underground connection between two separate subbasins at the area of Karystos (southern Evia, Greece),
where the Agia Triada Cave has been found. It is classified
as one of the longest caves in Greece (Petrochilou 1981).
The existence of an impressive underground waterfall,
among lakes and other unique speleological features
attracted a great number of expeditions for investigating the
cave since 1932 (Zervoudakis 1959; Avagianos 1981).

2. Geomorphological and geological setting
The discharge of the studied underground river is done by
a karstic spring, which is located at an elevation of 250 m,
next to the Agia Triada chapel just north of the coastal town
of Karystos, at southern Evia, in Greece. The cave extends
NE beneath the mountain of Ochi and great amount of
precipitation water that is infiltrated through its permeable
rocks cropping out on the surface, flows along a naturally
constructed tunnel. The quantity of the water discharge is
large enough for providing Karystos and the surrounding
villages, domestic, potable water throughout the duration
of the year.

The first fieldwork was carried out during 1994 by doing a
speleological expedition as well as geological mapping at
the open surface around the cave trace (Vassilakis and
Vlachou 1995). Remote sensing techniques were also
applied on an ortho-rectified multi spectral IKONOS
satellite image and panchromatic aerial photographs by
using a 25 m Digital Elevation Model, for increasing the
mapping accuracy of the area around the Agia Triada spring
which discharges the underground river. Moreover digital
and fieldwork data were imported, combined and
interpreted extensively in a Geographic Information
System. The orientation of the cave mapping (by SPELEO
Club speleologists) as well as the projection of the cave
trace on the surface and combined with all kinds of the
available data, proved to be very helpful as it was really
important to relate the fieldwork results (geological and
speleological) with the remote sensing data interpretation.

The cave is located in a hydrological basin which covers an
area of about 20 km2 discharging most of the WSW slopes
of Ochi Mt. since its watershed reaches the highest peak of
the mountain at nearly 1,400 m of elevation (Fig. 1). The
hydrographic network reaches the 5th order of Strahler
classification (Strahler 1957). It comprises of two 4th order
branches, which divide the triangular shaped basin into two
asymmetrically developed sub-basins. The westernmost
main branch flows almost parallel and in a relatively small
distance from the watershed margin, as well as the
easternmost branch flows next to the eastern margin of the
basin.
The cave entrance is located almost at the central area of
the basin and in the westernmost sub-basin. The projection
of the underground river, which was mapped by SPELEO
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surface shows a subsurface connection between the two
sub-basins. The main cave trace – at least from the known
mapping information – has a SW–NE orientation and it is
clear that large amount of infiltrated water coming from
precipitation on the eastern sub-basin flows through the
underground river to the western sub-basin.

3. Methodology

The area comprises mainly of metamorphic rocks, parts of
the Ochi unit (Papanikolaou 1986). Intercalations of
marbles with sipolines and mica schists have been observed
throughout the entire area and are geotectonically placed
between a series of ophiolitic rocks and amphibolites on top
and the basement rocks comprised of gneiss (Latsoudas and
Triantafyllis 1993; Moustaka 2011) (Fig. 2).

3.1. Fieldwork data

2013 ICS Proceedings

The general idea of the applied methodology was to
enhance the classic fieldwork of speleological exploration
and geological mapping with the aid of the GIS and highresolution remote sensing datasets.

The geological and structural mapping revealed that the
entire area has been folded during the alpine period (late
Jurassic – early Cretaceous). Most of the folds that are
observed in all kinds of scales have axis trending generally
along the NE–SW orientation. This orientation is
compatible with deep ductile deformation (Katsikatsos et
al. 1976). It is expressed with isoclinal, overturned and
recumbent folds with many orders of folding.
A second deformation incident seems to have happened
after the previous one as folding of the already folded rocks
is observed. It is expressed by open folds with almost
vertical axial plane and NNW–SSE-trending axis. The most
likely age of this deformation is during Oligocene
(Papanikolaou 1978).
Additionally, three main systems of faulting were identified
throughout the wider area of southern Evia. Most of the
faults trend in the NW–SE direction but there is also a large
number of faults trending either NE–SW or ENE–WSW
(Latsoudas and Triantafyllis 1993).

Figure 1. Shaded relief map showing the geomorphology of the
hydrological basin where the entrance of the cave is located.

The formations that host the cave and can be identified on
the surface along its projected trace (Fig. 2) are the sipolines
and the schists. Quite often caves are guided by changes in
lithology with passages developing along or close to the
contact of carbonate rocks and underlying shales (Gillieson
1996). It is rather clear that in this case the underground
river is developed on the contact between the permeable
carbonate marbles and the impermeable schists. It is not
quite clear if this contact is of tectonic or stratigraphic
origin, since the host rocks are heavily deformed by various
generations of folding.
The deformation led to the generation of a dense network
of discontinuities, which was identified either by fieldwork
but also during the interpretation of the remote sensing data
(see section 3.2). Our interpretation led us to the simplest
model concerning the cave generation, arguing that the cave
has been developed along a NE–SW-trending mega fold
axis. Several open, erodible and karstified discontinuities
were used by the water flow to offset its way to the
discharge point at Agia Triada, but the general trend remains
NE–SW and no major or minor fault of similar orientation
has a surface expression near the projected cave trace. On
the contrary quite a few NW–SE-trending structures seem
to crosscut the cave normally to its development, possibly
affecting and altering the water pathways.
Figure 2. Simplified geological map of southern Evia (upper
plate). The white box shows the magnified area (lower plate)
around the surface projection of the cave trace (blue line) where
metamorphic rocks are cropping out. The cave entrance and the
waterfall locations are also noted.
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Figure 3. Pseudo-colour ortho-rectified image produced by digital interpretation of high spatial resolution (1 m) IKONOS satellite
image (2,4,1/R,G,B). The yellow line represents the projected cave trace on the surface.The green colours represent the vegetation
cover whilst the bluish colours represent the uncovered rocks. The purple colours at the top represent an open excavation field for
decorative stones (Plaka Karystou).

3.2. Remote sensing data

upstream area of the underground river within a buffer zone
of 1 km around the cave trace (Fig. 4). The morpholineaments are surface expressed lineament features, which
might be either geological or geomorphological structures
or neither of both. In any case these can be related to more
or less significant structures that have affected the study
area and left their imprints on the surface (Vassilakis 2006).

We combined a few remote sensing datasets for completing
the required tasks and finally relate the fieldwork findings
to the cave trace. Initially a medium resolution (25 m) DEM
was constructed after digitizing the 20 m contours from
scanned topographic maps of scale 1:50,000, for the entire
area of southern Evia. The product was combined with a
high-resolution ortho-photo mosaic constructed by
panchromatic aerial photographs and both of the datasets
were used for the ortho-rectification of a high-resolution
satellite image captured by the IKONOS satellite. These
tasks are necessary for merging the produced datasets with
the cave trace projection, since the final interpretation needs
to be performed in a large scale of the order of 1:5,000.

The statistical analysis of 282 lineament features in total,
which were identified on the produced pseudo-colour and
true-colour images, show the exact main orientations with
the field observations and measurements. It is more than
clear by reading the rose diagram that the main orientation
of the lineaments is along NE–SW (Fig. 4). Nevertheless, a
secondary trend of NW–SE is also identified. Even though
both of the main calculated orientations are identical to
those revealed by the field observations, it is clear that the
remote sensing data interpretation altered the significance
of the recorded orientation, by promoting the NE–SWtrending as the most significant.

The initial geological mapping was edited and finalized in
a GIS where the basemap consisted of the four-spectralband IKONOS image (three bands in the visible and a
fourth in the infrared spectra). Different band combinations
lead to the production of several true- and pseudo-colour
digital map compositions, aiming to reveal formations of
similar mineral composition and especially the contacts
between the various rock outcrops (Fig. 3).

Moreover, the cave trace is developed along the very same
orientation as the one that is suggested by the satellite image
interpretation but on the other hand some sharp bendings
seems to be related to the NW–SE trends.

The orientation of all the mapped structures during
fieldwork is in full agreement with the morpho-lineaments,
which were extracted after the digital interpretation and
combination of the DEM and the 1 m resolution orthorectified remote sensing data. These datasets were required
for the construction of a morpho-lineament map for the

3.3. Speleological data
The cave has been developed along the initial stratigraphic
contact of the sipoline marbles and the schists that are found
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Figure 4. Morpho-lineament map at a buffer zone of 1 km upstream the cave trace (blue line). The statistical interpretation of the
lineament features is shown at the inset rose-diagram.

aforementioned one as the power of the water corrosion
created another tunnel with many stalagmitic decorations
hanging from its roof. After 150 m huge unstable boulders
block the tunnel. Right after these there is a large opening
where a deafening noise dominates. It is the noise of high
water flow energy and it is caused by a 20 m high
underground waterfall. The height of the chamber that hosts
the impressive waterfall and the lake, which is formed at its
bottom, is almost 40 m and its width about 20 m. The
intercalations of the sipolines and the schists can be
observed all over the walls of the chamber and it seems that
this is a hinge of a mega-fold with several orders of minor
asymmetric folding and the water path is created along the
folding axis. The waterfall is formed normal to a “knickpoint” which seems to have been created by NW–SEtrending fault.

all over the surrounding area. It is almost 1,800 m long and
in spite of all the individual chambers, waterfalls, lakes and
branches, it has all the characteristics of an underground
river flowing along a naturally constructed tunnel.
According to Boegli (1980), the classification the Agia
Triada Cave is a contact large cave.
The corrosion of the permeable carbonate rocks allowed the
water to create a relatively high tunnel with a naturally
created passage above the subsurface flow (Fig. 5). During
the first few hundreds of meters no impressive stalagmitic
decoration is being observed although the walls of the
tunnel are usually covered by stalagmitic material, which
in many cases make the passing through quite difficult.
During the next part of the cave several lakes and highenergy water flow are observed until the arrival to a wide
chamber with a large asbestite cover of 3 m wide and 6 m
high, under which the river flows (Fig. 6). It seems that at
this location there is a petrified waterfall since the water has
managed to find a lower passage more recently.

The cave is extending towards NE for at least 1,000 m
beyond this chamber but reaching the mouth of the waterfall
needs good climbing skills and equipment. Passing through
this location a series of quite deep-formed lakes (> 4 m) are
observed and the way leads to another “knick-point”, which
should be also overtaken by climbing. The final part of the
cave extends into an impressively decorated NE–SWtrending tunnel with stalagmites and asbestitic covers until
reaching the end of it about 1,800 m away from the
entrance.

This section of the cave (420 m from the entrance) ends at
a lake that covers an underwater passage, where diving
equipment is necessary. There is also a very small passage
next to this lake, which can be used for diverting it, after
climbing on a 6 m high wall. It is an older branch of the
river, which used to be active during the early stages of the
cave generation and it was filled up with sandy material
later. The widening of this passage was made recently by
several exploring teams coordinated by the SPELEO Club.

It is worth to mention that at a close distance from the
entrance, findings of Early Bronze Age were identified, as
well as Final Neolithic material in large quantities (Nikolaidis
and Tazartes 1998; Mavridis and Tankosić 2009).

The next part of the cave is quite similar to the
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hinge of a mega-fold affecting marble sipolines and mica
schists cropping out all over the wider area.
The water pathway is placed on the contact between the
permeable carbonate layers and the impermeable schists. An
underground – almost linear – linkage between two sub-basins
is created and this explains the unusually large quantities of
water that are discharged at the Agia Triada spring.
Several faults trending normally (NW–SE) to the cave
orientation have vertically offset the hinge resulting “knickpoints” of various scales and consequently impressive
subsurface waterfalls. These morphological discontinuities
are not visible at the open surface where erosional
proceedures smoothened the relief.
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CAVE FORMATION INITIATED BY DISSOLUTION OF CARBONATE
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1

Besides cavities of irregular shape, European sandstones also feature symmetrical cavities of spherical, ellipsoidal or teardrop shapes. Most of them are tens of centimetres across but some reach as much as 2–3 m in diameter and may coalesce
into large caves tens of metres in length. Their origin has not been clearly explained yet. Based on the field comparison
between such cavities in quartzose sandstones and incompletely developed cavities in carbonate-cemented sandstones, it
can be demonstrated that the symmetrical cavities form by carbonate dissolution within the limits of former carbonate
concretions. The diagnostic features of post-concretionary cavities include their circular or elliptical cross-section, a
uniform orientation of their long axes across the region, and the presence of a set of parallel vertical joints or grooves/ribs
on their inner walls. In some sandstone areas (e.g., Petite Suisse area in Luxembourg, Kokořín area in the Czech Republic),
a wide variety of transitional forms can be found between the cavities and concretions forming positive relief on a vertical
cliff face, depending on the position of the carbonate dissolution front in the present landscape.

1. Introduction

concretions, parallel to the maximum principal stress
(Bessinger et al. 2003; Quesada et al. 2009).

Symmetrical cavities and caves in sandstone tens of
centimetres to several metres in diameter were studied in the
temperate zone of Europe: in the Petit Suisse area in
Luxembourg and Germany, in the Kokořín area and
Klokočské skály Cliffs in the Czech Republic, and in the
Outer Flysch Belt of the Carpathians in Poland and Slovakia.
The origin of many symmetrical (spherical or tunnel-like)
caves in quartzose sandstone can be hardly explained by
processes like salt weathering or stream erosion and must be
attributed to processes of epigenetic carbonate dissolution.

With the emergence of the rock massif to near-surface
conditions, pore spaces in the sandstones become flushed
with meteoric waters. Dissolution of the sandstone
compounds by infiltrating meteoric waters represents a
natural process of acidification. The most reactive minerals
such as calcium carbonate can buffer the acidity from
deposition. At some sites the pH of atmospheric precipitation
became extremely low due to the anthropogenic pollution.
The low pH of precipitation in central Europe caused by
high concentrations of acidifying compounds (especially
SO4 and NO3), can be further decreased upon infiltration into
the sandstone by many processes, e.g., dissolution of organic
material derived from the biomass (recent vegetation).
Edmunds et al. (1992) reported pH values of interstitial
waters ranging between 4.0–4.5 in the United Kingdom and
pH values of 3.5–4.5 were reported in the Bohemian
Switzerland National Park in N Bohemia (Vařilová et al.
2011; Navrátil et al. 2013 in press). The relatively slow
buffering of infiltrating interstitial waters in low-Ca
sandstones is usually due to their overall low buffering
capacity. While resistant minerals such as quartz remain
relatively stable under acidic conditions, carbonate cement
(if present) will be readily dissolved.

2. Preconditions of symmetrical cave origin
Depositional systems giving rise to thick packages of
quartzose sandstones are characterized by high supply of
detrital material from the source area and relatively dynamic
sedimentary environments separating the deposited sand
from finer particles which remain in suspended load. At
tropical/subtropical climates with enhanced carbonate
production, sand deposited in marine and lacustrine
environments may become mixed with lime mud. At
protected places, bottoms of seas/lakes are colonized by
molluscs with calcareous shells. These may get preserved in
situ or redeposited into shell lags during storm events. Under
diagenetic conditions, lime mud and calcareous shells
become recrystallized into sparitic cement (Adamovič
2005).

3. Areas of study
In the Petit Suisse area in Luxembourg and Germany, the
shallow marine Lower Jurassic Luxembourg Sandstone
provides vast outcrops in the basin of the Sûre (Sauer) River
and its tributaries. Quartzose sandstones contain 0.1 to 2 m
thick beds and concretions of calcite-cemented sandstone
(Van den Bril and Swennen 2009). While most of them form
positive relief on vertical cliff faces, others are partly or
completely altered – disintegrated into loose sand. The caves
formed by calcite dissolution are strata-bound, max. 8 m
long and 1.5 m high.

Where nucleation centres are regularly dispersed in
sandstone, newly formed cement grows into spherical
concretions or elongate, cigar-shaped forms. Later during
diagenesis, these forms get vertically compressed to a
variable degree and their cross-sections become somewhat
elliptical. Where carbonate crystallization is bound to a
specific bedding plane (e.g., a shell lag), irregular but moreor-less continuous sheet-like bodies of cemented sandstone
are formed. Under regional tectonic stress, cemented
sandstone is prone to brittle deformation. This is caused by
its higher elastic modulus compared to uncemented
sandstone. A network of fractures forms within the
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presence of dense vertical fractures on the inside walls,
usually widened into morphologically prominent ribs, or the
preserved onion-like weathering pattern on their outer edge.

Late Cretaceous quartzose sandstones of shallow marine
origin are well exposed in the Kokořín area N of Prague,
Czech Republic. Intercalations of calcareous sandstone are
preserved in marginal areas of siliciclastic deposition, at
levels corresponding to highstand systems tracts (e.g.,
several metres above the Upper Turonian base). In the
centre, symmetrical cavities as much as 2 m in diameter are
displayed at the same levels, with occasional loosened cores
of calcareous sandstone (Kokořín, Vrtořez Gorge). At
Ješovice, tube-shaped caves max. 10 m long and 2 m in
diameter are a common phenomenon (Zimerman 1995;
Adamovič and Mikuláš 2011).
Quartzose sandstones of the same age (Upper Turonian)
form a 140 m thick body in Klokočské skály Cliffs near
Turnov, Czech Republic. Spherical cavities 1 m to several
metres in diameter concentrate at a level ca. 15 m below the
top of the body. These cavities merge to form caves tens of
metres long (Vítek 1987, Mertlík and Adamovič 2005).
Spherical concretions max. 1 m across can be also
occasionally found on vertical cliff faces, forming positive
relief.

Figure 1. Calcite-cemented concretions in quartzose sandstone
forming positive relief. Perekop near Berdorf, Luxembourg.
49.81794°N, 6.37528°E.

The Ciężkowice Sandstone in Slovakia and Poland
(Paleocene to Lower Eocene) is a unit of quartzose
sandstones and subarkoses belonging to the Outer Flysch
Belt of the Carpathians. In Slovakia, spherical calcitecemented concretions max. 2.6 m in diameter are found in
fresh exposures (Megonky) and on cuesta edges (Klokočov),
forming positive relief (Adamovič et al. 2010). Further east
in the Beskidy Mts. (Ciężkowice rock city, Prządki rock city
near Krosno), the calcareous cement is dissolved, leaving
behind cavities and rock basins.

4. Weathering forms observed

Figure 2. Partly dissolved calcite-cemented concretion inside an
elliptical cavity in quartzose sandstone at Perekop near Bedorf,
Luxembourg. Note the dense vertical jointing within the concretion
limits. 49.81816°N, 6.37470°E.

The presence of carbonate cement in packages of quartzose
sandstone is associated with a range of weathering forms.
The following typical forms were encountered.
1. Carbonate-cemented beds and concretions forming
positive relief on vertical cliff faces are a typical feature of
the Luxembourg Sandstone, although they can be found at
favourable sites in almost all areas. Cemented sandstone is
characterized by a higher resistance to physical weathering
and a lower total effective porosity than the ambient
uncemented rock. Dense vertical fracturing is limited to the
cemented part and maintains uniform strikes throughout the
particular area. A thin (several cm) zone of onion-like scaling
lines the outer edge of the concretions, particularly the
spherical ones.
2. Concretions lined by a groove on their outer edge. The
groove marks a zone more susceptible to granular
disintegration and is sometimes composed of a series of
honeycomb pits. Within the concretion, carbonate cement is
either preserved or dissolved. The transition from #1 to #3
is associated with solutional widening of the vertical
fractures, especially around their top ends.

Figure 3. A relict of a vertically jointed calcite-cemented concretion
inside an elliptical cavity partly re-modelled by salt weathering.
Quartzose sandstone at Kokořín, Czech Republic. 50.42958°N,
14.57294°E.

4. Symmetrical cavities with flattened bottoms and
arched tops (teardrop-shaped cavities), partly filled with
loose sand, can be attributed to this group based on their
symmetrical shapes and topographic and/or stratigraphic cooccurrence with #1–3. Vertical ribs are sometimes present
on the inside walls.

3. Spherical or ellipsoidal cavities are typical for sandstone
areas in the Czech Republic and for the Beskidy Mts. in
Poland. Relics of carbonate-cemented sandstone are
occasionally found inside the cavities. If not, their affinity
to carbonate-cemented concretions can be deduced by the
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5. Mineral composition of cement

lowering of the base level, the acidification front is
progressively sinking. Carbonate cement within the
concretions in sandstone becomes dissolved and their quartz
grains are set loose, creating “sand nestsˮ inside a compact
sandstone. When a former carbonate-cemented bed or a level
of former concretions become reached by valley incision,
the loose sand becomes evacuated, leaving behind open
cavities. The “sand nestsˮ in Late Cretaceous sandstones as
a stage transitional to cavity formation were previously
reported from Saxony (Seifert 1936) and Poland
(Dumanowski 1961).

Mineral cement was studied using optical microscopy
(Olympus DP70 polarizing microscope) and X-ray
diffraction method (Bruker D8 Discover powder
diffractometer) at Institute of Geology AS CR, v.v.i. in
Prague. Calcite was detected in samples of carbonate
concretions from Perekop near Berdorf, Luxembourg, in a
sample of a relict of a carbonate concretion from Kokořín,
Czech Republic, and in a sample from the core of a large
spherical concretion at Megonky, Slovakia. Samples taken
from concretions in the Klokočské skály Cliffs, Czech
Republic, show mostly no mineral cement; previous
existence of carbonate or silica cement can be supposed.

Field evidence from the European sites suggests that the
preservation potential for carbonate cement in quartzose
sandstones is enhanced basically by three factors: 1, low
precipitation. This is evidenced by the contrast between
complete carbonate dissolution in the Góry Stołowe
National Park in Poland with a total annual precipitation of
max. 1,100 mm vs. weak carbonate dissolution in the Petite
Suisse area in Luxembourg with a total annual precipitation
of 700–800 mm; 2, local topography. The least carbonate
dissolution is observed near the base level at sites with high
relief dynamics, such as cliff bases in narrow valleys
(Kokořín); 3, the presence of carbonate-rich beds at
topographically higher positions. This is best visible in the
area around Turnov, Czech Republic where carbonate is
presently precipitated in sandstones overlain by loess
deposits (Trosky, Příhrazy).
Symmetrical cavities in most areas are larger in size than the
observed carbonate concretions. Those with arched tops
(form #4) seem to be enlarged by the process of salt
weathering, as evidenced by the presence of honeycomb pits
inside the cavities and by salt efflorescences. Their flat
bottoms can be equally shaped by frost weathering. Some
of the spherical cavities still possess a lining of concentric
onion-like scales, which suggests only a slight or no
enlargement after the concretion has been removed
(gravitational detachment of big parts of concretions from
the Ciężkowice Sandstone was observed with no solution
involved). Other spherical cavities have been enlarged
considerably and coalesced into caves tens of metres long.
Their walls bear no honeycomb pits, which suggests a slow
grain-by-grain disintegration (Klokočí area). By dating
calcitic speleothems on their walls, Bruthans et al. (2012)
found that no enlargement occurred after the Late Glacial
and attributed the “growthˮ of such cavities to their
ventilation in the Glacial period.

Figure 4. A cave with dense vertical jointing on its interior walls
formed by dissolution of carbonate cement within the limits of a
former concretion. Luxembourg Sandstone, Teufelsschlucht area,
Germany. 49.84750°N, 6.43826°N.

Figure 5. A cave in quartzose sandstone with vertical joints on its
walls. The joints do not continue to the ambient rock, suggesting
a carbonate-concretion precursor of the cave. Žabí jeskyně Cave
near Ješovice, Kokořín area, Czech Republic. 50.44203°N,
14.44529°E.

7. Conclusion
The variety of carbonate-solutional forms observed across
Europe allows to conclude that the origin of symmetrical
cavities in sandstone through dissolution of carbonate
cement is a widespread phenomenon in humid temperate
regions. After cement dissolution, sandstone within the
limits of the original carbonate concretion or bed turns into
loose sand which becomes evacuated upon subaerial
exposure. The enlargement and coalescence of the cavities
thus formed involves salt weathering, frost weathering and
other processes leading to granular disintegration of their
walls. In larger cavities/caves, a specific ventilation system
may play a role.

6. Initiation and enlargement of cavities
The pore space of aquifers in sedimentary basins is affected
by fluids of various pH and various red-ox conditions
throughout the basin history. With the emergence of the
aquifer to near-surface conditions, exposure to waters of
meteoritic origin becomes a rule. The slightly acidic reaction
of rainwater due to pCO2 in the atmosphere becomes
strongly acidic in areas where organic-rich soils develop on
a quartzose sandstone bedrock. With ongoing erosion and
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Figure 6. A succession of forms during the formation of
symmetrical cavities by the dissolution of carbonate cement in
quartzose sandstones.
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Geoscientific research was performed in the two largest sandstone cave systems in the world – Charles Brewer Cave
System on the Chimantá Massif and Ojos de Cristal Cave System in the Mt. Roraima, both in South American table
mountains (tepuis). These cave systems consist of subhorizontal caves. The research revealed that erosion of non-cemented
layers and lateritization of arkosic arenites (hydrolysis of feldspars and micas) played a substantial role in their genesis.
Softer beds in which the caves were initially formed show a lack of cementation or cementation by kaolinite. The hard
overlying and underlying beds, as well as the “finger-flow” pillars which penetrate the uncemented arenite beds, are
cemented by opal and quartz cements. The “finger-flow” pillars indicate that the main diagenetic phase was represented
by descending silica-bearing fluids. The pillars originated when the fluid flow reached a coarse-grained arenitic bed, where
the continuous fluid front splited to narrow channels. This caused lithification of the arenitic material in the channels and
the rest of arenites in these beds escaped from lithification (softer beds) and was easily erodable.
This unusual way of arenite lithification in tepuis infers new views on their genesis and on the geomorphological evolution
of the north of South America. Tepuis were formed from hard quartzites and sandstones of the Matauí Formation, which
are underlain by arkoses of the Uaimapué Formation. These are the uppermost formations of the Roraima Supergroup
which is the Paleoproterozoic detritic cover of the Archean Guyana Shield. From the speleogenetic and geomorphological
observations it is evident that the main lithification phase of the Matauí Formation which caused their hardening to
quartzites was represented by descending silica-bearing fluids which did not penetrate to the underlying arkoses which
remained almost unlithified. The question is: what was the source of these fluids? A new theory concerning the origin of
tepuis is presented in this paper. According to this theory, tepuis originated in places where there was an intensive
descending fluid flow, most likely emanating from surface water reservoirs, such as rivers or lakes. This continuous flow
carried SiO2 from the lateritized surface beds. Thus, the underlying part of the Roraima Supergroup was impregnated with
SiO2 and strongly lithified. These indurated parts of the formation remained as tepuis, while the remainder of the formation
was removed by erosion. The softness of the underlying, non-lithified sediment below the tepuis caused undercutting of
their margins thus maintaining the walls vertical.

1. Introduction

phemomenon, which contributes to the formation of the cave
systems is weathering of aluminosilicate minerals, i.e.
lateritization. While the latter is related to the recently
ongoing processes, the first mentioned speleogenetic factor
was related to the processes which created the tepuis
themselves. Analysis of this process and the consequences
resulting from it are the main aim of this paper.

Discoveries of large arenitic caves in famous Venezuelan
table mountains (tepuis) were unexpected. Caves in silicate
rocks are not so ubiquitous as caves in much more soluble
material, such as limestones or gypsum. The previously most
accepted model for the genesis of the sandstone caves was
based on the arenization concept presented first by Martini
(1979). The term “arenization” involves the dissolution of
the quartz cement in arenitic rocks, with subsequent erosion
and winnowing of the loose sand material. However, recent
data from the research in the largest sandstone cave systems
in the world – Charles Brewer Cave System on the Chimantá
Massif and Ojos de Cristal Cave System in the Mt. Roraima
(Aubrecht et al. 2008, 2011, 2012) showed that the dominant
role of quartz and/or quartz cements dissolution is
questionable. Geological and geomorphological research
showed that the most feasible way of speleogenesis is
winnowing of unlithified or poorly lithified arenites which
remained as isolated “pockets” among hard-lithified
quartzites and sandstones. Another frequently observed

2. Geology of the studied area
The main morphological feature of Guyana Highlands,
encompassing southern Venezuela, Northern Brazil and
Guyana are its tepuis. These are table mountains
characterized by steep cliff walls and relatively flat mesetas,
composed of Precambrian quartzites and sandstones covering
the Guyana Shield. More than 100 table mountains can be
found in the area. They provide important habitats for a great
variety of endemic flora and fauna.
From a geological viewpoint, the caves and surface areas
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analyzed herein are situated in the Venezuelan Guyana, in the
northern part of South America (southeastern Venezuela,
Gran Sabana). This area comprises Archaean rocks of the
Guyana Shield which is the northern part of the Amazonian
Craton. The Guyana Shield has a Proterozoic sedimentary
cover named Roraima Supergroup which is formed mainly
by clastics derived from the northern Trans-Amazonian
Mountains. Sedimentological studies showed that the
depositional environments ranged from alluvial fans to
fluvial braided-river deposits together with lacustrine,
aeolian, tidal, shallow-marine deposits and some shallow
water turbidites (Reis and Yánez 2001; Santos et al. 2003).
Sandy continental deposits are dominant here. The thickness
of the group ranges from 200 m to approximately 3,000 m,
and it consists of the following lithostratigraphic units
arranged in stratigraphic order: Arai Formation, SuapiGroup,
Uaimapué Formation and the Matauí Formation (Reis and
Yánez 2001). Tepuis developed mainly in the uppermost,
Matauí Formation formed by quartzites and sandstones,
whereas the underlying Uaimapué Formation is mainly
formed by arkoses. Their age was determined as 1,873 ±3 Ma
(late Paleo-Proterozoic). This was achieved by U-Pb analyses
of zircons from a green ash-fall tuff of the Uaimapué
Formation (Santos et al., 2003). Since most of the previous
authors accepted the theory that quartz dissolution requires a
long time, the recent landscape, including commencement of
the cave-forming process, is considered to be inherited from
the Mesozoic period (e.g., Cretaceous – Galán and Lagarde
1988; Briceño et al. 1991; Piccini and Mechia 2009).

Figure 1. Location of the examined tepuis.

The sandstone surfaces of tepuis are very uneven and bizarre,
which we interpreted as originated due to an inhomogeneous
lithification of the Proterozoic arenites. This is especially
apparent in areas where arenite beds form overhangs. The
overlying and underlying beds are hard, well-lithified
sandstones to quartzites, so that sampling was possible only
with strong hammering. However, the beds inbetween are
considerably soft, consiting of sands or soft sandstones, so
that it was almost impossible to take solid samples for
petrographic microscopic study, even after digging 30 cm
deep by hand. This contrast in hardness was also verified by
Schmidt hammer measurements (Aubrecht et al. 2011, 2012).
These soft beds are penetrated by perpendicular pillar-shaped
bodies (Fig. 2). These are narrower in the middle, but they
have funnel-like widening at either end, with the lower funnel
often less developed than the upper one. They are relatively
hard rocks, ranging from sandstones to quartzites. In our
interpretation, the origin of these pillars is purely diagenetic
and their presence proves that the softness of the beds is due
to a poor lithification and, therefore, it is primary rather than
being secondary, related to weathering (see the discussion
between Sauro et al. 2013 and Aubrecht et al. 2013). The
pillars are considered to originate by a “finger flow”
mechanism (cf. Aubrecht et al. 2008, 2011, 2012, 2013). The
main factors influencing diagenetic variability were the
differing hydraulic properties of the sediment in different
layers which influenced its hydraulic conductivity.

3. Methods
Our geological, geomorphological and speleological
observations were focused on phenomena relevant to the
solution of the speleogenetic problems. This mainly centered
on the differential physical and mineralogical properties of
the various kinds of arenites on the tepuis surfaces and caves
in the Matauí Formation, and also on morphological aspects
of the various stages of speleogenesis and its final
manifestations on the surface.
Along with geomorphological observations, petrological and
mineralogical analyses were performed on the rocks of the
Matauí Formation. This mainly encompassed petrography of
thin-sections of the arenites under polarized light, as well as
SEM observations. Mineralogical composition of the samples
was determined optically and also by X-ray diffraction
analysis (XRD).

4. Results of geomorphological, petrographical
and speleogenetic research.
Erosion and rockfalls, which recently prevail in the Charles
Brewer and Ojos de Cristal cave systems (for position of the
tepuis see Fig. 1) have concealed their true speleogenetic
processes. The trigger and structural factors acting during
initial stages of the cave evolution are now mostly obliterated
in the mature parts of the cavern systems. Therefore, many
of the most important clues resulted from caves which are
still in their initial stages of evolution.

Figure 2. Well preserved “finger-flow” pillars in the uncollapsed
main corridors of Cueva Cañon Verde revealing their origin from
descending silica-bearing fluid flow (note the similarity to leaking
thick syrup).
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The diagenetic fluids most likely penetrated vertically from
the overlying strata as a descending diagenetic fluid flow. In
finer-grained sediments, these diagenetic fluids filled the
intergranular spaces evenly and resulted in the formation of
diagenetically well-lithified beds, resistant to weathering. In
coarse-grained arenites with higher hydraulic conductivity
below the fine-grained beds, the evenly distributed
descending diagenetic front divided into “fingers”, where the
fluid flow accelerated and formed separate, finger-like flows.
This process has been described in detail by various authors
working with transport processes in unsaturated zones of
sandy aquifers and also in soils (Liu et al. 1994 and Bauters
et al., 2000). A similar process is seen in snow penetrated by
descending water as it leaks from melted snow above (Marsh
1988 – Fig. 2). Liu et al. (1994) considered that when these
finger flows are generated in originally dry sandstones they
are conserved as the most preferred method of infiltrating
solutions. This is the way pillars originated in the unlithified
sands. The downward diminishing funnel shape of the upper
part of the pillar originated from flow acceleration, which
continued until it decelerated when approaching the less
permeable bottom. This retardation process is manifested in
the reversely oriented funnel shape in the lower part of the
pillar.

pyrophyllite without kaolinite is present in hard lithified
arenites (Aubrecht et al., 2013 – Fig. 3). Literature studies
revealed that there is some evidence that pyrophyllite may
also originate by hydrothermal alteration at lower
temperatures (e.g., Ehlman and Sand 1959; Bozkaya et al.
2007; Bauluz and Subías 2010). The most important
information is that some part of the aluminosilicate mineral
phases existing at atmospheric pressure and 25 °C shows that
H4SiO4 concentration is the critical factor in
kaolinite/pyrophyllite transition (Aubrecht et al. 2013 –
Fig. 4). Here, increased H4SiO4 concentration can theoretically
cause the transformation of kaolinite to pyrophyllite without
increased temperature or pressure (Aubrecht et al. 2013).
Lateritization, which also contributes to cave-forming
processes, is important, but as we are now focused to the very
early diagenetic processes that affected the Matauí
Formation, it is beyond the scope of this paper.

5. Interpretation of the descending silicabearing fluid flow: a new view on the origin of
tepuis
Summarizing the results of the speleogenetic research,
several important points were discovered concerning the
origin of the tepuis. Although the research elucidated many
aspects of the speleogenetic process, it also created new
questions and problems. The most conspicuous finding was
that the Matauí Formation is formed not only of quartzites
but that its arenites show various degrees of lithification. Our
research provided evidence of variability in vertical profiles.
But what about the lateral variability? Are tepuis with a
dominant presence of hard-lithified quartzites typical
examples of the Matauí Formation? What about the larger,
missing portion of the formation which was removed by
erosion? Why are tepuis usually isolated islands rising up
from the flat Gran Sabana? And also, why there are no
“ruins” of tepuis formed by accumulations of quartzite
boulders dispersed throughout the Gran Sabana?

Observations in the Charles Brewer and Ojos de Cristal cave
systems show that pillars are present in most of the caves and
in their galleries, which are still in younger stages of their
evolution. These usually possess low ceilings and strictly
maintain one distinct layer. However, relic finger-flow pillars
were also observed in the marginal, uncollapsed parts of the
larger galleries.
When several superimposed winnowed horizons evolve
together, a second collapse stage follows, leading to
formation of much larger subterranean spaces. Galleries in
the Charles Brewer Cave System are typically 40 metres
wide, but they can also be much larger. The largest chamber
found in the cave is Gran Galería Karen y Fanny. This is 40
metres high, more than 355 metres long and 70 metres wide,
giving a volume of approximately 400,000 cubic metres.

Answers to these questions are currently purely theoretical
as the missing, eroded portion of the Matauí Formation can
no longer be examined. However, knowledge gathered from
our research of this formation’s remnants can be grouped
under one common image which entails a new theory of the
origin of tepuis.

The final stages of cave evolution often lead to huge
collapses, and these are evident also on the tepui surfaces.
This process most likely led to the creation of the large
abysses in the Sarisariñama Plateau (Sima Mayor and Sima
Menor).
Mineralogical and petrological analyses showed that softer
beds in which the caves were initially formed lack
cementation, or only kaolinite cementation is present, while
the hard overlying and underlying beds and the “finger-flow”
pillars are cemented by opal and quartz.

“Finger-flow” pillars in the arenites forming these tepuis
indicate that the descending flow of silica-bearing diagenetic
fluids provided induration to arenites even to very hard
quartzites. This flow penetrated deeply enough to lithify
hundreds of metres of arenites in a vertical profile, and the
indurated rocks then protected less lithified portions of the
formation below. Most of the tepuis are limited by vertical
cliffs, and undercutting of these cliffs often occurs because
the lower parts of the massifs are less lithified (see also Young
et al. 2009 – p. 58–60). Undercutting and the subsequent
rockfall would be responsible for creation of the rock talus
around tepuis (Montañas al pie del escarpado – see Briceño
and Schubert, 1992 – Fig. 4.3). The talus then passes to flat
country surrounding the tepuis, without retaining any
remnants of quartzite boulder accumulations. However,
closer inspection of the talus around Roraima indicates that

Some workers, e.g., Sauro et al. (2013) argumented against
differential diagenesis by the metamorphic overprint of the
entire Matauí Formation. They suggested that the
metamorphism is evidenced by presence of pyrophyllite and
pressure dissolution of quartz. Pressure dissolution also takes
place in higher degrees of diagenesis and it can be neglected
as a metamorphic indicator. Concerning pyrophyllite,
although it is mentioned as a metamorphic indicator in the
literature (anchizone to epizone) it does not explain presence
of vast quantity of kaolinite in the soft arenitic beds that did
not react with quartz to form pyrophylllite. Instead,
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it is formed by less lithified, soft arenites of the Roraima
Supergroup, which most likely underlie the sandstones and
quartzites, rather than by fallen quartzite blocks (Fig. 3).
Erosion of these soft arenites causes undercutting of the
Roraima cliffs and keeps them steep.

Stage 2 – Hard, isolated beds were broken, and the flowing
water which penetrated the poorly lithified beds started initial
erosion. Lateritization then began in aluminosilicate-rich
beds with the subsequent emptying of spaces by winnowing
of sand and other products of lateritization. The empty spaces
were then supported solely by “finger-flow” pillars. Stage 3
– Empty spaces collapsed further, thus creating larger caves,
and superior propagation of these collapses created large
collapse depressions on the surface.

Figure 3. A view on Mt. Roraima (and Mt. Kukenan – left). The
mountain consists of quartzites, which form steep cliffs (C) and
surrounding talus (T).

All these observations suggest that the patchy distribution of
tepuis in Gran Sabana was formed long ago by vertical
lithification of the Matauí Formation. This lithification
required a voluminous source of soluble SiO2 and sufficient
fluids. Exactly as evident today from the recent lateritization,
the best source of SiO2 were the clay and rocks with micas
and feldspars above the actually preserved Matauí Formation.
These rocks were easily affected by lateritization, which most
likely occurred after the Late Carboniferous, when the
northern-most part of South America reached the tropical
zone (see Scotese 2001). The best source of fluids would
undoubtedly have been water reservoirs on the surface, and
thus the recent distribution of tepuis may have copied the
distribution of ancient lakes and rivers. Alternative
explanations for the erosion of the missing portions of the
Roraima Supergroup include the inference of Galán et al.
(2004 – Fig. 1) that this erosion mainly affected tectonically
disrupted parts of the Roraima Supergroup. However, this
contradicts the lack of boulder accumulations on Gran
Sabana. Moreover, the disrupted parts of the Roraima
Supergroup had to be more widespread than the undissected
ones, and this is considered most unlikely in this firm, rigid
block of the Guyana Shield.

Figure 4. Schematic overview of the speleogenesis in the arenites
of the Roraima Supergroup. Grey – well-lithified arenites, pale –
poorly lithified arenites (caves formed by lateritization are
omitted). A–B – The gradual diagenesis to arenites caused by
descending silica-bearing fluids (Stage 1). C – Two poorly-lithified
horizons superimposed on each other. D–E – Flowing water
penetrated the vertical cleft (on the right side) causing gradual
winnowing of the poorly lithified sediment (Stage 2). F – Two
horizons remained empty (two superimposed initial caves), with
lithified pillars offering the only support against collapse. G–H –
Collapse of both floors, forming a large cave (Stage 3).

2. A new theory concerning the origin of tepuis can be
proposed, based on the fact, that diagenesis by descending
silica-bearing fluids appears to be the main phase that
indurated the Matauí Formation quartzites (Fig. 5).
According to this theory, tepuis originated in places where
there was an intensive descending fluid flow, most likely
emanating from surface water reservoirs, such as rivers or
lakes. This continuous flow carried SiO2 from the lateritized
surface beds. Thus, the underlying part of the Roraima
Supergroup was impregnated with SiO2 and strongly lithified.
These indurated parts of the formation remained as tepuis,
while the remainder of the formation was removed by
erosion. The softness of the underlying, non-lithified
sediment below the tepuis caused undercutting of their
margins thus maintaing steep walls. Speleogenesis in the
tepuis was a process which most likely began at a later stage,
with initial incision of the valleys followed by erosion.

This theory is currently based on a limited set of data and
further research is necessary. Although new data may support
or refute our theory, it is very satisfying to provoke future
research in this area.

6. Conclusions
1. The following speleogenetic model can be inferred from
the obtained geomorphological and geological results
(Fig. 4): Stage 1 – The descending, SiO2-bearing diagenetic
solutions caused complete lithification of some beds, whereas
other beds with more coarse-grained arenites were only
penetrated by narrow channels through which fluids flowed
to completely fill some of the lower beds. This resulted in the
contrasting diagenesis, where most beds turned to sandstone
and quartzite while parts of other beds remained intact.
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The paper presents a test study of application of infrared thermography (IRT) for mapping thermal characteristics of
pseudokarst crack caves related to deep-seated gravitational slope failures in the Flysch Belt of the Outer West Carpathians,
and for locating new systems. The method was tested at four pseudokarst sites: Křížový, Smrdutá, Pustevny and Záryje
in E Czech Republic. The IRT images excelently showed spatial pattern and thermal characteristics and gradients of the
crack systems opened to the ground surface promising new cave discoveries. The method is, however, constrained by very
specific meteorological conditions, such as cold weather with ambient air temperatures lower than the local annual mean
rock temperature at depth, good visibility, lack of direct insolation, absence of thick snow cover, adequate sensor resolution
and accuracy, and reasonable distance and sensing angle from the rock surface.

1. Introduction

2. Methods

Thermal gradients between deep rock and colder ground
surface often help cavers identify unexplored caves by
searching for melted snow cover in the winter season
(Rinker 1975; Lešinský 1999; Baroň 2002). The Infrared
Thermography method (IRT) has been proposed as a useful
tool for detecting karst cave openings (Rinker 1975; Wynne
et al. 2008; Baroň et al. 2012) and hydrological features in
karst watersheds (Campbell et al. 1996).

The IRT detection method of pseudokarst caves relies on air
circulation and ventilation though open joints and cracks
when, in winter, the warmer subsurface communicates with
the (colder) ground surface; crack caves could be identified
as relatively warm areas using IRT then (Baroň et al. 2012).
For this study, we used a Flir B360 infrared thermal camera,
which is a high-sensitivity camera with 320 × 240 IR
resolution and thermal sensitivity (N.E.T.D) of 0.05 °C at
30 °C. The sensing temperature range is -20 to 120 °C, and
the spectral range varies from 7.5 to 13 µm (far-IR).

Here we present a test study of application of IRT to
pseudokarst sites in E Czech Republic, which follows our
previous work focused on detection of open cracks within
deep-seated rockslides in Outer West Carpathians and
Northern Calcareous Eastern Alps (Baroň et al. 2012). The
main aim of this study is testing the reliability of the method
for pseudokarst crack caves within gravitational rock-slope
failures.

IRT mapping in this study was conducted in beginning of
cold season on 1st December, 2012, when it was overcast to
cloudy weather with external temperatures ranging between
0 and -5 °C. There was no or minimum snow cover at the
time of the survey.

3. Description of the Křížový, Smrdutá,
Pustevny and Záryje Sites
The case-study sites comprise four pseudokarst localities
related to deep-seated rock slope failures in the Flysch Belt
of Outer West Carpathians in E Czech Republic.
The Křížový pseudokarst site has developed in a headscarp
area of a Holocene rotational deep-seated rockslide at SE
slopes of the Křížový Hill (670 m a.s.l.) about 3.5 km west
from Vsetín. The slope failure is about 700 m long, 300 m
wide with estimated 8–10 million m3 of affected bedrock
and colluvium. The main scarp exhumed faces of several m
thick sandstone beds of the Lukov Member of the Soláň
Formation. The sandstone cliff reaches height of up to 10 m,
with a scree accumulation below; the whole scarp is about
30 m high. About 20 long and 12 m deep crack cave
“Zbojnická” occurs at SW flank of the scarp.

Figure 1. A) Location within the Czech Republic, and B) detailed
location of the study sites within the topography of the centraleastern part of the Czech portion of the Outer West Carpathians.
The black rectangle indicates the extent of B) (Source of SRTM
data: USGS/NASA).

The Smrdutá pseudokarst site comprises a deep-seated
complex flow-like landslide combined with a deep-seated
rockslide and rock sagging in the upper part. It is situated at
SW slopes of the Smrdutá Hill within competent sandstones
and conglomerates of the Rusava Member and incompetent
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claystones and shales of the Raztoka Member of the Rača
Unit. Our results of the radiocarbon dating of lacustrine
deposits at the base of a palaeo-dam due to the landslide
revealed a minimum age of the slope failure about 2055
±30 14C years BP. Two smaller pseudokarst talus caves
developed between conglomerate blocks in the flow part,
and six other crack-caves developed within the rockslide and
sagging part. The longest caves here are the “Na Smrduté”
and “Poschoďová” Caves reaching maximum length of 56 m
(Wagner et al. 2009).

Other melting spots developed on the scree accumulation
(warm air originated within small caverns between stones
and debris) or behind toppled boulders (Figure 1C and D).
The spots related to toppled boulders indicate the future
rock-fall hazard. The “pseudokarst doline” below the scarp
was thermally neutral. The warm areas are, however,
relatively very small, both in dimensions and thermal
gradient. Therefore we do not suspect an existence of larger
cave systems except of the Zbojnická Cave.

Figure 2. Results of the IRT survey at the Křížový Site: A) IRT
image of the entrance of the Zbojnická Cave, B) BW photography
of the same area, C) IRT image of a toppled rock column indicating
open cracks behind it, D) BW photography of the same area.

The Pustevny Site is well known for the longest pseudokarst
cave of the Czech Part of the Outer West Carpathians. The
Cyrilka Cave has been recently prolonged to 535 m (J.
Lenárt, pers. comm.) and it has developed in the crown of a
large deep-seated translational consequent rockslide at the
SE slopes of the Radhošť massif near Pustevny. The
rockslide is about 2,400 m long, 1,500 m wide and about
20–30 m thick (Baroň and Kašperáková 2007). The sliding
surfaces are located within claystone intecalations between
several m thick sandstone beds dipping about 9–12° to SSE.

Figure 3. Results of the IRT survey at the Smrdutá Site: A) IRT
image of the entrance of the Vodní Cave, B) BW photography of
the same area, C) IRT image of the entrance of the Poschoďová
Cave, D) BW photography of the same area, E) IRT image of the
entrance of an unknown undergroung space, F) BW photography
of the same area, G) IRT image of the entrance of the Na Smrduté
Cave, H) BW photography of the same area.

4.2. The Smrdutá Site

The last studied pseudokarst site at Záryje has, similarly to
the previous site, developed in upper part of a large deepseated translational consequent rockslide at the S slopes of
the Radhošť. Several caves are known from this area
(Wagner et al. 1990). The longest one is the Szalajka Cave
discovered in 2004 (J. Szalai, pers. comm.).

The IRT survey found several warmer areas related to (i) the
highly-porous flow part containing blocks up to 10–15 m in
diameter, e.g., at the Vodní Cave (Fig. 3A and B), loosened
rock of an incipient deep-seated rockslide part with the
Poschoďová Cave (Fig. 3C and D), several other unknown
undergound crack caves (Fig. 3 E and F), and to the sagged
part with the longest cave here, the “Na Smrduté” Cave (Fig.
3G and H). The IRT images excellently showed the spatial
pattern and thermal characteristics and gradients of crack
systems opened to the ground surface. The results promise
new cave discoveries; however due to dimensions of the
slope failure, they would not exceed several tens of meters.

4. Resuls
4.1. The Křížový Site
Several warmer areas were observed at this site; all of them
were located along the cliff of the main-scarp. A blowhole
with strong air current was related to the entrance the
Zbojnická Cave (Figure 2A and B) as well as several warmer
spots.
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4.3. The Pustevny Site
At the Pustevny Site, we surveyed only the area of the
Cyrilka Cave. The site was in several places exposed to the
sunshine, therefore the results were acceptable only from
few a places. Despite that, thermal characteristics of the
entrance of the Cyrilka cave (Fig. 4A and B) and the spatial
pattern of its traces at the ground surface (Fig. 4C and D)
were achieved by IRT.

Figure 4. Results of the IRT survey at the Pustevny Site: A) IRT
image of the entrance of the Cyrilka Cave, B) BW photography of
the same area, C) IRT image of a trace of the Cyrilka Cave at the
ground surface, B) BW photography of the same area.
Figure 6. Results of the IRT survey at the Záryje Site: A), C), E)
and G) IRT images of superficial traces of unknown crack-cave
systems, B), D), F) and H) BW photographies of the respective
areas.

4.4. The Záryje Site
We achieved the best results of the structural pattern of open
cracks and the existing and potential cave systems at the
Záryje Site. We identified all the known caves and their
traces at the ground surface, (e.g., the Szalajka Cave, Fig.
5A and B), and also several up-to date unknown crack
systems (Fig. 5C and D and Fig. 6). The site promises new
speleological discoveries in near future.

5. Discussion and Conclusions
Through our research, we proved great advantages of the
IRT ground-based survey for mapping thermal
characteristics of pseudokarst crack caves related to deepseated gravitational slope failures in the Flysch Belt of the
Outer West Carpathians, and for locating new cave systems.
The method is, however, restricted to very specific
meteorological conditions, similar to the IRT survey for
mapping open cracks within unstable rock slopes and rock
cliffs for engineering-geological purposes (Baroň et al.
2012); the applicability of the IRT method is restricted to
cold weather, when ambient air temperatures are lower than
the local mean rock temperature at depth. Good visibility,
lack of direct insolation, absence of thick snow cover,
adequate sensor resolution and accuracy, reasonable distance
from the rock surface, and sparse vegetation between the
sensor and rock surface are main considerations of the
method (Baroň et al. 2012).

Figure 5. Results of the IRT survey at the Záryje Site: A) IRT image
of the entrance of the Szalajka Cave, B) BW photography of the
same area,C) IRT image of a superficial trace of an unknown
crack-cave system, D) BW photography of the same area.
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KAHUENAHA NUI (HAWAII): A CAVE DEVELOPED IN FOUR DIFFERENT
LAVA FLOWS
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1

Exploration and survey of the Kahuenaha Nui Cave in March 2011 yielded astonishing insights into the processes that act
to enlarge the tunnels of underground lava conduits (pyroducts). The cave is situated in lavas of the SW Rift of the Mauna
Loa, Hawaii, within the area of the former Kahuku Ranch, south of the Belt Road at an altitude of 564 m a.s.l. On the
geological map of Hawaii, these lavas belong to the stratigraphic group Qk2, dated to between 1500 and 3000 a BP. These
flows are bordered by the 1868 pahoehoe flow in the E and the 1887 a‘a flow in the W and occupy ca. 70 km2. The cave
survey yielded a total length of 1,850 m, a total vertical extent of 55 m, and an average slope of 5.7° (Bauer 2011). The
cave features a main trunk that is up to 18 m wide and 11 m high. Its floor is in parts formed by terminal a‘a. Above this
trunk passage, we explored numerous small to very small interconnected pahoehoe ducts. At the entrance puka (breakdown
hole) and at a large open puka we were able to study the cave formation process. The trunk passage formed by eroding an
underlying a‘a rubble layer. In places even the underlying a‘a core layer has been cut into. Above, a stack of seven
superimposed pahoehoe (phh) flows with small ducts occurs, forming the primary roof of the cave. The lava flowing in
this stack of sheets managed to combine into one flow, eroding the main trunk underneath. After cave formation first an
a‘a flow and then a thin pahoehoe flow transgressed the area. The cave’s roof partly collapsed, not only exposing the
transgressed a‘a but also forming the two entrances. This cave forming mechanism is fundamentally different from the
“inflation” and the “crusting-over of channels” mechanisms identified as pyroduct formation modes so far.

1. Introduction
Even though many lava tubes are mapped on the island of
Hawaii, especially on Mauna Loa, only little is known about
the detailed processes taking place during the formation of
lava caves. Volcanological literature does not deal in detail
with near-surface transport processes of lava and their
importance for building shield volcanoes. Description of
lava tube forming processes are often limited to “crustingover of channels”. Despite this many lava cave forming
processes are known today due to intense research in this
field of study although we are far away from understanding
all the features we can observe. In Kahuenaha Nui, a cave
situated on the south-west flank of Mauna Loa, we were
able to discover a new way to form large pyroducts. A
number of small pyroducts in the stack of pahoehoe sheets
of the primary roof drained into the main passage eroding
an underlying a’a-flow. Astonishingly intense erosion cut
down not only through the underlying a’a rubble but also
the a’a core beneath was deeply degraded. This results in a
cave with its main volume build in older lavas.

2. Geologic setting
The study area is located near Hawaii’s South Point, on the
southern flank of Mauna Loa, south of the Mamalahoa
highway between Ocean View and Na’alehu. The
investigation area between the highway and the coast is
10 km long and covers roughly 70 km2. Our study
concentrated on the Pu’u o Keokeo-Flow. The average
surface slope is 3.2°, decreasing towards the coast.

zone, and flank eruptions. Two rift zones, the Northeast and
Southwest rift zone cut through the volcanic edifice.
Eruptions from the SW-Riftzone produced the 1868 and
1887 flows, bordering the Pu’u o Keokeo-Flow to the east
and west.
Kahuenaha Nui is situated in a series of old lavaflows also
erupted from the SW-Riftzone of Mauna Loa. The lavas
are not dated but supposed to be of late Holocene age,
between 1500 and 3000 a BP. According to the geological
map, these lavas belong to the stratigraphic group Qk2. The
surface of the northern area is covered by a hummocky
pahoehoe flow, the Pu’u o Keokeo-Flow. It transgressed an
older a’a-flow, appearing in patches on the surface. This
flow is radiocarbon-dated to 1730±60 a BP.
Mauka (Hawaiian for uphill) Mamalahoa highway aerial
photographs allow tracking the Pu’u o Keokeo-Flow for
another 3 km. Further uphill vegetation prevents
identification. Lavas of the 1926 and 1950 flows cover the
surface mauka. Considering the section shape of the SWRiftzone it is unlikely that the Pu’u o Keokeo lavas
originate from a summit eruption. Thus it is probable that
the source of the lava is a magma chamber below the SWrift zone.
The surface above Kahuenaha Nui is covered with phhlava. In defined narrow areas transition from pahoehoe to
a’a can be observed, partially covered by pahoehoe from
later events. The area is characterized by the appearance of
numerous tumuli. They arise while already cooled surface
lava bulges due to varying eruption rates. In the upper Pu’u
o Keokeo-Flow no evidence for overflowing lava was
found. Therefore one could assume that eruption rates
fluctuated with low amplitude and high frequency.

Mauna Loa is the largest active volcano on the island of
Hawaii. Eruptions can be discriminated in summit, rift-
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3. Petrology

blocked by boulders arising from cold breakdown of the
cave roof. The SE-cave wall exposes an a’a-core pinching
out to the S, overlain by a reddish hematized a’a-rubble.
The cave roof is situated in phh-sheets resulting from a
younger eruption event. Even the NNW-wall exposes an
a’a-core, petering out northwards, leading to a thick layer
of a’a rubble overlain by phh. These observations give
evidence that DH developed at the border of two a’a-flows.
The absence of a continuous a’a-core allowed upward
enlargement while the underlying original cave passage
became blocked. The original cave floor is completely
covered with boulders and is not exposed. Puka 2 is a wide
open cold puka and gives comprehensive insight in the
development of the cave.

Thin sections from different Kahuenaha Nui samples were
investigated and XRD-analysis was conducted on selected
samples in order to characterize different lava flows
(Table 1). As expected the composition is tholeiite-basaltic.
The pyroxene family is represented by diopside. Sample CS
5 stems from the lower a’a-rubble of the basal a’a-layer.
The related a’a-core is partially covered with lining and
cannot be traced continuously. Albeit sample CS 5 can be
correlated to CS 14 which belongs to the lower a’a core at
st. 13. Hematite can be verified in samples CS 5, CS 14, CS
17, and CS 18. It originates from oxidation of magnetite
and indicates as reddish boundary layer temporally
separated lava flows. During transgression of a’a-lava
oxygen reaches the boundary layer through the a’a-rubble.
Sample CS 18 belongs to a channel overflow during a late
stage of flow activity. In the process lava flowed through a
channel in the pyroduct floor, no longer occupying the
whole width of the passage. The above placed gas space
was connected with the surface through contraction cracks
in the cave roof and probably by hot pukas, allowing rapid
oxidation of the lava surface resulting in a reddish coloured
surface.

Table 1. Results from XRD-analysis. Minerals without distinct
evidence in italic letters.
Sample
Nr.
CS 5

Kahuenaha Nui,
southern wall, St.
K6, lower a’arubble (layer 0 ar)

anorthite
diopside
albite
cristobalite
hematite
thenardite
hornblende
marcasite
anorthite
diopside
high-albite
hematite
hornblende
marcasite
augite
anorthite
high-albite
gypsum
anorthite
albite
diopsid
cristobalite
hematite
magnesite
thenardite
gibbsite
anorthite
diopside
albite
hematite

Kahuenaha Nui, st.
13, lower a’acore (layer 1 ac)

CS 16

Kahuenaha Nui,
entrance flow

CS 17

Kahuenaha Nui,
southern wall,
upper a’a-rubble
of lower a’a-layer
(layer 2 ar)

CS 18

Kahuenaha Nui,
st. 28b, porous
overflow

Gibbsite, thenardite, and gypsum are secondary minerals,
resulting from alteration of lava due to chemical
weathering. They occur in large amounts, covering the cave
walls and breakdown.

The area has numerous pukas and caves of which only a
few have been investigated during our field trip.

Mineral composition

CS 14

Figure 1. Stratigraphic column of Kahuenaha Nui at Puka 2.

4. Cave description

Location

An alternating sequence of phh- and a’a-layers can be seen
in the entrance puka 2 (Figs. 1, 6a, P2). The a’a-rubble
layers 12ar and 10ar are undercut while the more resistant
a’a-core layers 11ac and the phh-surface layers 13p and 14p
form minor overhangs. The primary cave roof is located
within the stack of phh-layers 3p to 9p but cannot be
determined exactly. The development of Kahuenaha Nui is
essentially determined by erosional downcutting of the cave
forming phh-lava in underlying a’a-layers 1ac and 2ar. Due
to minor resistance of layer 1ar against downward erosion,
one can expect fast downcutting through the slightly welded
a’a-rubble. Below layer 2ar the flowing phh even cut
through the a’a-core (layer 1ac). A cross section at st. 12
gives evidence that the phh-lava cut down through at least
3.5 m of a’a. Further mauka lining covers layer 1ac while it

Two entrance pukas, both formed by cold breakdown give
access to the cave. Entrance puka 2, with a width of 9 m
and steep overhanging walls, is the bigger one and was
found later, after the discovery of Entrance puka 1. Puka 2
exposes the layers responsible for cave formation. Entrance
puka 1 led to the discovery of the cave while one of the
authors, sitting near the wall suddenly felt a cold breath
from behind, arising from an airflow sweeping through a
small hole in the wall of the puka. A short dig led to
Discovery Hall (DH; Fig. 6a, P1), representing the actually
known far N-end of Kahuenana Nui. Makai opened the
main passage. Here the original cave roof, represented by a
stack of phh-sheets, can be seen. The mauka end of DH is
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downwells in breakdown from the ceiling. Even though the
a’a-layer below the cave-forming pahoehoe is not
continuously exposed, samples from Discovery Hall and
puka 2 show similar mineralogical composition (samples
CS5 and CS 14), suggesting that both layers belong to the
same flow. At least two transgressive events can be
determined subsequent to the cave forming process. The
primary cave roof is overlain by an a’a-flow (layers 10ar,
11ac,12ar). Not less than two more phh-flows (13p, 14p)
form the present surface.

In the center of the cave, the main passage got so wide and
deeply entrenched, that a secondary ceiling formed (Fig. 6b,
P5). No evidence of hot pukas can be found. At the “Ball
Room”, several small conduits unite to form a larger cavity
(Fig. 6b, P6). The r-passage incorporates a number of small
initially formed conduits. (Fig. 6c, P7). Several small tubes
in different phh-sheets can be observed. No lavafall
established at st. ra1 or st. rb2, giving evidence that the
overlying conduits have already been drained earlier.
However at st. r2a1 a lavaflow can be determined, draining
a high-lying small pyroduct. Makai of the “Misery Crawl”
the b-passage cuts an overlying passage. Partial lining can
be found, indicating that the phh-stack collapsed, connecting
both passages while at least the lower passage was still
active. However no lavafall from the upper passage
developed. The upper passage points towards the mauka end
of “Peters Challenge” (Fig. 6c). This passage was cut from
the active flow at st. r2a6 (Fig. 6c, P7).

Figure 2. Outcrop of a’a-core with overlying a’a-rubble at st. 12.
The phh-flow cut through both layers. View southwest. Photo by
Stephan Kempe.

Not far behind st. 20 the main passage splits. While the right
passage has numerous 0.2 m deep cataracts, a 1 m deep
lavafall cut down into the left passage. Where the passages
unite again several initial phh-conduits in the phh stack meet
and their lava cut into the underlying a’a (Figs. 3, 6a, P3).

Figure 4. Collapse connects two simultaneously active and
overlying passages, draining the upper passage. Photo by Peter
and Ann Bosted.

5. Survey data
The main trunk´s length is 458 m with a total extent of
1,850 m. The main passage is mostly covered with
breakdown blocks. It reaches a maximum width of 18 m and
a maximum height of 11 m (Table 2). Although the average
slope is 5.4° just a few lavafalls contribute to this gradient.
In comparison, lavafalls represent 25 % of the vertical extent
of the Huehue-Flow (Oberwinder 1996).
Table 2. Kahuenaha Nui survey data.
Total length
Total depth
Horizontal length
Horizontal extension
Highest survey point
Lowest survey point
Longest way to origin
Area coverage
Average slope
Average surface slope
Sinousity
Maximum width
Maximum height
Striking direction
Main trunk length

Figure 3. Mauka view from Confluence Hall. Arrow points to one
initial conduit in the phh stack that drained into the main passage.
Photo by Peter and Ann Bosted.

Makai (Hawaiian for downhill) of st. 34b7 a lavafall drops
2.5 m down into an underlying passage (Fig. 6b, P4). The
separation between different conduits in the initial stack of
phh collapsed and the cave-in was carried out by the lava in
the remaining lower conduits. Occasionally the underlying
passage was blocked by lavaballs which gave rise to the
spill-over of lava in the overlying passage. Reddish oxidized
lava can be observed around the collapse and can be
followed makai. However the reddish lava cannot be traced
mauka giving evidence for a post collapse event.
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1,846 m
-55 m
1,812 m
560 m
564 m a.s.l.
509 m a.s.l.
660 m
1.54 km2
5.7°
4.0°
1.18 m
18.9 m
11 m
224° (NE–SW)
458 m
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6. Discussion

lavaballs, causing temporary blockage of cave passages. The
created afflux boosts the establishment of parallel,
simultaneously active pyroducts. If there is enough time for
the cave roof to consolidate, the newly generated flow can
superimpose the older flow, while both trunks are still active.
We name this “superimposed trunk system”. Fast downward
erosion of basal a’a-layers facilitates this process. The
emerging gasfilled space above the flowing lava effects
thermal insulation, resulting in fast cooling of the cave roof.
Skylights between the different levels allow interaction
between the two flows. Up to now three modes of lava tunnel
formation have been described (Kempe 2010). Figure 5
shows the already known inflation mode (1a) and two modes
of crusting over of channels (1c and 1d). Our investigations
led to the conclusion that Kahuenaha Nui seems to represent
a fourth type of genesis: Confluence of lavas from smaller
conduits of superimposed sheets of pahoehoe (1d). While a
first sheet of phh establishes a pyroduct it is overridden and
buried by a second sheet, likewise establishing a pyroduct.
This process happens several times. At the same time the
lowest phh-flow erodes down. The tubes merge and drain
into the main passage until the lowest tube contains all the
flow. Lateral and downward erosion creates a large tunnel.
In addition upward erosion enlarges the passage.

Erosion of underlying rock beds plays an important role
during the formation of pyroducts (Greeley et al. 1998;
Kempe, 1997, 2002, 2009, 2012). Two a’a flows are of
significance for the genesis of Kahuenaha Nui. The first one
(layers 1 ac and 2 ar, Fig. 1) is seated at the base of the
pyroduct, the second transgressed during a later eruption
(layers 10 ar, 11 ac, 12 ar). Initially a network of numerous
small pyroducts established, basically following the surface
morphology. These pyroducts interact while the phh flow
branches at pre-existing tumuli. The parallel flows erode the
underlying lava. Due to variations in flow velocity and
resistance of the base layer one branch degrades the lower
bed faster, draining other small pyroducts. These initial
pyroducts can be seen at several places in Kahuenaha Nui.
At the “Deutsches Eck” (Fig. 3, Fig. 6a, P3) numerous initial
conduits can be observed, depicting a dense network of
contemporaneous active pyroducts. The erosion rate
increases as the main flow hits the underlying a’a-rubble,
resulting in fast lateral and downward extension. The small
number of lavafalls gives evidence for fast downward
erosion. Rather than local erosion by lavafalls the base layer
denudates. Fast lateral erosion produces quite a number of

Figure 5. Three modes of lava tunnel formation are already known (1a, 1c, 1d). 1a shows the inflationary type. 1c and 1d represent two
modes of crusting over of channels, Kahuenaha Nui seems to represent a fourth type of genesis (1b).

7. Conclusions

lower bed below the phh stack. This type of conduit
formation is most likely favoured where there are easily
erodible layers below the active flow. However, once the flow
is concentrated in this new conduit, it may also erode even
through a’a core layers.

Kahuenaha Nui is a new cave type that so far was not
documented in detail. The cave involved four lava units from
different eruptions. It eroded into an underlying a’a, visible
nowhere else in the vicinity. The lava that formed the cave
was carried initially in several superimposed small conduits
in a 3 to 4 m thick stack of surface pahoehoe sheets. After
the cave formation, the phh stack was transgressed by a 3.5
m thick a’a flow and a 2 m thick pahoehoe flow forming the
flows visible at the surface. The confluence of lava from
different conduits involves consequent downcutting into the
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GENETIC TYPES OF NON-SOLUTION CAVES
Pavel Bella1,2, Ludovít Gaál1
State Nature Conservancy of the Slovak Republic, Slovak Caves Administration, Hodžova 11,
031 01 Liptovský Mikuláš, Slovakia, bella@ssj.sk, gaal@ssj.sk
2
Department of Geography, Pedagogical Faculty, Catholic University, Hrabovská cesta 1, 034 01 Ružomberok,
Slovakia, Pavel.Bella@ku.sk
1

Many caves were originated by various mechanical processes in both non-soluble and soluble rocks. The genetic
classification of the specific group of caves presents one of important and actual speleogenetic problematics. The paper
gives a basic categorisation of non-solution caves according to their origin. The group of non-solution caves originated by
endogenous processes consists of magmatic, volcanic and tectogene caves. Fluvial erosion caves, caves formed by moving
glacier and deposition of moraine sediments, suffusion caves, constructional travertine caves, mudlow caves, wave cut
caves, caves originated by deformation of rocks caused by their volumetric changes, caves originated by gravity
disintegration of rocks, mechanically weathered caves, eolian caves, caves of biogenic origin, pyrogenic caves, and caves
formed as a result of the technogenic activatisation of natural processes are distinguished within the group of non-solution
caves originated by exogenous processes.

1. Introduction

Roofed lava channels – subcrustal lava caves originated by
gradual growing of hardening lava from both sides of roof.
The roofing happened also by connecting of flowed blocks
of hardened lava and by lateral levees of inunded lava
(Greeley and Hyde 1972; Atkinson et al. 1975; Calvari and
Pinkerton 1999; Grimes 2008; Harris et al. 2009).

During last years much knowledge was obtained about the
caves originated by non-solution processes. But their genetic
classification is not completed until now. Only partial
classifications of some genetic groups of non karstic caves
were worked up, mostly without the unified terminology
(Halliday 1960, 2004; Wood 1974; Grimes 1975; Vítek 1983;
Andrejčuk 1985; Sjöberg 1986; Striebel 1999; Honda 1999;
Bella and Gaál 2007, and others). Based on clearly defined
geological and geomorphologic criteria (action of
endogenous or exogenous processes, type of geomorphic
process and mechanism of cave origin) the basic
categorisation of non-solution caves is presented in the paper
(more detailly elaborated by Bella 2012). We do not deal with
caves originated by solution in hardly soluble rocks,
conglomerates or other lithified sedimentary rocks and by
melting of ice.

Lava tube caves – tubes or tunnels formed by outflowing of
hot lava from the bellow solidified roof crust. If the liquid
lava has been locked inside the tunnel, in these places large
rooms originated. Straight tunnel has symmetric profile while
asymmetric profile is resulted by the change of a direction of
flowing lava (Greeley 1971; Wood 1974; Calvari and
Pinkerton 1999; Halliday 2004b). Also lateral narrow
subcrustal simple or branched tubes (lava overflow caves)
can be formed on the side of main lava flow (Grimes 2008).
Kempe (2009) distinguishes single-trunked, double- or multitrunked, and superimposed-trunked systems of lava flows.
Drainage tubes of active rift zones – underground spaces
looking like lava tube caves can occur within large dykes
intruded along fractures, eruptive fissures or rift zones lava.
The fissures are remodelled by intruded lava and the spaces
have an oval shape (Harter 1976; Favre 1993; Okubo and
Martel 1998; Halliday 2008).

2. Caves originated by endogenous processes
This group of caves originated by natural processes induced
by the inner dynamics of the Earth, i.e. magmatism,
volcanism, earthquake or tectonic processes.

Lava rise caves – some places of horizontal lava surface
raised by pressure of accumulated hot lava about 0.5–1 m
thereupon the low-lying underground spaces are created
(Halliday 1998; Gadányi 2008).

2.1. Magmatic caves
They are smaller geode-like magmatic cavities created by
intrusive magmatism under the Earth´s surface, often without
natural entrance (cavities uncovered in the mines or quarries).
They often contain many crystals of various minerals formed
by slowly cooled solution in magma bubbles (Dubljanskij
and Andrejčuk 1989).

Lava ridge caves – smaller triangle-shaped caves occur in
the lateral part of lava flows in consequence of decreasing in
central zone of lava surface, also in the toe part of lava flow
by pressure of flowing lava (Chitwood 1989; Gadányi 2008).
Lava tumulus caves – occur under elliptic elevation of lava
surface (tumulus) in consequence of decreasing of solidified
lava. They can reach about 5 m of height (Ollier 1962;
Chitwood 1989; Halliday 1998; Gadányi 2008).

2.2. Volcanic caves
This wide group includes the caves created by volcanic
explosion, lava effusion and various volcanic – rheogenetic,
pneumatogenetic and pyrogenic processes.

Boulder caves in lava flows – generally occur in the frontal
part of aa lava between larger blocks of solidified lava
surface.
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Volcanic crater shafts – vertical shafts originated by
decreasing lava into the diatremas and necks of crater
structure. They have floater or bell-like shape (Stefánson
1992; Favre 1993).

Seizmotectonic fracture caves – caves along the narrow
fissures created in consequence of decompression seismic
quake after melting of glacier and isostatic uplift in
Scandinavia (Sjöberg 1986).

Volcanic exhalation caves – smaller caves created by
exhalation or explosion of ascending volcanic gases in scoria
cone. In an ideal case the chimney, which flowed into small
horizontal cave, is preserved (Eszterhás 2004; Gaál and
Balciar 2008).

Seismotectonic boulder caves – underground spaces
between rock blocks originated by disintegration of granite
massive disturbed by seismic quake. The seismotectonic
boulder caves can also be originated by earthquake-induced
rockfall (Sjöberg 1986, 1987).

Chimneys of spatter cones and hornitos – open vertical
volcanic conduits formed by blowing of very liquid lava from
primary fractures which creates spatter cones or hornitos
(Ollier 1964; Licitra 1993).

3. Caves originated by exogenous processes
This group involves the caves, which originated by fluvial
erosion, glacier moving, suffosion, marine abrasion, gravity
disintegration (sliding and falling of rock blocks), mechanical
weathering (fissure and boulder exfoliation), frost
weathering, eolian processes (corrosion and deflation),
biogenic way, pyrogenic processes and the caves of
technogenic activatisation of natural processes.

Lava blister caves – lava bubbles of diameter about 1 m,
rarely to 5 m originated by accumulation and pneumatic
expansion of gas in lava (Ollier 1962).
Polygenetic spatter cone caves in carbonatite volcanoes –
a rare case of cave origin in spatter cones in the summit crater
of Ol Doinyo Lengai in Tanzania, cavities under spatter cones
originated by thermal erosion, and meteoric water and
condensation corrosion of natrocarbonatite lava (McFarlane
et al. 2004).

3.1. Fluvial erosion caves
The genetic group of caves originated by mechanical erosion
of water flow that means abrading of rock walls and scouring
of river channels.

Volcanic pyrogenetic tree moulds – formed by burning-out
of trees in glowing lava (Finch 1931; Balázs 1974; Honda
1999; Gaál 2003a; Bella and Gaál 2007). According to the
position of tree trunks they can be vertical, inclined or
horizontal. Tree moulds are known as simple type, compound
type with several trees and tree-break type. From a
morphological point of view the mushroom type, plate type,
bottle type, “narusawa” type (cedar-like cave after burning
of gase) and “hudoiwa” type (with accumulated lava in a
frontal part of tree) are distinguished (Tachihara et al. 2002).

River bank erosion caves – formed in the rock banks of river
channel by lateral erosion mainly in meanders along horizontal
bedding plane (Trimmel 1968; Striebel 1999; Day 2001).
Waterfall erosion caves – formed by backward erosion of
falling water under occasional or constant waterfall (Striebel
1999; Day 2001).
Fluvial channel erosion caves – occur at the contact of rocks
of different permeability and hardness or along fractures, the
water course become engrosses in the floor (Kempe and
Werner 2003).

Volcanic eruptive fissure caves – along the fissures
originated by movement or quake eventually by pneumatic
pressure during volcanic eruptions. Generally they have
fissure character sporadically with marks of flowing lava
(Ogawa 1986; Leotta and Liuzzo 1998; Halliday 2004b).

3.2. Caves formed by moving glacier and deposition of
moraine sediments

2.3. Tectogene caves

This group includes the caves formed by mechanical
deformation of glacier and underlying rocks, also subglacial
caves formed as glacier slides over abrupt changes in the
bedrock surface, and glacial boulder caves.

The group includes the caves originated in consequence of
endogenous tectonic movement and earthquake. They occur
mostly along the fissure, rarely on the fold structure.
Fault caves – along the disjunctive fault and fissures formed
by extension tectonic movement. They have linear character
with narrow and long passages (Kiernan 1982; Dubljanskij
and Andrejčuk 1989).

Glacier crevasse caves – formed by extension strain on the
elevation of bedrock (V shape crevasse) or by compression in
depression (A shape crevasse). The other diagonal crevasses
can be formed in consequence of unequal moving of glacier
in its central and side parts (White 1988). Crevasses formed
by rotation of ice masses in the steep upper part of glacial
cirques are named “bergschrunds” (Battle and Lewis 1951).

Rift caves – fault caves in the margin part of the rift zone
and trench fault along the mobile zones of the Earth (Davis
1998).

Crevasse caves under glacier in bedrock deformated and
fractured by pressure of moving glacier, so-called
“glaciotectonic” caves (Schroeder et al. 1986; Sjöberg 1986,
1989; Schroeder 2004).

Fold caves – rare occurring caves on the flexion of folds
(Kiernan 1982).
Collapsed pit crater caves – vertical circular or elliptic
shafts along the active rift zone in the crossing place with
structural or stratigraphic discontinuity. They occur mostly
in areas of large shield volcanoes (Halliday 1998; Okubo and
Martel 1998).

Subglacial cavities formed as glacier slides over abrupt
changes in the bedrock surface, the ice separated from
bedrock in the lee of a downward step (Pulina et al. 2003;
Fountain 2005).
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Subcrustal cavities of “tepee” structure – upward
cambered margin of expanded megapolygons of agglutinated
crust of carbonate-evaporite coastal sediments in periodic
inundated and shrinkages basins (Kendall and Warren 1987).

Glacial boulder caves – irregular, chaotic cavities between
large blocks of moraine or erratic boulders (Kiernan 1982;
Sjöberg 1986).

Salt diapire fissure caves – occur in the raising salt stump
or diapire of hydrated anhydrite (Vendeville and Jackson
1992).

3.3. Suffosion caves
Suffosion or piping caves formed by washing out of soft clastic
material by infiltration or flowing underground water. They
originated mainly in less consistent clastic rocks as clay, loess,
silt, laterite, weathered sandstone and volcaniclastic rocks.

3.8. Caves originated by gravity disintegration of rocks
Such caves occur in areas with vertically dissected relief and
suitable geological conditions (rigid rocks with underlying
soft or plastic beds).

Suffosion tunnel caves – originated by suffosion and erosion
generally on the contact of loose rocks and impermeable
background (Clausen 1970; Cílek 1997; Bella et al. 2005;
Grimes and Spate 2008).

Crevice caves – formed by gravity movement of marginal
rigid blocks upper underlying plastic beds on the slopes
(Campbell 1968; Vítek 1983; Self 1990; Turchinov 1990;
Filippov 1997; Margielewski and Urban 2003; Halliday 2004
and others). Gaál (2003b) distinguishes deflection crevice
caves (formed in initial or opening phase by deflection of
marginal blocks), inclination crevice caves (formed by
backward inclination of blocks in relation to their rotation),
decrease crevice caves (horizontal or subhorizontal caves
formed by decreasing of blocks in the initial phase),
displacement crevice caves (caves in “wide crevice” formed
by gravity transfer of block in the sliding phase, mostly
combined crevice-boulder caves are formed). The crevice
caves are also formed on the coastal cliffs of a sea or lake
and on the gravity disintegrated steep coast of carbonate
platforms. The bank-margin fracture type of “blue holes” in
Bahamas probably was formed during glacioeustatic
decrease of sea level (Smart et al. 1988; Mylroie 2004).

Suffosion collapse shafts – formed by decrease and
subsequent collapse of hanging rock upper suffosion tunnels
(Clausen 1970; Urban 2004).
3.4. Synsedimentary travertine caves
Constructional caves originated by precipitation of travertine
from solutions.
Travertine crater caves – spring travertine throats inside
travertine craters (Bella 2005; Halliday 2011).
Travertine fissure ridge caves – rare occurring longitudinal
narrow cavities along an effluence fissure (Pisarowicz 2003;
Halliday 2011).
Caves of constructive travertine waterfalls – mostly
longitudinal cavities along the foot of constructive travertine
waterfalls (Trimmel 1968; Bella 2005).

Falling-out caves – small caves formed after gravity fallingout of released blocks. Disintegration and releasing can be
supported by termomechanical weathering (Striebel 1999).

3.5. Mudflow caves

Rockfall / rockslide boulder caves – chaotic cavities formed
by deposition of disintegrated large angular boulders from
falling or sliding rock blocks at the base of cliffs on slopes,
in the bottom of valleys or at the foot of coastal cliffs.
Rockfall boulder caves are originated by sudden falling of
rocks, rockslide boulder caves by sliding and subsequent
disintregration of rock blocks (Kiernan 1982; Vítek 1983;
Striebel 1999; Bella and Gaál 2010 and others). Outside arid
regions, in-valley boulder caves (so-called “purgatory caves”
in California and the northeastern United States) are
commonly featured by mechanical erosion of underground
streams (Finlayson 1981; Halliday 2004a).

They present sporadic caves formed by outflowing of liquid
mud from under and upper dried indurate crust on slopes of
mud volcanoes (Kalenda 2010).
3.6. Wave-cut caves
They are formed by mechanical wave abrasion at the foot of
costal cliffs of sea or large lake formed by insoluble rocks
(Moore 1954; Bunnell 1988).
3.7. Caves originated by deformation of rocks caused by
their volumetric changes

3.9. Caves originated by mechanical weathering
This group involves caves originated by mechanical
weathering and associated slope processes: caves in rock
structures disintegrated by macroexfoliation, frost weathering
caves, and caves formed by insolation and salt weathering.

These are rarely occurring caves formed by enlarging of
volume of evaporite caused by water absorbing. In
consequence of hydratation of anhydrite to gypsum the rock
can expand till 50–60 % whereby some hydratation raised
subcrustal cavities is formed.

Exfoliation caves – formed in consequence of segregation of
rock squama mostly parallel with rock surface. Therefore the
exfoliation cracks are often curved like an onion. Exfoliation
caves are formed along the fissures (fissure exfoliation cave),
by falling-out of block along the fissure (fissure-falling-out
exfoliation cave), among boulders formed by exfoliation
disintegration along the bedding or cubical jointing “in situ”
(boulder exfoliation cave), wide and narrow simple exfoliation

Hydratation raised caves – upward raised subcrustal
cavities between hydrated gypsum upper anhydrite or
subjacent beds. Some narrow cavities – gypsum tumuli – are
also created by rising caused by precipitation or
recrystallization of gypsum (Gorbunova 1978; Reinboth
1997; Callafora and Pulido-Bosch 1999).
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3.13. Caves of technogenic activatisation of natural
processes

underground spaces (woolsack cave), weathered exfoliation
caves and small deltoid caves of A-tents type (Ollier 1965;
Jennings 1978; Striebel 1999; Twidale 2009).

This group involves caves originated by natural processes but
in consequence of human activity, mostly mining,
exploitation of raw material or violation of slope stability.

Frost weathering caves – generally shelter type caves
originated by break-up of host rock in consequence of frost
(Schroeder 1979; Mitter 1983; Cílek 1996; Striebel 1999).
Belong them also weathered boulder caves in glacial and
periglacial regions (Striebel 1999).

Consequent crevice and breakdown caves – formed by
gravity block movement anthropogenically induced by rock
instability (Eszterhás 1993).

Tree moulds formed by mechanical disintegration of
silicified or carbonified trees covered by volcaniclastic beds
or lahars (Gaál 2003a; Bella and Gaál 2007).

Technogenic pyrogenic caves – created by underground
burning of coal in order to obtain of gas for electric energy
(Andrejčuk 1985; Dubljanskij and Andrejčuk 1989).

Tafoni caves – originated by insolation weathering along the
contact plane of primary cubical jointing of granite and
similar rocks. The favorable conditions of its origin are in
repeated moistly and dry climatic areas (Martini 1978;
Twidale 1982; Vidal Romani 2007).

4. Conclusion
Totally 56 types of non-solution caves are distinguished and
briefly characterised in this paper (21 types are related to
endogenous processes, 35 types to exogenous processes).
Various genetic types of non-solution caves point to a high
diversity of their formation in varied environments with
different lithological, structural-tectonic, geomorphologic and
climatic conditions. Non-solution caves originated mostly in
magmatic, volcanic and volcaniclastic rocks, crystalline shales
and clastic sedimentary rocks, constructional caves also in
travertine and coral limestone. Some specific types of nonsolution caves are known in gypsum and salt. A higher variety
of cave formation by exogenous processes is linked with a
higher heterogenity of the Earth-surface dynamics.
Comparing with solution caves, an occurrence of non-solution
caves is lower but their genetic diversity is higher. Several
non-solution caves are important sites of nature and human
history. Therefore they are protected as natural monuments or
are included within protected areas.

Salt weathering caves – small caves originated by change
of volume in consequence of crystallization of salt in poruses
and cracks. They are as foot-cliffs shelter caves or caves
formed along lithologically or tectonically weakened parts
of rocks (Gavrilović 1981; Cílek 1998).
3.10. Eolian caves
This group involves smaller caves originated by wind
corrasion and deflation mainly in soft and loose rocks located
mainly in arid and semiarid regions.
Corrasion caves – simple elliptic cavities originated by
mechanical abrasion by wind (White 1988; Dubljanskij and
Andrejčuk 1989).
Deflation caves – short cavities generally with two entrances
along which wind insufflate the soft particles of weathered
rock. They occur most frequently in mountain ridges and
elevation in open terrains (Dubljanskij and Andrejčuk 1989).
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THE KEOKEO LAVA TUBE SYSTEM IN HAWAII
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The Keokeo lava tube system lies within a lava flow that apparently originated in the Pu‘u o Keokeo vent on the Southwest
Rift zone of Mauna Loa, on the Big Island of Hawaii. The lava flowed 1,500–3,000 years ago from the source near 2,200 m
elevation all the way to the ocean, a distance of some 28 km. A large lava tube system has been discovered in most of the
flow. The cave system is often braided into parallel branches, as well as being formed on up to four vertical layers. The
system is sometimes segmented by ceiling collapse or lava sumps. As of this writing, about 22 km of passage has been
surveyed in segments ranging from 10 m to 4 km long. The deepest passages are readily distinguished because the lava
downcut through a thick layer of a‘a, which is seen when the wall linings peel away. In places, there is evidence of
downcutting through two a‘a layers. There are many white and orange crusts, frostwork, and coatings throughout the system,
which could be the subject of a mineralogical investigation. Microbial mats are fairly common as well. Ohi‘a tree roots
support a variety of cave-adapted species, including crickets, spiders, isopods, planthoppers, and moths. Other interesting
resources in the system include fossil bird bones and occasional native Hawaiian water collection and shelter sites.

1. Introduction

these, less than 100 have been explored and surveyed. For
the entrances within HAVO, an initial reconnaissance of all
of the passages accessible from a given entrance was made
with archaeologist Dr. Tim Scheffler, in order to determine
if sensitive cultural resources were present.

The Big Island in the U.S. state of Hawai‘i is home to the
majority of major lava tube (pyroduct) systems (e.g.,
Kempe 2012) in the world. The second longest system in
the world, the Kipuka Kanohina system, originates in the
SW rift zone of Mauna Loa, within the Kahuku Unit of
Hawaii Volcanoes National Park (HAVO), and passes under
the Hawaiian Ocean View Estates (HOVE) and Kula Kai
subdivisions, reaching almost to the ocean. Recently,
another major system has been identified, also originating
in the SW rift zone. The approximate location of the system
is shown as the thin and thick black lines in Figure 1. The
system is formed in the Qk2 Mauna Loa flow which
extends from the presumed source at Pu‘u o Keokeo
(altitude of 2,200 m), all the way down to the ocean, some
28 km distant. The estimated age of the flow is 1,500 to
3,000 aBP (Sherrod 2007).

To date, there have been about 110 field trips to the flow,
of which roughly one quarter were to locate entrances, one
quarter for archaeological reconnaissance, and half for
detailed mapping and photography. About 22 km of passage
has been mapped in segments ranging from less than 10 m
to over 4 km in length. The segments are usually separated
by trenches formed by the collapse of the original tube. In
other cases, especially where the gradient is low, the lava
completely filled the passages when it cooled, making for
lava sumps.

3. Geology
The geology of one of the longest segments of the system,
Kahuenaha Nui, was studied by Ingo Bauer as part of his
Master’s thesis (Bauer 2011). The cave survey of this
segment yielded a total length of 1,850 m, a total vertical
extent of 55 m and an average slope of 5.7°. The cave
features a main trunk that is up to 18 m wide and 11 m high.
Its floor is in part formed by terminal a‘a. Above this trunk
passage, there are numerous small to very small
interconnected pahoehoe-floored passages. It was possible
to study the cave formation process at the two entrance
collapses (pukas in Hawaiian). The trunk passage appears
to be formed by eroding an underlying a‘a rubble layer. In
places even the underlying a‘a core layer has been cut into.
Above, a stack of seven superimposed pahoehoe flows with
small meandering passages occurs, forming the primary
roof of the cave. The lava flowing in this stack of sheets
managed to combine into one flow, eroding the main trunk
underneath. After cave formation first an a‘a flow and then
a thin pahoehoe flow transgressed the area. The cave’s roof
partly collapsed, not only exposing the transgressed a‘a, but
also forming the two entrance pukas. This cave-forming
mechanism is fundamentally different from the standard

2. Exploration History
Some of the lava tubes in the system were used by the
original Polynesian settlers, possibly as long as 1,000 years
ago. They likely explored the caves looking for good places
to collect water in thisdry environment. They also used
some entrance areas for temporary shelters and defense in
times of war.
In most of the 1800’s and 1900’s, the entire flow was on the
property of the very large Kahuku Ranch. Ranch-hands and
farm children sometimes visited the caves, although there
is no written record of their activities. The upper portion of
the Keokeo flow became part of Hawaii Volcanoes National
Park (HAVO) in 2004. The lower portion was sold to
private developers (Nani Kahuku Aina) in 2006.
Systematic exploration of the Keokeo system began in
2011. Some entrances were found from satellite and aerial
photos. The great majority of them were found on surface
hikes, or by entering one entrance and coming out another
one. To date, about 300 entrances have been identified. Of
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lava tube formation modes “inflation” and the “crustingover of channels” (e.g., Kempe 2012).

Figure 2. Illustration of wall-lining peeling away to reveal a thick
layer of red a‘a rubble behind. Bob South is the model. Photo by
Peter and Ann Bosted.

Figure 1. Geologic overview of the Keokeo flow on the south slope
of Mauna Loa. The thick black lines show the approximate
location of explored passages, while the thin black lines are likely
extensions to the north and south. The distance from the top to
bottom of the figure is about 30 km, and north is up. The Keokeo
flow is colored light green. Older flows are yellow and green,
while modern flows are colored blue. Highway 11 crosses the
figure from left to right just below the middle.

Figure 3. Stephan Kempe (in red) and Tim Scheffler above the
largest entrance of the system found so far. Photo by Peter and
Ann Bosted.

entrances and constrictions where the Venturi effect makes
for strong air flow. The very dry climate of the region likely
stops the minerals from being dissolved, because they are
much more common here than in the wet areas of Hawai‘i.
Based on sampling in the nearby Kanohina system, most of
the white minerals are probably calcite, gypsum or opal,
although epsomite and mirabilite can be found. A typical
medium-size passage with white, orange, and red coatings,
and an a‘a floor over smooth linings, is shown in Figure 4.
In some areas, the minerals are in a frostwork morphology,
as illustrated in Figure 5.

While detailed geologic studies have not been done in other
segments of the system, the mode of down-cutting into an
a‘a layer appears to persist throughout the main, lower level
trunk passages. This is most often revealed by wall coatings,
typically 0.2 to 1 m thick, that have peeled away, generally
falling towards the center of the passage, and leaving a pile
of exposed a‘a rubble behind. Often the a‘a rubble is stained
orange or red, by oxidation of the iron in the basalt. One of
the more dramatic examples is shown in Figure 2.

4. Biology

Throughout the system, the larger entrances are often the
best place to study the stratigraphy. Where there are clean
ceiling collapses, it is sometimes possible to count the
number of pahoehoe sheets and a‘a layers.

The Keokeo flow covers a large elevation range (from sea
level to about 2,200 m), but the endemic Hawaiian Ohi‘a
tree can be found throughout almost the entire range. This
tree is very important to the cave biology, because it is
adapted to putting its roots down into lava tubes, often
going right through to the floor below. Some of the roots
are well over 10 m long and bundles up to 30 cm in
diameter occur. An example of thick forest of Ohi‘a tree
roots is shown in Figure 6.

The lava tube passages often contain white, orange, and
sometimes pink or green minerals. These most commonly
occur as crusts or coatings on the ceiling, walls, and
sometimes on the floor. There is a noticeable correlation of
mineral coatings with high wind velocities near major
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Figure 4. Ann Bosted in typical medium-sized passage with many
mineral coatings. Photo by Peter and Ann Bosted.

Figure 6. A thick forest of ohi’a tree roots. Photo by Peter and Ann
Bosted.

Figure 5. Delicate frostwork minerals on ceiling lava drips. Photo
by Peter and Ann Bosted.

Figure 7. Typical passage with mouflon skull in the foreground.
Photo by Peter and Ann Bosted.

The tree roots are an important source of nutrition and water
for a host of cave-adapted species. While no professional
biologist has studied this system as of this writing, we have
sent photographs to biologist Fred Stone, who has identified
various crickets, spiders, isopods, moths, and planthoppers.

Hapu‘u (tree fern). Large Koa trees can also be found in
deep pukas where the steep sides have excluded cattle,
which would otherwise eat and trample the young trees. An
example of abundant native vegetation in a skylight puka
is shown in Figure 9.

Another important source of the cave biology is the large
number of goats that use the caves as night-time shelters.
They supply nutrition by their excrements and the
degradation of their dead bodies. The goats are generally
found at lower elevations. At higher elevations, the most
common mammal bones are Mouflon (a form of wild
sheep), cattle, occasional horses, rats, and mongeese. A
typical passage with an ungulate skull is shown in Figure 7.
Well-preserved fossil bird bones are also sometimes found,
especially in deep passages far from entrances, where they
are protected from wheathering. Some of these may be from
now-extinct species. A systematic study has not been done
yet, however. One of the best-preserved examples is shown
in Figure 8. This is most likely the head of one of the petrel
varieties.

5. Prospects
With about 200 or more entrances to investigate, there is
clearly a lot more work just to finish the exploration,
mapping, and photo-documentation of the Keokeo system.
Meanwhile, there are many opportunities for detailed
studies of the geology, biology (both macro and micro),
extinct birds, and archeology. Potential investigators would
need to obtain a permit from the National Park Service or
other land owners.
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Microbial mats are found throughout the system. None have
been studied as of this writing.
Finally, the deep entrances provide a haven for certain rare
and endangered plants. The moister climate is a boon to the
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Figure 9. An entrance skylight with native vegetation. Photo by
Peter and Ann Bosted.

Figure 8. Fossil bird head. Photo by Peter and Ann Bosted.
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ORIGIN OF “ROCK CITIES”, PILLARS AND CLEFT-CONDUITS IN
KAOLINITE-BONDED SANDSTONE: NEW INSIGHT FROM STUDY IN
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Various ideas exist on the origin of landforms like rock cities, pillars, clefts, rock shelters and lenticular hollows in kaolinitebonded sandstone. Sandstone surfaces and processes were studied in Střeleč Quarry, the Czech Republic in Cretaceous
marine quartz sandstone, where forms similar to landforms at natural exposures (clefts-conduits, lenticular hollows) are
evolving at present time. The quarry offers a unique opportunity to characterize the erosion processes, which may form
natural landforms prior to stabilization by case hardening. Based on measurements of relative erodibility, ambient and
water-saturated tensile strength at natural and quarry exposures three distinct kinds of surfaces were distinguished: 1)
Sandstone directly erodible by flowing water. 2) Sub-vertical fracture surfaces that are non-erodible and formed tectonically
(slip faces of microfaults). 3) Case hardened surfaces that start to form after exposure. In favorable conditions case hardened
surfaces become non-erodible and reach the full tensile strength in just 6 years. Flow in openings with a discharge 1 ml/s
and hydraulic gradient > 0.05 exceeds the erosion threshold and initiates piping. In the first phase of conduit evolution,
fast concentrated flow mobilizes erodible sandstone between sets of parallel fractures in the shallow phreatic zone. In
second phase the conduit opening mainly expands vertically upward into the vadose zone by mass wasting of undercut
sandstone slabs. Mass wasting is responsible for > 90 % of mobilized sandstone. Sides of the mature conduits are protected
by non-erodible fracture surfaces. Natural landforms were probably formed rapidly by piping and possibly overland flow
and fluidization during, or at, the end of the glacial periods when sandstone was not protected by case hardening yet.
Erosion proceeded along highly fractured zones. The study does not support the existence of deep weathering along
fractures proposed by some authors (etching).

1. Introduction

exposures in Adršpach region (60 km east of the studied
locality) demonstrates that at least some sandstone
exposures have not been eroded in this period (Kuneš and
Jankovská 2000; our study, unpublished).

The weathering and erosion of sandstone result in the
formation of interesting morphology features in many areas
including the Colorado Plateau (United States) and the
Bohemian Cretaceous Basin (Czech Republic, Germany)
(Härtel et al. 2007). The landscape of many areas in the
northern Czech Republic, in Saxony, Germany, in Weald, SE
England and elsewhere are developed in quartz sandstones
bonded by kaolinite, whose tensile strength decreases
strongly if sandstone is wetted (Bruthans et al. 2012b). The
effect of wetting weakening is well known to local climbers
who by regulation are prohibited from climbing in sandstone
terrains for one or two days after rain events not to damage
sandstone surfaces (HOROSVAZ 2011).

At present time the sandstone exposures and even sides of
many overhangs are reinforced by case hardening, which
makes sandstone exposures unerodible (Härtel et al. 2007).
Important question is how quickly case hardening is formed
and what the properties of the sandstone were before the
case hardening was formed. So far the evolution of
sandstone landforms has been studied at natural exposures.
Due to protection measures the studies were mostly limited
to observation and documentation of landform shapes and
taking small samples of rock crust for mineralogical
analysis of salts and cements (e.g., Adamovič et. al. 2011).
So far such studies failed to bring clear evidence for origin
of landforms in clay-bonded sandstone except perhaps
honeycombs. As a consequence, a wide variety of different
ideas exist on processes responsible for evolution of
landforms including deep weathering along fractures
followed by the frost, salt and biogenic weathering (Cílek
2010), dissolution of carbonate cement (Adamovič and
Mikuláš 2011) and many others.

Various landforms are known from these sandstones
including caves, clefts separating individual sandstone pillars
(castellated sandstones), rock overhangs (shelters) and also
small-scale features like lenticular hollows and honeycombs
(Härtel et al. 2007; Fig. 5). Honeycombs are clearly evolving
at present time, as they cover also few hundred years old
quarry faces as well as sandstone blocks at cemeteries and
walls of medieval castles (Härtel et al. 2007).
Based on radiocarbon and U-series dating of secondary
carbonates in sandstone cave ceilings and archeological
evidence, sandstone erosion in caves and sandstone
overhangs ceased at least 8 kyr ago in Bohemian Paradise
and wider surroundings of Česká Lípa (Cílek 2007;
Bruthans et al. 2012a). Continuous peat bog sedimentation
for the last 7.5 kyr in valleys directly below sandstone

Interestingly, some landforms (cleft-conduits, lenticular
hollows) whose origin is discussed above are actively
evolving at present time in Střeleč quarry (Fig. 5). In the
quarry, Cretaceous Hrubá Skála quartz sandstone is mined
(for geotechnical and hydraulic parameters see Bruthans et
al. 2012b). In this sandstone, a wide variety of natural forms
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After hardening a tensile force was gradually increased
perpendicular to sandstone surface until the sandstone
beneath the epoxy failed. The maximum (pull off) force and
effective area was measured and calculated as kPa. The
ambient tensile strength (TSa) and saturated tensile strength
(TSs) were measured (Bruthans et al. 2012b).

occur in the so-called Bohemian Paradise (Härtel et al.
2007). There are two strong advantages to study the
landforms in the quarry: 1) All landforms are doomed to be
destroyed by quarrying and therefore destructive methods
can be fully applied; 2) Newly quarried surfaces are
unprotected by case hardening, unlike natural surfaces.
Possibility to observe presently evolving forms and
potential to apply destructive techniques creates a unique
opportunity to resolve the origin of landforms and study
directly the erosion processes.

The relative susceptibility to erosion by flowing water was
measured by means of a water jet. A sprayer device equipped
by a pressure gauge was used to create a jet of water 1 mm
in diameter. The reservoir was pressurized to 180 kPa during
all tests. The water jet was applied to tested points at the
sandstone surface with a 10 cm-long stream of water for 5
seconds (Bruthans et al. 2012b). The depth of the water jet
drill holes was measured by a caliper. The drilled depth is
herein designated as the “relative erodibility indicator”
(REI). The REI technique is based on a similar principle as
the “jet test” developed by Hanson and Cook (2004).

Many fresh sandstone faces in the quarry are weak enough
to be eroded by running water and rain, and the sandstone
was even mined for decades by spraying a jet of pressurized
water. The same sandstone, however, has to be mined by
explosives when dry, and it has formed stable (up to 40 m
high) vertical mining faces before the present safety
regulations. The significant decrease in the strength of the
wet sandstone compared to its dry state is known as wetting
weakening (Lin et al. 2005).

3. Results and discussion

The aim of this study is to describe: 1) Sandstone surfaces in
a quarry in terms of the erodibility, tensile strength and
geomorphological functioning; 2) Erosion processes
operating in the quarry; 3) Apply the findings from the quarry
to understand the evolution of natural sandstone landforms.

3.1. Characterization of conduits
Up to several hundred meters long conduits developed in
the quarry due to artificial water level decrease by 20 m
(Fig. 5a). At several locations the underground conduits
were mainly enlarging upward by mass wasting. At several
locations the mass wasting broke through to the ground
surface resulting in vertical shafts similar to natural clefts.
A striking feature of the underground conduits is the fact
that most of the sides of the passages do not display erosion
features made by flowing water (Fig. 5a). Instead, conduit
sides are smooth fracture surfaces. The measured stream
gradient in major and minor conduits is ~0.01 and ~0.05,
respectively with flow velocity ~40 cm/s (Fig. 1).
Flow in the smallest channels transporting sand grains was
investigated by studying the propagation of the leading edge
of fluorescein dye. Small inflow trickles with flow rates as
low as 1–4 ml/s had a maximum a velocity 8–19 cm/s in
several cm-wide channels with gradients of 0.05–0.06.

Figure 1. Measured flow velocity in conduits compared to
calculated flow velocity in sandstone pores as a function of
channel gradient or hydraulic gradient. While piping is
characterized by high flow velocity and low hydraulic gradient
(conduit flow) the fluidization is characterized by steep hydraulic
gradient and very low flow velocity (due to extreme friction in
small pores). Modified from Bruthans et al. (2012b).

3.2. Strength and erodibility of sandstone surfaces
Surfaces measured by REI and TS included: 1) Fracture
surfaces that are smooth and planar, 2) Case hardened
surfaces that have a thin surface crust, 3) Water eroded
surfaces that show traces of fluvial erosion, 4) Non-eroded
surfaces that are a subset of fracture surfaces, which were
in contact with flowing water but do not show traces of any
erosion, and 5) other surfaces which include all other
surfaces (mainly measurement at the quarry faces).

2. Methods
The geometry, locations and gradients of underground
conduits were mapped by compass, precision clinometer,
and a tape or a laser distance meter. Tracer tests in
underground streams were performed with dissolved NaCl
and fluorescent dye. Maximum flow velocity was measured
by a tracer test (first arrival of dissolved tracer) and the
leading edge of the breakthrough was photo-documented
based on fluorescein dye.

More than 750 REI measurements were made, with drill
hole depths ranging from < 1 mm to 152 mm (Fig. 2).
Ninety percent of the water eroded surfaces have REI
> 20 mm and 93 % of non-eroded surfaces have REI
< 20 mm (Fig. 2). Therefore, the REI threshold for erodible
sandstone and non-erodible sandstone is defined for the
quarry sandstone as 20 mm.
To estimate the percentage of erodible sandstone in the quarry,
REI measurements were performed along a 240 m-long
horizontal profile of the quarry face. On average 64 % of

The tensile strength of surfaces was measured in the field.
Metal plates were glued by epoxy to sandstone surfaces.
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sandstone in this profile is erodible (Bruthans et al., 2012b).

layer sandstone where most of the pores become filled by
clay. Lichen hyphae were found in large numbers at case
hardened surfaces (Fig. 5j). Sample of case hardened
surface left for 5 days in hydrogen peroxide (30 %) was
disintegrated to loose sand, while control sample left in
water was stable. As hydrogen peroxide decomposes
organic matter, the hyphae organic fibers are probably
responsible for stabilization of surfaces. Unlike fracture
surfaces, case hardened surfaces start to develop after
sandstone is exposed at ground surface. At the bottom of
the quarry, parent surfaces had unlimited moisture supply
and were directly exposed to sun radiation. The case
hardened surfaces with firm surface crust (TSa 64–180 kPa)
developed at places which were excavated just 6 years ago
(Bruthans et al. 2012b).

REI measurements demonstrated that fracture surfaces are
in many cases less erodible than the sandstone located
several millimeters below the fracture surface. REI < 20 mm
shows 83 % of fracture surfaces. The REI of 86 % of case
hardened surfaces < 5 mm, which makes case hardened
surfaces the least erodible surfaces in the quarry (Fig. 2).

Figure 2. Histogram of REI. Values were rounded to tens. Category
REI 100 contains also readings exceeding REI 100 mm. Modified
from Bruthans et al. (2012b).

Surfaces of erodible sandstone have an ambient tensile
strength (TSa) of 2.2–14 kPa (Fig. 3). The tensile strength
of the sandstone decreases substantially when the sandstone
is water saturated. The saturated tensile strength (TSs) of
erodible sandstone is only < 0.6 kPa. Measurements suggest
that the ambient tensile strength is at least about 2 orders of
magnitude greater that the saturated tensile strength.
Fracture surfaces and case hardened surfaces, which are not
erodible, have a TSa of 27–216 and 64–183 kPa,
respectively. The TSs of vertical fracture planes is between
0.9 and 38 kPa, which is less than fracture surface TSa. The
TSs of fracture planes are nevertheless much greater than
the those of erodible sandstone (Fig. 3).
3.3. Binding and microfabric of surfaces
To explain the distinct difference in tensile strength and
erodibility of sandstone surfaces in the quarry, the binding
and sandstone microfabric were studied. Erodible sandstone
shows a looser packing between grains compared to fracture
surfaces. Neither silica nor calcite and iron-oxide cement
were identified in any sample of erodible sandstone based
on SEM and cathodo-luminescence inspection. Opal was
not detected by FTIR in silt and clay separates from
erodible sandstone. Only kaolinite was identified as binding
agent in erodible sandstone (for details see Bruthans et al.,
2012b). The decrease in tensile strength from relatively dry
to the saturated state confirms that erodible sandstone is not
bonded by permanent cement, but only by clay.

Figure 3. Tensile strength of surfaces in the quarry and natural
outcrop Apolena, both formed by the Hrubá Skála sandstone.

3.4. Erosion processes
Field evidence proves the critical role of piping and mass
wasting in conduit enlargement. Conduit flows were
observed to erode by piping the most erodible sandstone
surfaces at rates as high as several centimeters per minute.
In one case a 3 m deep, 1 m wide, and 15 m long gully was
cut into sandstone in less than 12 hours by water
discharging from one spring (Bruthans et al. 2012b). Mass
wasting of undercut sandstone blocks, along sub-vertical
fractures, is the dominant mechanism in conduit
enlargement because more than 90 % of conduit volumes
are excavated above the conduit stream surfaces.

Fracture surfaces are formed by zones of densely packed
grains, which are several millimeters thick (Fig. 5h).
Unerodible fracture surfaces were found at exposures as
well as inside the conduits, tens of meters below the quarry
surface. Fracture surfaces were thus non-erodible already
prior to exposure at ground surface. Fracture surfaces
correspond to slip faces or possibly deformation bands in
sense of Antonellini et al. (1994).

The potential role of fluidization in the enlargement of
fracture openings is unclear. Fluidization may potentially
contribute to erosion due to initial steep hydraulic gradients

Case hardened surfaces are formed by a 0.5–1 mm thick
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considered too. Lateral enlargement of clefts by mass
wasting of sandstone slabs was responsible for the
formation of pillars and rock cities. Fracture planes were
the only surfaces limiting erosion in erodible sandstone
since case hardening was not yet formed. Unerodible parts
of sandstone may have disintegrated by ice wedging. Rain
water collected at ground surface was probably the major
source of water feeding cleft conduits. The erosion was
active during glacial periods, when sandstone was
impermeable (except shallow subsurface in warm period of
year) due to > 30 m thick permafrost (Žák et al. 2012) and
possibly also at glacial/interglacial transition.

in the surroundings of new conduits. To test this possibility
the critical hydraulic gradient for the onset of fluidization
was measured in eight rectangular blocks of erodible
sandstone. In two of the blocks, erosion due to fluidization
occurred when the hydraulic gradient ≥ 0.7. In other blocks,
no erosion was observed even under very steep hydraulic
gradients (1.2–1.5).
Lenticular hollows are relatively common in conduits and
lake sides in the quarry (Fig. 5e). Active erosion was not
observed under ambient conditions. In an attempt to better
understand the process responsible for origin of lenticular
hollows the overland flow and fluidization experiments
were performed in the quarry. The experiments consisting
of flowing water across erodible sandstone surfaces and via
sandstone matrix in the quarry demonstrated that two
different processes can create lenticular hollows: 1)
Fluidization, and 2) Overland and/or pipe flow.

With the establishment of warmer climate and forest cover
during the Holocene (Kuneš and Jankovská 2000), the
amount of water available for surface erosion and piping
decreased considerably due to transpiration consumption of
forest cover. Eroded surfaces were probably case hardened
at this time, thus fossilizing the sandstone landforms into their
present shapes. The postulated timing of erosion, formation
of case hardening and consequent fossilization of landforms
are in good accord with the results of dating studies (Cílek
2007; Bruthans et al. 2012a, undisturbed peat bog
sedimentation below sandstone exposures mentioned above).

3.5. Evolution and propagation of conduits
Incipient conduits probably propagate along bedding planes
or subhorizontal cracks in several cm to few tens of cm
thick sub-vertical slabs of sandstone. Conduits are formed
by erosion of narrow sandstone slabs between sets of
parallel subvertical fractures. Conduit width increases by
mass wasting along parallel fractures (Fig. 4).
3.6. Origin of natural sandstone landforms
To evaluate if the processes observed in Střeleč quarry are
partially responsible for the sandstone landscape evolution
observed elsewhere, exposures of the same sandstone were
studied in the Apolena area 1.7 km from the quarry. In
Apolena the sandstone forms pillars up to 30 m high, rock
shelters, arches and lenticular hollows (Figs. 5 d, e). The
pillars and parts of sandstone massif are separated by deep
clefts. Outer faces of the sandstone outcrops are often
defined by vertical fracture planes. Such landforms are a
very common feature in sandstones in the Czech Republic
and Saxony, Germany (Härtel et al. 2007). At Apolena and
other natural sandstone exposures (e.g., Adršpach), the
features have similar appearance to those found in the
quarry (Fig. 5). Some natural springs in the surroundings
of the Střeleč quarry have feeding conduits of the same
shape as that found in the quarry (Bruthans et al., 2012b).

Figure 4. Conceptual model of conduit propagation. A) Evolution
in longitudinal vertical section; B) Horizontal plan of headward
part of propagating conduit. Bedding planes provide a permeable
path in a direction oblique to fractures; C) Evolution of conduit
cross-section. Asterisk shows the original position of protoconduit. Modified from Bruthans et al. (2012b).

4. Conclusions

At Apolena fresh surfaces of sandstone boulders, which are
the residual of pillar collapse, have similar values of TS and
REI as fresh sandstone faces in Střeleč Quarry and are
erodible. Case hardening in Apolena area is similar to the
recent case hardening in Střeleč quarry. Hydraulic gradients
of ~0.03 responsible for the onset of conduit development
in the quarry surroundings (Bruthans et al. 2012b) could
occur in the past under natural conditions. Observations
made in the quarry are thus fully applicable to this natural
sandstone outcrop.

Three distinct kinds of sandstone surfaces can be defined
based on field appearance, erodibility and tensile strength:
A) Erodible sandstone is defined as sandstone with REI
readings > 20 mm based on field calibration. Erodible
sandstone does not contain permanent cement. Sandstone
is bonded by kaolinite, capillary forces and interlocking of
sand grains. Erodible sandstone loses as much as 99 % of
its surface tensile strength when submerged below water.
B) Sub-vertical fracture surfaces (slip faces of microfaults)
are generally not erodible by piping or overland flow based
on REI and field observations. Tensile strength is several
times higher (TSa 27–220 kPa) compared to sandstone in
the subsurface of a fracture plane. Unlike the erodible
sandstone, fracture surfaces often keep considerable tensile

It may be possible to extrapolate the erosion processes
observed in the Střeleč quarry to the landforms found in the
Apolena area and elsewhere in the clay-bonded sandstone.
Clefts were excavated probably by piping and consequent
mass wasting of undercut sandstone slabs in erodible
sandstone. Overland flow and fluidization may be
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a 0.5–1 mm thick zone of sandstone where most of the
pores become filled by kaolinite clay reinforced by lichen
hyphae. Case hardened surface are not erodible by overland
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Figure 5 a) Conduit developed by flowing groundwater in Střeleč quarry propagating mainly upwards along parallel sub-vertical fractures.
Photo M. Filippi; b) Cleft limited by subvertical fractures in Apolena area; c) Fracture-guided opening in Adršpach nature reserve. Note
the highest width at base and multiple fractures dying out upward; d) ¨Lenticular hollows in Adršpach-Teplice nature reserve; e) Lenticular
hollows developed at the side of a quarry lake (< 6 years old); f) Freezing groundwater seeping out of the lenticular hollows (Adršpach);
g) Fracture-guided opening in Adršpach area. Note remaining block in the ceiling; h) Cross-section via fracture surface (quarry); i)
Inner part of the sandstone block is much easily erodible by flowing water than fracture surface (quarry); j) Lichen hyphae in a case
hardened surface (quarry).
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Petites Dales, Villequier II and Orival are three privileged caves to study the sedimentary fillings in the chalk karst of the
Northwestern Paris Basin (France). The present study is based on sedimentological characterization of the sediments from
these caves using stratigraphy, grain-size and geochemical analysis. Observations and analysis point out a sedimentary
variability both within and between sites. This may be explained by the variation of two main parameters: (i) the origin of
karst sediments and (ii), their hydrodynamic behaviour in the karst system. The methodology used to analyse karst fillings
allows identifying the origin of the components: (i) fillings made of surface formations (loess, sand deposits, or a mixture
of them) and (ii), insoluble residue of chalk (clay with flints).

1. Introduction
Karstification processes occur in different parts of the world
on different carbonated or not bedrocks (Rodet 1991;
Willems 2000). These processes create voids on the surface
(e.g., sinkhole) and within the bedrock (i.e. karstic conduit)
by chemical weathering and/or mechanical erosion (Mangin
1975). Depending on the hydrodynamics and sediment
sources, these voids may present three kinds of karstic
filling: (i) allochthonous (supply of sediments by mechanical
erosion), (ii) autochthonous (insoluble residues from
chemical alteration of the bedrock) or (iii), a mixture of both
(Laignel et al. 2004; Rodet et al. 2006). The sedimentary
fillings of karst are excellent recordings of hydrodynamic
changes in the karst (Losson and Corbonnois 2006). Their
studies allow understanding of the hydrosedimentary
processes at the origin of sedimentation, and subsequently
to determine past climatic conditions (Falguères et al. 2001;
Quinif 2006; Rodet et al. 2006; Hanin et al. 2011).

Figure 1. Location map of caves.

The karstic sediment fillings of these sites have been
characterized with stratigraphical and sedimentological
analysis in order to determine the origin of the sediments.
After defining the origin of sediment sources, a comparison
is drawn between the obtained results with those from
Belgium (Quinif 2006; Willems et al. 2007a) and England
(Farrant and Smart 2011).

Karstification phenomena are well developed in the chalk
of the Northwestern Europe (NWE), particularly in the
Northwestern Paris Basin (NWPB) in France, North-East
Wallonia in Belgium and South-East England. In these areas,
karstic introductions, networks and sedimentary fillings are
most often similar (Rodet 1991; Laignel et al. 2004; Quinif
2006; Van Den Eeckhaut et al. 2007; Willems et al. 2007a;
Cooper et al. 2011; Farrant and Smart 2011; Hanin et al.
2011). In limestone bedrocks, the weathered surface and
karstification are linked (Rodet 1991; Laignel 2003; Laignel
et al. 2004). The karstic network could be considered as
zones of alteration, storage volumes of eroded material and
also of transit.

2. Context and methodology
In the NWPB, caves and karst conduits are found in
Cenomanian to Campanian chalk formations. The Upper
Cretaceous chalks are covered by surface formations
including from bottom to top: (i) Pliocene–Quaternary clay
with flints (CWF), produced by atmospheric weathering of
chalk (Quesnel et al. 2000; Laignel et al. 2002), (ii) Tertiary
detrital deposits occurring as pockets at the top of CWF
(Auffret et al. 1975), and (iii) Quaternary loess (Lautridou
1985).

Whereas a lot of studies on karstic fillings are focused on
archeology (Madeyska 2002; Cyrek et al. 2010) or climate
change (Quinif 2006), for example, very few deal with the
characterization and comparison of several karstic fillings
(Rodet et al. 2009). The objective of the present study is then
to propose a comparison between several karst sedimentary
fillings in the NWPB. Three sites with karstic filling have
been studied in the NWPB (Seine-Maritime, France):
Villequier II, Orival and Petites Dales Caves (Fig. 1).

The three studied sites are located in the NWPB, in the
North of the Haute-Normandie region (Fig. 1). The Upper
Cretaceous chalk formations of this region are subject to
current or fossil karstification and voids may be filled by
sediments. The three selected sites can be defined as
undercovered karsts, covered with unkarstifiable/insoluble
layers, which not prevent the limestone to be weathered
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(Salomon et al. 1995; Salomon 2006). According to
classification of Nicod (1992), under-covered karsts may
have alterite coverage.

Petites Dales site (Fig. 2c)
The Petites Dales Cave entrance is open in the Petites
Dalles non drained valley, in the town of Saint-Martin-auxBuneaux. This karst is very close to the sea-coast, at
1,200 m from the Channel border. The current access to the
cavity is through the working face of an open chalk quarry
into the NE valley slope (N49°48’94.8” E000°31’91.0”;
Z +30 m a.s.l). The cavity does not have perennial flow;
only re-flooding in the lower parts was recorded in 1995
and 2000. The gallery develops in the coniacian chalk with
flint (Rodet and Viard 1996; Laignel et al. 2004).

2.1. Presentation of study sites
The studied sites are karst systems without current flooded
network.

The Petites Dales Cave, described by Rodet et al. (2007),
consists in a main gallery, recognized over 710 m of
development (Viard and Rodet 2011), with 10 m height
(according to a core) and a width of 2 to 5 m (maximum
width in the karst entrance). It is the most important cave
of the Seine Maritime department. The main axis shows a
succession of rectilinear and sinuous sections. In this axis,
three secondary drains join the main one. The drains
morphology gives evidence of an evolution from an
anastomosed network which was reduced to a main
collector by concentration of drainage. According to the
spatial distribution of surperficial deposits in the Western
Paris Basin (Laignel 1997, 2003), the area include SaintEustache and Lozere sands, but also CWF (6–8 m) and lœss
(>5 m).
2.2. Methodology
The initial contact with the sedimentary fillings was made
with section surveys representative of the sites. Both the
color and texture of the sediments were described. The color
was determined from the Munsell soil color chart. Units
were defined integrating relatively homogeneous
sedimentary facies in terms of color, components and grain
size. Sampling was then performed for grain-size and
geochemical analysis.

Figure 2. Map of the studied caves: Villequier II, Orival and
Petites Dales.

Villequier II site (Fig. 2a)
The Villequier II gallery is located in Villequier
(N49°29’45.2” E 000°39’48.9”; Z +8 m a.s.l). This gallery
of 34.5 m length, develops in the white chalk of Upper
Coniacian at the base of a 30 m high cliff. According to the
spatial distribution of superficial deposits in the Western
Paris Basin (Laignel 1997, 2003), the area include SaintEustache and Lozere sands, but also CWF (2–4 m) and lœss
(<0.5 m).

Grain sizes were performed by using the laser particle size
analyzer LS230 BECKMAN-COULTER in the Laboratory
of Continental and Coastal Morphodynamics (M2C) of the
University of Caen. The results are expressed as
percentages of sand (>63 µm), silt (63–4 µm) and clay
(<4 µm). Geochemical analyses were performed by the
SRAM laboratory at CRPG-CNRS (Center of Petrographic
and Geochemical Research), at Nancy. Major elements
were measured by emission spectrometry (ICP-AES) Jobin
Yvon JY-70® and absorption spectrometry (ICP-MS)
Perkin-Elmer ELAN 5000 and 6000®. Three major
elements were used for the present study (SiO2, Al2O3,
Fe2O3. They are given in mass percent.

Orival RF8 site (Fig. 2b)
The Roche Foulon karst system develops in senonian chalk
cliffs on the left bank of the Seine River, in the town of
Orival (N49°19’08.7” E001°00’14.0”; Z +75 m a.s.l). These
delimit the concave side of the Elbeuf-Oissel meander,
downstream of the confluence of the Essarts/La Londe
Valley (Rodet 1991). Walking by the GR2, regional hiking
trail, an abandoned quarry and rock-shelter houses are
observed and also many karst conduits, some of which
revealing a sedimentary filling. The site called RF8 has
been the subject of a sedimentary study (Rodet 1991). The
RF8 section was taken over 1.36 m. According to the spatial
distribution of superficial deposits in the Western Paris
Basin (Laignel, 1997, 2003), the area include the SaintEustache, Lozere and Ypresian sands but also CWF (2–4 m)
and lœss (<0.5 m).

Flow velocities were determined with Hjulström diagram
using the 95 percentil of grain size samples.

3. Lithological characterization of the karst
sedimentary fillings
3.1. Observations of the karstic sediment fillings
In Villequier II Cave, a section of 67 cm was survey in the
middle of the gallery. The filling of the section VIIA has a
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vertical organization with alternating beds of variable
thickness, in the order of 1 mm to 14 cm. The fill is
dominated by pale beige sands 10YR/8/3 (VIIA2 and
VIIA5) to beige 10YR/7/3, which can be a little more silty
(VIIA3). Stratifications are observed that can be crossed
(VIIA3) or slightly oblique to sigmoidal (VIIA6). Seven
units were identified on the section VIIA. In these units,
three main kinds of sediments are distinguished (Table 1).

benchmark of calcite. On A, B and C sections, three main
kinds of sediments are described (Table 1). In addition, a
coarse sand unit is also only observed at the base of C
section.
In the Orival site, the RF8 section, of 138 cm high, was
surveyed. The filling has a vertical organization of
alternating beds with variable thickness: in the order of
1 mm to 22 cm. Fifteen units were found in the very
heterogeneous filling. The section includes silty beds (e.g.,
RF8-8, RF8-6) and heterogeneous medium to coarse sand,
more or less clayey, sometimes with beds of rounded quartz
(RF8-15). According to Laignel (2003), such a sediment is
characteristic of Lozere sand facies. In some units, pieces
of flint can be found in a silty matrix (RF8-10, RF8-8 in
particular). Three kinds of sediment were identified in this
section (Table 1) with the presence of reddish Lozere sands
facies in the filling (RF8-13).

In the Petites Dales cave, three sections were surveyed in
the middle of the gallery. The height of the A, B and C
sections was measured respectively at 160 cm and 126.5 cm
and 217 cm. The sediments of the three sections are
vertically organized in beds of different thicknesses (0.1 to
20 cm) with a rhythmicity in millimetre to centimetre scale.
The A and B sections consist of 14 units each and 13 have
been identified in the C section. A similar filling was
observed between A and B sections and a stratigraphic
continuity can be underlined with the C section thanks to a

Table 1. Lithological characterization of karstic fillings and origin of sediment sources. Main source of sediment in the filling in bold.
Site
Kind of sediment

PETITES DALES

VILLEQUIER II
Pale beige
sands

Pale beige
silty sands

Brown sandy Pale beige
silts
silts

Beige silts

Brown
clayey silts

ORIVAL
Lozere sands Sands to silty
Silts
facies
sands

A4, A7,
RF8-15
A10, B3,
RF8-13
B5, B8, B13

RF8-12,
RF8-7,
RF8-5,
RF8-3,
RF8-2

RF8-14,
RF8-11,
RF8-10,
RF8-9, RF8-8,
RF8-6,
RF8-4,
RF8-1

Samples

VIIA2,
VIIA6,
VIIA7

VIIA1,
VIIA5

VIIA3,
VIIA4

A12, B10,
B12

A1, A2, A5,
A6, A8, A9,
A11, B1,
B4, B6, B7,
B9, B11,
B14

Clay (%)
(0–4 µm)

0.6 to 0.9

1.9–2.2

3.1–3.4

0

0–0.4

0.0–1.7

1.0–1.3

1.0–2.5

4.6–23.9

Silt (%)
(4–63 µm)

6.9–12.4

26.2–32.2

50.7–63.4

76.5–93.1

81.1–99.8

86.5–99.7

12.5–12.9

11.8–47.8

49.5–93.2

Sand (%)
(63–2000 µm)

86.8–92.5

65.8–71.6

33.5–45.9

6.9–23.5

0.1–18.9

0.3–11.7

86.0–86.2

49.7–87.3

1.7–44.5

SiO2 (%)

97.0–97.8

95.7–96.0

94.0–94.9

90.6–91.2

85.0–89.9

79.0–81.7

83.4–83.8

88.7–91.5

76.3–88.9

Fe2O3 (%)

1.4–1.9

2.8–3.0

3.6–4.2

6.5–7.0

7.3–10.5

13.0–14.9

9.2

4.3–7.9

7.4–15.7

Al2O3 (%)

0.8–1.1

1.2–1.3

1.6–1.8

2.3–2.4

2.7–4.4

5.3–6.1

7.0–7.4

2.9–4.2

3.3–8.2

Flow velocity
sedimentation
(cm/sec)

1.7–2.5

0.9–1.5

0.7

1.0–1.6

0.9–1.1

0.4–0.5

9.1

5.2–6.3

0.3–1.2

Sediment origin

SaintEustache
sands

Indeterminate Indeterminate Lœss, Saintsands, Saint- sand / lœss
Lœss
Eustache
Eustache sand mixture
sands

Lœss,
weathered
chalk

Lozere
Sands

Undetermined undetermined
sands, lœss
sand, clay-

Surrounding
surface
formations

Saint-Eustache sand, lozere sand, lœss,
clay-with-flint, chalk

Lœss
with-flints

Lœss, lozere sand, Saint-Eustache sand, Lozere sand, Saint-Eustache sand,Ypresian
clay-with-flints, chalk
sand, clay-with-flints, lœss, chalk

3.2. Grain size distribution and geochemical
characterization of the karstic sediment fillings

and Al2O3 are very low and do not exceed 4 % and 1.8 %
respectively. The values are very narrow, indicating a
homogeneous geochemical composition (Table 1). The
coarser the sediment, the higher percentage in SiO2.

In the Villequier II site, the main grain size of the filling is
sandy to sandy silt (Table 1). We have a fairly significant
heterogeneity in the filling: values are rather different in
Table 1. The clay content could be described as
“background noise” with a ratio between 0.64 % to 6.42 %.
The particle size confirms the observations with the
exception of two samples, VIIA3 is really sandy silt rather
than silty sand and VIIA5 is silty sand instead of sandy.
Geochemistry of the filling is very siliceous: the values of
SiO2 are above 94 % for all samples. The contents of Fe2O3

Samples from the A section of Petites Dales are silty with
values greater than 75 % silt, and more than 80 % of silt to
B section (Table 1). The grain-size distribution variations
are weak between samples. Observations and grain-size
analyze point out a homogeneity between the A and B
sections. Geochemical characteristics of sediments from the
B section reveal that these are highly siliceous with values
above 79 % for all samples. The Fe2O3 contents begin to be
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significant for samples B13, B3 and B8 with percentages
of 13–15 %. For Al2O3, levels are low and do not exceed
6 %. Such values also likely indicate a relative homogeneity
in the filling. For each kind of sediment, a slight
geochemistry difference appears. Once again, the coarser
the sediment, the higher the percentage in SiO2.
The Orival sedimentary filling is heterogeneous with grain
size ranging from sandy to silty (Table 1). The clay
percentage is higher than in the two other sites, even if clay
is less than 10 % for most samples. In addition, four samples
have percentage between 10 and 25 %. The grain size
confirms the observations with the exception of two
samples which are really silty clay instead of silt (RF8-4,
RF8-8). The filling is very siliceous, with SiO2 values above
76 % for all samples. The analysed section reveals a relative
homogeneity but values are a little more scattered than
Petites Dales and Villequier II (Table 1). The contents of
Fe2O3 and Al2O3 are most often below 10 % (except for
RF8-08, RF8-10, RF8-06 respectively 15.7 %, 14.2 % and
11.7 % in Al2O3). For each kind of described sediment, a
slight geochemistry difference is again observed. The
coarser the sediment, the higher the percentage in SiO2, with
the exception of the sediment with Lozere sand facies. The
latter have high levels of Fe2O3 and Al2O3 (respectively
6.96 % to 7.42 % and 9.17 % to 9.24 %).

Figure 3. Ternary plot of the geochemistry of the potential
sedimentary sources and of Villequier II, Petites Dales and Orival
karstic sedimentary fillings.

For each site, a summary of what surface deposits could be
at the origin of the filling was made (Table 1). The results
given by the geochemistry (Fig. 3) are in the penultimate
line, the main source is in bold. It appears that loess is the
main source of fillings, but in varying proportions,
explaining a relative homogeneity of fillings. Nevertheless,
the characterization shows both an intra and inter-site
variability. The latter is partly explained by the presence of
several sediment sources in addition to loess, such as the
Saint-Eustache, Lozere, and indeterminate sands, but also
possible in situ alteration of chalk, even if in very small
quantities (on a single site).

3.3. Lithological synthesis of the karstic sediment fillings
All the sediments from the studied karst fillings are
dominantly siliceous, fine, mostly silty sediments, but can
also be sandy and poor in clay (Table 1). Each filling has a
relatively characteristic grain size: sediments of Petites
Dales are mainly silty whereas those of Villequier II are
primarily sandy. The Orival site presents the most
heterogeneous filling, with the most variable size including
sandy to silty clay samples. For each site, three kind of
sediments are found, each of them having its own grain size
and geochemistry properties. A similarity in the sedimentary
organization is noticed between the three studied karst
fillings, with variable thickness of horizontal beds as well
as rhythmicity. Nevertheless, there is an inter-site variability
based on the nature and origin of sedimentary material.

The surface deposits are constitutive of the karst fillings,
but in different proportion. For the Petites Dales, the filling
mainly consists of three kinds of surface deposits whereas
five are present in the watershed. Loess is found in each
site, but in varying proportions, in relation to its large
coverage of the NWPB (Laignel 2003). By contrast, the
Tertiary sands are only present as pockets, which are
covered by loess. Saint-Eustache sands are present in the
watersheds of the three sites, however they are present in
only two fillings (Villequier II and Petites Dales). The same
observation is made for the Lozere sands, present in all
three watersheds, but only found in the Orival filling. Two
conditions may explain the presence of one type of Tertiarty
sands, i.e. a pocket that is intersected by the karstic network,
in addition to specific hydrodynamic conditions allowing
erosion, transport and deposition of Tertiary sands in karst
conduit.

4. Sources of the karst sediments
According to the geological context of the three sites
described above, several sediment sources are possible: (i)
lœss, CWF and residual Tertiary sandy deposits (i.e. Lozere,
Saint Eustache and indeterminate sands) through
mechanical erosion, and (ii) insoluble residue of chalk
through chemical weathering of the bedrock. Once
deposited in karst, the insoluble residue of chalk is
considered autochtonous (endogenous) deposits, whereas
lœss deposits, CWF and Tertiary sandy deposits are
allochtonous (exogenous). The terms “endogenous” and
“exogenous” correspond to the Ford and Cullingford
English classification (1976) in Ek and Quinif (1988).

CWF are made of flint packed in a clayey silty sand matrix,
whose proportions of the different constituents vary from
one site to another, covering a very large part of the NWPB
(Laignel 1997; Laignel et al. 1998, 2002; Laignel 2003).
Such components are however absent in the fillings, even
if solution pipes are observed, forming the input karst which
cut the output karst network. Because of its nature, CWF is
very cohesive then difficult to be eroded (Laignel 1997;
Quesnel et al. 2000). If CWF drown downward solution
pipe into the karstic network, they tend to stay in situ. Only
the most erodible particles, such as lœss (Le Bissonnais
1988) and sands (if a pocket is connected with a solution
pipe) will undergo transport and deposition in the endokarst.

In order to determine the likely sources, of each kind of
karstic sediments, geochemical data have been used and
compared (karstic fillings, surface formations, chalk;
Fig. 5), in addition to field observations and grain size data.

We agree with the hypothesis of Laignel et al. (2004) to
explain the absence of CWF in significant proportions in
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SANDSTONE CAVES IN THE SYDNEY BASIN: A REVIEW OF THEIR
CULTURAL AND NATURAL HERITAGE
John R. Dunkley
5 Coleman Street, Pearce ACT 2607, Australia, jrdunkley@gmail.com
Small caves are found throughout the onshore Sydney Basin, but an inventory of over 1,100 has only recently been
compiled for the database of the Australian Speleological Federation Inc. Aboriginal sites have been studied for a century,
but only a few academic studies of the development of the caves and karst features have been highlighted in recent research
findings. Most caves are clustered low in the landscape, close to watercourses and to urban areas, and exhibit a variety of
distinct processes: marine action, piping, block-gliding and other forms of mass movement, waterfall retreat, lateral
meandering and deep canyon incision. In total they attract large numbers of visitors. They are, nevertheless, largely
underappreciated and underestimated in cave and karst literature and by heritage managers, as well as by recreational
cavers. On balance, the caves are of importance mostly for their association with human activity. However some contain
unusual features such as silicate and other deposits worthy of research and proper management.

1. People and Landscape

Aboriginal sites have been studied for a century, and
although a few academic studies of karst and caves have
occurred (e.g., Johnson 1974; Wray 1993, 1995; Young et
al. 2009), these features are consistently underappreciated
and underestimated in cave and karst literature and by
natural heritage managers, as well as by recreational cavers,
the last perhaps because their speleological pedigree is not
recognised. The inventory includes about 114 sea caves,
20+ block-gliding caves, 40+ in narrow, deep and often dark
canyons, 30–40 with unusual iron and silica concretions,
and 2 stream caves. In addition, at least 200 contain
evidence of Aboriginal occupation; 45 have white historical
associations; 25 were used for a period as homes, mainly
by destitute people in the last century; 23 are camping caves
used by bushwalkers; 20 are connected with bushranger
legends; 20 are used for rock climbing and bouldering; 14
inspired poetry, music or art, and 10 or 20 contain glow
worm populations.

Caves are scattered widely throughout the onshore
36,000 km² of the Sydney Basin in some of the planet’s most
spectacular landscapes, including World Heritage Areas
which, however, gained that status primarily for their natural
biological values. Most are small but over 1,100 are recorded
as greater than 3m in length in the database of the Australian
Speleological Federation Inc., the longest being 263 m
(Dunkley, in press). Their density varies considerably, from
less than one per 100 km², up to 3–4 per km². Most are
clustered low in the landscape, beside or on mid-slopes
above watercourses, some in the middle of the Sydney
metropolitan area. The higher, usually drier sandstone ridges
have few caves. Sandstone covers over 30 % of the Basin
and most of that is in the quarter of the Basin that is almost
uninhabited national park and declared wilderness. Yet about
800 caves lie within at most a 30-minute drive and 20
minutes walking distance, of the population (nearly 6 million
people) in the Greater Sydney urban region. Indeed many
are in valleys within the metropolitan area. Although mostly
small, in total the caves may attract more visitors, albeit
fleetingly and only occasionally as a specific destination,
than all the well-known limestone caves in the state
combined.

1.1. Aboriginal significance of caves
The oldest of about 200 Aboriginal occupation cave sites
dates back 22,000 years, and a further 100+ have been
identified which, by location, size and aspect are potential
aboriginal sites. For a century after white settlement,
passing scientists just observed and described Aboriginal
people and their customs, taking little interest in their cave
sites and less in prehistory. Nearly a century passed before
serious studies were undertaken of cave art sites and
properly documented and scientifically executed
excavations were undertaken. Even then, much of the work
was undertaken by professional polymaths from other fields
such as geology (Edgeworth David), palaeontology (Robert
Etheridge) and surveying (R.H. Matthews), the last of
whom apparently studied 50 caves and 70 rock art sites. In
recent years Australian archaeology has been revolutionised
by many more qualified archaeologists, and intensive
studies have been undertaken in restricted areas in military
reserves and water catchment areas, aiding site
conservation. Attenbrow (2002) provided a comprehensive
review. Important caves continue to be identified in remote
areas of Wollemi and other national parks and there are
undoubtedly many more awaiting rediscovery.

Figure 1. Characteristic landscape of upper Blue Mountains.
Caves typically occur near breaks of slope, mainly near the edge
of the plateau, often in canyons.
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especially in the upper Blue Mountains. At least 20 caves
are used by climbers, some with fixed climbing routes.
Caves in the splendid deep and narrow canyons are less
frequented and more robust because of regular flooding.

2. Geology and Landscape
Most caves are developed in either the Middle Triassic
Hawkesbury Sandstone, or the Early Triassic Narrabeen
Group of massive sandstones interbedded with claystones
and shale. Beyond the Cumberland Plain of Sydney’s
metropolitan area, outcrops of the former are dominant over
most of the coastal zone and from the Southern Highlands
district to ridges north of the Hawkesbury River, while the
latter predominate in the upper Blue Mountains west of
Woodford. Block-gliding caves occur in a smaller area of
Permian Shoalhaven Group sandstones near Nowra.
Current research suggests that uplift of all these rocks
occurred no more recently than the early Palaeogene period,

Figure 2. A former Aboriginal habitation site below houses in the
Sydney metropolitan area, now used by walkers and bouldering
enthusiasts.

1.2. European perspectives and perceptions
First Fleet settlers recorded Aboriginal life in caves around
Sydney Harbour from the day they arrived in January 1788.
A few caves gained historical significance when recorded
during the first attempts to cross the Blue Mountains, in one
case settling a long debate about an explorer’s route. About
20 caves are named after known or alleged early outlaws
(called bushrangers in Australian legend), or in connection
with other illegal activity such as stills and stolen goods.
Then for many years the sandstone around Sydney became
country to be hurried across rather than settled, and for
nearly a century caves were used to house military guards,
road gangs, railway and other itinerant builders and
workers. Partly as the result of gold rushes, by the 1880s
Australia was a wealthy country and railways began to
deliver tourists to these wild landscapes. Over the next 50
years wealthy landowners, hotel entrepreneurs and local
councils constructed walking tracks totalling 300 km in
length to pleasant sights (Smith 1999), including numerous
small caves which in turn acquired romantic or fanciful
names, and which appeared on postcards and souvenir
books. The early reservation of sites such as Mermaids
Cave at Blackheath in 1882 began a period during which,
eventually, nearly all sandstone caves in the region would
remain in public ownership. However, after 1935 many
such caves were forgotten or neglected, but most trails have
survived because the more rugged land became
incorporated into public reserves and later national parks.
Over 30 caves are known to have been used for bush
camping by walkers and climbers, and most still are,
especially in rugged country more than a day’s walk from
roads. Some caves were appropriated as weekend and
holiday retreats by walkers, fishermen and others, and
partly as a result have inspired works by writers, poets,
artists and musicians. A number were used as permanent
homes by recluses and the indigent, especially in the early
20th century and during depression years. As recently as
2011 inhabitants of several caves in Royal National Park on
the southern outskirts of Sydney were removed by
authorities.

Figure 3. Sydney Basin showing location of Hawkesbury,
Narrabeen and Shoalhaven groups of sandstone. Cross-section
AB is from Lithgow to Mona Vale, near Sydney.

at least 65 Ma, after which the area has been relatively
stable. Rivers maintained their courses, eroding deep gorges
in relatively level plateaux surrounding Sydney.
Over 100 sea caves up to 100 m+ long are developed
extensively in cliffs lining most of the coastal exposure of
Sydney Basin rocks north and south of the city, some being
essentially eroded dykes of mostly Neogene age. There are
no known volcanic caves.

In recent decades the sports of rock-climbing, bouldering
and canyoning have flourished throughout the region,
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2.1. Formation, enlargement and age of the caves
There is a long-entrenched popular belief that these caves
(other than the sea caves) are formed by wind, sandblasting
or at least by enlargement upwards due to convectional air
currents. There is no evidence of this. Their real origin, well
established for many years, is through the essential “trigger”
role that solution plays in initiating caves and enabling them
to enlarge. The host rocks are commonly characterised by
matrices of silt, clay and soluble cements such as iron
carbonate (siderite). The process commences with naturally
acidic water (percolating from swamps carrying organic
acids in the upper Blue Mountain) interacting with and
removing the matrix. Hydration then releases iron, silica
and other elements. The rock becomes less coherent and
more susceptible to physical disintegration, and the grains
disaggregate, fall or are washed away. Enlargement then
takes place due to the interrelationship between the high
permeability and higher rates of weathering in the less
coherent interior, which weathers chemically faster than the
entrance and surrounding case-hardened surface rock
(Johnson 1974). Salt is not as active a factor in the Sydney
region as commonly believed, and its presence assists
chemical rather than mechanical processes (Young 1987).
Field studies show that this process is very slow. However
sufficient time has been available in the Sydney Basin since
the end of the Triassic. Indeed, it may be that these caves
can form only BECAUSE the process is so slow. If water
movement through the rock matrix were too rapid,
widespread surface lowering would occur. Hughes and
Sullivan (1983) suggested that natural rate of cavern growth
is generally less than 2 to 5 mm / 1,000 years. On this basis,
it seems likely that some caves are of the order of at least a
few million years old.

Figure 4. Typical sea cave at Avalon, near Mona Vale.

In the Nowra Sandstone of the Shoalhaven Group there are
at least 25 block-gliding caves up to 240 m long in riverside
cliffs, probably primarily the result of rock deformation and
sliding on a clay base, and a few other mass-movement caves
have been identified from this study elsewhere in the region.
In the Hawkesbury and Narrabeen sandstones most caves are
similar in form and at least partly solutional in origin. In the
Narrabeen Group caves are commonly associated with
knickpoints, waterfalls and intercalated beds of claystone,
and at least 40 or 50 are found in deep, narrow and often quite
dark canyons, which in some cases are no more than a metre
wide at base. The paucity and lenticular nature of such beds
in the Hawkesbury Sandstone produces few canyons but
simpler and still numerous caves.

2.2. Types of caves
In addition to sea caves and mass-movement caves, several
overlapping types of solutional and non-solutional caves are
apparent: undercuts, lateral meanders and incisions, piping
caves, those associated with waterfalls, a small number of
through stream caves, caves in deep narrow canyons, and
other small caves.

The growing evidence of solutional activity in non-carbonate
rocks such as quartz sandstone is discussed in Young et al
(2009), the authors of which carried out extensive work in
the Sydney Basin.

Undercuts, some quite long, are usually associated with
relatively thin (2–3 m) beds or lenses of claystone or shale,
sufficiently high above valleys that it is difficult to attribute
them to old lateral stream incision. Lateral meanders and
incisions are particularly common where streams have
incised through one or more claystone beds, sometimes on
the outside of tight, entrenched meanders. Only a few caves
are located predominantly behind waterfalls, negating an
origin due primarily to plunge pools. Much more often they
form laterally downstream, possibly from spray and/or
interstratal seepage, lengthening as the waterfall retreats.
The longest cave, 263 m, is a horseshoe-shaped example of
this. Small-scale piping is evident in many caves such as in
the Budawang Mountains south of Nowra, but two in
particular, at Kincumber and Leura, are clearly formed
primarily by this process.

A variety of karst-like surface features exists. Minor solution
forms such as grikes and runnels occur, and solution basins
(gnammas) were important sources of water for Aboriginal
groups, especially on the dry, higher ridges. Ruiniform
landscapes resembling ruined cities and towns are developed
extensively in the Narrabeen Group, particularly above
Wolgan Valley and in Gardens of Stone National Park, both
with small caves usually at the base of sandstone towers
locally called pagodas, analogous to remnant towers in
limestone country (Washington and Wray 2011). Also in the
Narrabeen Group are most of the 40+ deep canyons, some
over 100 m deep, often with waterfalls associated with
knickpoints. Nearly all incorporate lateral incision caves,
especially where the canyon intersects a claystone bed. About
a dozen natural bridges, some across streams, are recorded.

There are two excellent examples of through stream caves
similar in all regards to those in limestone. The
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Underground River at Blackheath resulted from a landslip
filling a tight incised meander, forcing water through joints
in the meander neck. Although a fossil dry valley exists
nearby, Hill Top Cave at Mittagong appears to have formed
by a combination of a relatively weak joint and upstream
migration of a knickpoint.
2.3. Speleothems and Speleogens
The most widespread and characteristic forms are
speleogens, notably cavernous weathering forms such
honeycombing. Protruding plates of eroded bedrock are
prominent in several caves, usually at a shallow sub-parallel
angle to the back wall, for distances as great as a metre and
invariably associated with cross-bedding. Their aesthetic
attraction is enhanced by characteristic bands and swirls of
iron staining of the sandstone, so that colour can vary from
dark red and brown through orange and yellow to white.

Figure 6. Gelatinous nodules containing suspected iron minerals
in a cave near Blackheath.

deterioration of caves and art sites. Their location in the
more rugged terrain along and on the steep slopes above
water courses rather than on ridge tops also aided survival.
Intensive research has concentrated on Aboriginal sites,
such as that relating to survival of cave art sites (Hughes
1978). Many sensitive sites are protected only by lack of
publicity and/or by their location in military and water
catchment or remote and rugged areas. A few close to urban
settlement have suffered inexcusable vandalism, but some
protective measures are now in place. Caves with
aesthetically pleasing, thin protruding bedrock plates are
vulnerable, with no additional protective measures
provided; the same applies to those with unusual mineral
deposits. The greatest environmental pressure comes from
urban development which has concentrated run-off and thus
flooding, sedimentation, pollution, infiltration of garden and
other chemicals, and has increased graffiti. Although
improvements have occurred in recent years, geoheritage
has not enjoyed high priority among management
authorities, and important landscapes such as that of
Gardens of Stone National Park have not been adequately
studied. Further persuasion of responsible public
authorities, both state and local, is called for.

Figure 5. Protruding bedrock plates (speleogens) in a Hawkesbury
Sandstone cave north of Sydney.

Many are very vulnerable to damage and deserve closer
management, informed by further research, documentation
and discussions with local Councils and other management
authorities.

The caves are worth celebrating primarily for their
association with human life and endeavour, in other words,
for their intangible cultural and heritage value. Some
contain unusual features and deposits worthy of further
research and proper conservation measures.

Both carbonate and silicate speleothems are found,
noticeably smaller than in limestone caves but still fairly
common, including flowstone, cave coral, stalactites,
stalagmites and small columns. A few caves in deep valleys
with sheltered aspects facing east to south exude sticky
gelatinous nodules presumed to be of partly dissolved
limonite or other minerals, along with unidentified forms
of what appear to be thin, parallel bands of mud stalactites
possibly indurated with calcite, limonite and/or vegetation
matter. Depositional minerals include carbonates of both
calcium and iron, silicates, iron oxides, generic alum,
alunite (potassium aluminium sulphate), and manganese.
Secondary growths of both silica and carbonates long ago
raised questions about origins (Osborne 1948; Lovering
1951).
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3. Significance, Conservation and Management
Most caves are quite robust and have survived well, some
having been used by humans for thousands of years,
although evidence is that Aboriginal occupation did hasten
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Karstification of sandstone was considered a controversial topic in the past, but it has become increasingly accepted by
karst researchers in recent decades. A large area of Brazil’s territory has sandstone and metasandstone outcrops. The
country’s tropical climate, abundant rainfall and vegetation, allied to the presence of organic matter, iron oxides, salts and
long weathering processes, among other factors, accelerated the chemical weathering of quartz. This combination of factors
has produced a wide variety of karst landforms as well as a spatial organization that allows them to be referred to as
Sandstone Karst Systems. The area under study was the Chapada dos Guimarães. This study allowed the determination of
the karst topography by understanding the organization of these landscape’s processes and their systemic integration. The
knowledge thus gained, served to underpin the formulation of hypotheses about the processes involved in the structuring
of these landforms and systems. Above all, it shows the importance of vegetation as an aid for quartz dissolution, on the
process of rock weathering (“in situ” alteration), and subsequent removal of modified material by complete dissolution or
by mechanical means. That resulted in karst landforms and systems. The aforementioned hypotheses served as the basis
for the proposal to amend the definition of karst with respect to the term “chemical dissolution”, by using a broader term
“chemical weathering”. This will allow the inclusion of changes in rock resulting from chemical processes and mechanical
removal as karst, since they produce the same type of system and function in the same way as systems typically developed
by dissolution of carbonaceous rocks.

1. Introduction

Silurian Vila Maria formation. The contact between the
formations shows discontinuity. According to Köppen’s
system the contemporary climate is classified as Aw, with
dry season in autumn and winter, and wet season in spring
and summer.

Sandstone karst is still a controversial subject, even after
several studies showing its reality (Mainguet 1972; Jennings
1983; Young 1988). Although the term is accepted by some
karst researchers, several questions remain open. Therefore,
others still disagree with the possibility that sandstone is a
substrate for karstification, without studying or even visiting
a sandstone site themselves.
In tropical areas, like in Brazil, it is possible to find large
areas of sandstone, most of them presenting several aspects
of karst (Hardt 2011). These include caves, kamenitzas,
closed depressions, several types of karren, underground
rivers and even some speleothems, showing not only the
dissolution, but also precipitation of minerals.
Since hydraulic gradient is needed to provide some
movement to groundwater, usually these karstification areas
are associated with gentle slope reliefs (e.g., cuesta
backslopes) where the altitude provides such gradient and
large area of exposition to weathering processes, giving rise
to a karst system.
One of these areas, the Chapada dos Guimarães site, in Mato
Grosso State, Brazil (Fig. 1) has developed a complex,
polyphase karst system.

Figure 1. Location in Mato Grosso State, Brazil.

In this area, a cuesta relief can be found, where water is
abundant, and the gradient on the cuesta backslope side is
low, providing conditions to the development of karstic
features. The proximity of the cuesta front also has interfered
with the system, generating some captures that altered the
gradient and influenced the evolution of the karst system in
the late stage.

2. Methods
In the field, most of the work consisted of exploration guided
by the knowledge of the main caves’ locations, in addition to
the previous analysis of maps and satellite images from ChinaBrazil Earth Resource Satellite (CBERS), morphometric
analysis of landforms, topography of caves and depressions.

The occurrence of caves is in the contact from the sandstones
of Ordovician Alto Garças formation to the sandstones of
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4. Results and discussion

Exploration of sites that may present elements not described
or known by previous researchers, but with the potential to
have something important complementing the knowledge of
the site, allowed to build a database of forms, measurements,
spatial location and distribution.

The existence of a residual karst above the present day one
demonstrates that the evolution of the landscape has
involved several phases, while the water had to find its way
down.

The endokarst measurements provide the morphometric
characteristics of the conduits allowing one to understand the
evolution of the caves.

But the complexity of the endokarst is the most important
information about this system, since it is quite identical to
several others in limestone.

A map of the area was created with the spatial distribution of
the forms, their organizations and the connections between
them. This helps to understand how water dynamics behaves
in the system by generating forms, describing, this way, the
system’s morphodynamics.

In the backslopes of the cuesta relief, the water following
the gradient generates depressions by dissolution, where it
accumulates. The weathering of the rock generates clay,
which is deposited at the bottom of the depression, making
it waterproof. For being filled with water and finding a
barrier of rock at the side, the water penetrates amidst the
rocks following the joints of the bedding plane or the
structure, trying to find a way to cross the massif.

At the end, a conceptual model was proposed, describing the
evolution of the system through time and its consequences
on landforms.

Several pipes started to develop in those joints, especially
in the gradient direction by dissolution, creating essays to
cross the massif. These pipes were abandoned when one of
them succeeded and concentrated the flux. The walls of
these tubes are covered by a crust, which demonstrates the
mobility of silica (Fig. 2). This is common to depressions,
the upper polje and the central polje.

3. Data and observations
Several exokarstic features were found in the area, including
varieties of karren, kamenitzas, arches, unroofed caves and
closed depressions.
Two of these closed depressions, referred from now on as
poljes, are very important for the comprehension of the
system. The first one, denominated “the upper polje”, has
about 45,300 m2 of area, ellipsoidal form, and feeds with
water the Kiogo-Brado cave. The other depression,
denominated “the central polje”, has an area of 150,000 m2,
and resembles the shape of a banana, an elongated ellipse
with a turn in its center. Its water feeds the Aroê-Jari system,
and Lagoa Azul cave.
The endokarst is complex but organized, showing a mature
system evolving to a senile system with abandoned galleries,
residual pillars, dendritic drainage, dissolution cupolas and
speleothems.
The main cave system, Aroê-Jari, is 1,500 m long, with
galleries going from sub-metric to more than 15 m high, and
forming saloons more than 50 m wide by 100 m long. The
main drain is about 1 km across the massif, with an average
height of 12 m and width of 10 m.
The Kiogo-Brado cave is about 210 m long with an average
height of 13 m and width of 7 m. Its height can reach 16 m
and the main entrance is about 33 m wide by 15 m high, but
over an accumulation of blocks the “void” of the cave itself
probably goes down under 10 m more.
Another important cave is the Lagoa Azul Cave, a large
flooded saloon 50 m × 30 m, of a trapezoidal shape, with
several underwater conducts at the end of the saloon going
into the massif, following the main joints.
Elements of an ancient karst system can be found above the
current system. There are arches, unroofed caves, and
fragmented conduits in residual rock and ancient deposits
above the present day level.

Figure 2. One of the tubes and SEM image, demonstrating the
chemical mobility of the silica. Photos by Rubens Hardt.

After some time these pipes were abandoned in favor of one
of them where flow has been concentrated, since it reaches
the other side of the massif.
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Now it is important to separate what happened in the
connection between the upper polje and the central polje, in
Kiogo-Brado cave, and the central polje and whatever could
have been after Aroê-Jari cave: a polje or a valley.
One of the essays to cross the first massif had reached the
other side but it found another great depression, filled with
water, and the flow had been blocked. That has allowed the
deposition of sediments, partially provided by the
incomplete solution of the rock, and partially transported by
allogenic fluxes. This allowed a paragenetic evolution inside
the caves.
It is important to understand that the incomplete dissolution
of rock is here regarded as in carbonate rocks, where the
process denominated “ghost rock” formation (Quinif 2010),
previously described as “in situ” alteration (Rodet 1996), is
the main process in the formation of caves and its galleries,
since residual alterite (ghost rock) was found in several
places inside the caves.

Figure 4. Double-roof channel. Photo by: J. A. Labegalini.

This characterizes a karst with captures of surface flow to
the underground system.
Then, the evolution of the landscape brings the front of the
cuesta nearby the area where the karst has evolved, inducing
the capture of the central polje by a drainage running into
the depression, resulting in two different reactions in both
caves.

This circumstance allows a paragenetic evolution, with the
water flowing above sediments, enlarging the galleries.
Sediments trapped above the contemporary level (Fig. 3)
and roof channels are the evidence of this phase.

In the Aroê-Jary, the lack of water converted the cave in an
almost fossil cave, with too little water coming in and
without enough energy to transport the sediments and
organic matter from one side to another. The large saloons
inside have become sediment traps and only the water that
rises from a diffuse spring in the center of the central polje
is captured to the cave.
In the Kiogo-Brado Cave the fast drain created by the
opening of the polje, lowered the cave in a syngenetic
evolution, attested by the residual deposits on the side walls.
After that, the upper polje has been captured and reduced
the amount of water which feeded the Kiogo-Brado Cave,
what originates a much smaller incision at the basement of
it, giving the key role shape in the cross-section of the
conduit.
This is the actual situation at Chapada dos Guimarães site
(Table 1).
Table 1. Comparative schema between Kiogo-Brado subsystem
and Aroê-Jari subsystem.
From Upper polje to center
polje (Kiogo-Brado
connection):

From center polje to the
valley or lower polje
(Aroê-Jari connection):

I – Progradation fronts,
primokarst.

I – Progradation fronts,
primokarst.

At Aroê-Jari much of the protogalleries was filled with
residual rock, and the water was running above it, so this
cave also had a paragenetic evolution in a certain period.

II – Hydrokarstic connections,
paragenesis.

II – Hydrokarstic connections,
paragenesis. Water concentration,
fully developed main conduit.

After a continuity solution (a connection between two points
by a conduit) has been established from the upper polje via
Kiogo-Brado to the central polje, and from the central polje
via Aroê-Jari to a polje or valley beyond Aroê-Jari, the
paragenetic evolution ceased and, in the Aroê-Jari Cave
many parallel conduits have coalesced, giving a large central
collector as attested by residual pillar in the central collector
and the double-roof channel on affluent conduit (Fig. 4).

III – Lowering of water table
due to central polje opening.
Syngenetic evolution.

III – Lowering of water table
due to central polje opening.
System’s fossilization, reduced
drainage, sediment trap.

Figure 3. Sediment trapped on the roof. Photo by Rubens Hardt.

IV – Upper polje opening,
system’s fossilization.
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Figure 5. Schematic view (see table 1 for phase’s description).

5. Conclusions
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The crevice-type caves of the Czech part of the Outern Western Carpathians are formed by the processes of the
gravitationall slope movements: spreading (or incipient translational sliding), toppling and rotational sliding. The Outern
Western Carpathians are built by the flych Mesozoic rocks: sandstones, conglomerates and shales. The aim of the research
was to detect types of the process and to divide the caves into the cathegories.

1. Introduction

(2009) classify the pseudokarst caves in respect to genesis
into a crack type, cleft type, talus type, erosional type and
combined type. Crack type is a high, narrow and widening
to the bottom cave. The ceiling is flat, fixed and connected
with the overlapping rock. If the whole massif is not stable,
the cave is indicated as a cleft type (crevice-type) (Pokorný
and Holec 2009). This typology seems to be very problematic
because different types of ceilings usually occur within a
particular crevice. In the flysch rocks of Outern Western
Carpathians (OWC), there are specific cases of crevice-type
corridors with flat and homogenous ceilings.

Caves are among the most distinctive forms of pseudokarst
phenomena (Halliday 2007). Most extensive and widespread
pseudokarst caves are crevice-type caves formed during
evolution of slope failures (Vítek 1978). Margielewski and
Urban (2003) considered the crevices to be free spaces
between two rock blocks, when at least one of them is
affected by slope movement. Most commonly, they
accompany evolution of deep-seated gravitational slope
deformations (DSGSDs); i.e. types of large-scale and
relatively short-displacement mass movements affecting
large volumes of mountain ridges (Němčok 1972; Dramis
and Sorriso-Valvo 1994) and reaching the depth at least 30
m (Hutchinson 1988). They are mostly slow or extremely
slow mass movements with the average velocity less than 18
mm per year (Varnes 1978). However, besides DSGSDs, the
crevice-type caves can be produced also within the shallow
and medium-deep (< 30 m according to Hutchinson, 1988)
structurally-predisposed landslides (Margielewski 2009).

These caves were mapped in the OWC systematically since
the middle of 20th century. In the Czech Republic, the largest
crevice-type caves were mapped by Foldyna and Pavlica
(Foldyna 1968; Foldyna and Pavlica 1968) and by Wagner
et al. (1990).
The research of gravitational slope deformations and crevicetype caves has converged together in the last ten years (e. g.
case studies: Baroň et al. 2003a; Margielewski and Urban
2003; Pánek et al. 2007 and 2010; Klimeš et al. 2012).
Thanks to the opened crevices, we can study the internal
structure of landslide bodies from inside and make the
analysis of slope deformations more properly (Margielewski
2006). Some comprehensive studies of gravitational slope
deformations and crevice-type caves use the investigation
performed within the caves for the survey of internal structure
of landslides and regime of slope movements (Margielewski
and Urban 2003; Baroň et al. 2004). The evolution of slope
deformations and the origin of crevices in anisotropic rock
massifs are predisposed by tectonic and lithological
discontinuities (e.g., faults, joints, schistosity and bedding
planes; Kirchner and Krejčí 2002; Di Luzio et al. 2004;
Margielewski 2006; Brideau et al. 2009; Jaboyedoff et al.
2009) and driven by various gravitational mechanisms like
lateral spreading, toppling, sagging (sackung), rotational and
translational sliding, and/or compound (as an intermediate
cause between rotational and translational sliding) movement
(e. g. Kleczkowski 1955, Němčok et. al. 1972; Varnes 1978;
Hutchinson 1988; EPOCH 1993). Crevice-type caves usually
indicate the initial forms of gravitational slope deformation
development (Margielewski and Urban 2003; Margielewski
et al. 2007; Margielewski 2009), but whilst in karst areas the
evolution of a cave is running cyclically (Bosák 2003), in the
area affected by mass movement the evolution is running
only in one direction – gravitationally downwards.

The crevice-type caves of the same genesis may occur in
distinct types of rocks. The crevices very often cut incoherent
sedimentary flysch rocks: sandstones and conglomerates with
intercalations of shales, but can occur in granites, quartzites,
gneisses and other lithologies (Vítek 1978). Crevices
originate also in the carbonate karst rocks (limestones and
dolomites), but these are usually classified as a karst caves
(Vítek 1978). Typically, crevices and crevice-type caves
occur within the areas built by anisotropic rigid rocks
underlain by the plastic shales (Pánek et al. 2009 and 2010).
Crevice-type caves originate by the process of gravitational
widening and movement of tectonically or lithologically
predisposed rock massif. This type of caves is mostly
regularly narrow-shaped (“A” and “V” or “H” letter in crosssection) with high walls and flat roofs or floors. The corridors
may reach appreciable length (Vítek 1978 and 1981). Within
the crevice-type cave development, other processes might
play a role, such as water erosion, frost weathering, rockfalls,
seasonal temperature change etc. (Vítek 1981; Margielewski
et al. 2007; Klimeš et al. 2012). In such circumstances, the
crevice-type cave is each cave originated in the soluble or
insoluble rocks by the influence of gravitationally or
tectonically induced widening of fissures (Panoš 2001).
Some authors divide the crevice-type caves into the primary
endogenic diapiric crack caves, rock-slide caves and primary
exogenic frost caves (Panoš 2001). Pokorný and Holec
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2. Regional settings

slides. There is a problem with vast subsided and fissured
rock blocks which can falsely indicate the type of movements
using this approach. This mistake can be eliminated partially
by observing and correlating bedding planes which in the
conditions of flysch rocks are usually very well detectable.
The subtle morphology of cave corridors is shaped by water
erosion caused by episodic inflows (Urban 2005).

The OWC are formed predominantly by flysch Mesozoic and
Paleogene sediments which were folded and thrusted more
than 50 km onto the Carpathian foredeep during the lower
and middle Miocene alpine orogeny phases (Menčík et al.
1983; Krejčí et al. 2004). The following units (nappes) are
distinguished in the region (from the south): Magura Unit,
Silesian Unit and Sub-Silesian Unit. The strata consist of
thick-bedded sandstones or conglomerates with mica,
glauconitic and calcific admixture and thin-bedded
intercalations of shales with predominant content of illite and
kaolinite clay minerals (Menčík et al. 1983; Eliáš 2000;
Pánek et al. 2011). Regarding the dip of strata, ridges are
often asymmetrical, with the character of monoclinal ridges
and cuestas. This is typically demonstrated within the Silesian
Unit (e.g., Moravskoslezské Beskydy Mts.) characterized by
steep northern slopes and gentle, long southern slopes
predisposed by bedding planes (e.g., Rybář et al. 2008). The
flysch massif is strongly disrupted by joints and faults
trending in the E-W, N-S and NE-SW (Menčík et al. 1983;
Krejčí et al. 2002; Bubík et al. 2004) and WNW-ESE
direction (Menčík et al. 1983; Pánek and Duras 2002).

As for the vertical caves, each level) is usually shifted
staircase. The elevation of bedding planes, sedimentary
reglets or boundaries in sedimentary sequences between two
opposite walls sometimes significantly change along the
crevice. These are the signs of vertical displacement or
rotational movements. In the horizontally established caves,
a typical feature is an intra-bed creep. During this process,
the regularly shaped rooms with flat roofs are created by
movement of blocks along bedding planes. In the case of an
advanced stadium of cave evolution, there could be,,corridorlike” areas created between the fallen, tilted and cracked rock
blocks and boulders. Typically, extensive rooms, levels and
corridors are connected with each other only by narrow and
small scuttles.

Slope deformations are common features in the OWC
(Margielewski 2006). Susceptibility of this region to mass
movements is given by (i) overall disequilibrium of flysch
nappes which are not in balance with underlying basement
consisting of soft Neogene deposits (Krejčí et al. 2004), (ii)
strong anisotropy of flysch rocks creating conditions for the
development of slip surfaces (Margielewski 2006) and (iii)
high precipitation totals which together with summer heavy
downpours and rapid snow melt at the end of winter generate
high pore pressures within the rock mass. Typical slope
movements are represented by DSGSDs and structurallyinduced landslides, very often accompanied by the origin of
crevice-type caves (Margielewski 2009).

4. Methods
There were 8 crevice-type caves investigated in the area of
Czech part of Outern Western Carpathians: The Cyrilka Cave
(length 535 m, depth 16 m), The Kněhyňská Jeskyně Cave
(length 280 m, depth 57 m), The Velká Ondrášova Jeskyně
Cave (length 217 m, depth 35 m), The Salajka Cave (length
156 m), The Velryba Cave (length 50 m), The Kyklop Cave
(length 40 m), The Na Gírové I Cave (length 46 m) and The
Čertova Díra Cave (length 74 m, depth 35 m) (Wagner et al.
1990). The used methods were: (i) Analysis of corridors
(“A”, “V” or “H”) by observing and measuring their
dimensions using tape and laser range-finder Leica Disto A3;
(ii) measuring of microstructures (cracks, faults) using
geological compass; (iii) comparing subsurface cavities with
surface trenches and sinkholes using a DEM combined with
maps of the caves; (iv) construction of typical cross-sections
of cave corridors, using data from microstructural measuring
and proportions of corridors measuring.

3. Recent movement and forms
The downward movement of a landslide determines the main
trend of movements – their direction and velocity. The
movement proper for crevice-type cave creation is very slow
(creep) and the crevices are typically formed upright to the
movement direction (Baroň et al. 2003; Margielewski and
Urban 2003). Seasonal movements measured between two
opposite walls of crevice are caused by the volumetric change
of rocks which are partly elastic. These cyclic movements
become evident as a narrowing and widening of crevices. The
rate of movements depends on season and water content in
rock (Klimeš et al. 2012). The main gravitationally induced
movement and seasonal elastic movement is accompanied
by secondary movements of relaxed blocks, boulders and
sediments.

5. Exemplary results
There are three types of crevice-type caves in the investigated
area, exemplified by particular caves:
5.1. The Kyklop Cave
The entrance of the Kyklop cave is situated on the SE slope
of the Kněhyně Mt., just 100 m under the summit (Fig. 1).
The slope is highly disturbed by the activity of a landslide.
Corridors follow the direction of the trench: SW-NE and
SSW-NNE. Everywhere within the cave these two directions
occur as opened cracks and narrow corridors. In the same
directions, also a small secondary cave Žánova Díra
originated. This cave (20 m long) is geneticaly connected
with the Kyklop Cave and the direction of the main corridor
follows the south-western ending of the trench.

There are three main types of corridor shapes formed by the
distinct gravitational movement of flysch massif: (i) “Vletter-shaped” where the upper part of crevice is significantly
wider than lower part, (ii) “A-letter-shaped” crevices when
the ceiling is significantly narrower than the bottom and (iii)
“H-letter-shaped” forms with no difference in width between
lower and upper part of crevice. The first type indicates
toppling, the second one is associated with rotational slides
and the third one signifies lateral spreading or translational

The walls are formed by the massive sandstones of the
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Figure 1. The Kyklop Cave.

Silesian unit with the intercalations of shales. There are also
bedding planes exposed within the corridors. On the walls
there are striations visible. The ceilings are formed by
sandstone blocks as flat lower bedding planes or as
accumulation of rock debris. The bottom of the corridors is
infilled by rock debris and loam.

three levels. The entrance leads into a first level, which is
formed by an extensive room (cca 3 × 10 m). The small
scuttles connect the room with the main abyss through the
zone of fallen blocks. In the north ending of the abyss the
narrow scuttle leads to the third level. Here is the deepest part
of the cave: 35 m under the surface. All the corridors follow
the direction of the trench: NNW-SSE.
The walls of the cave in the first and second level are formed
by very thin sandstone beds with shale intercalations (thinbedded flysh). Conversely, the third level is formed in
massive sandstone beds. In the first and second level there
are many bedding planes exposed, in the third level there are
the fault zones with subhorizontal striations and slickenside

5.2. The Čertova Díra Cave
The entrance of the Čertova Díra Cave is situated on the SW
slope of the Čertův Mlýn Mt., cca 150 m under the mountain
ridge, at the bottom of 30 m long rocky trench (Fig. 2). The
cave has distinct vertical character. Corridors are found in
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Figure 2. The Čertova Díra Cave.

surfaces exposed. The ceilings are formed by sandstone
debris or huge blocks, while in the third level the ceiling is
formed by sandstone beds. The bottom of the corridors is
infilled by sandstone debris and by clayey mud. The whole
cave is very unstable and collapses within debris
accumulations are very frequent.

landslide headscarp, cca 150 m under the mountain ridge
(Fig. 3).
The cave has two levels. The first of them is represented by
the entrance corridor. The connecting abyss (-4 m) leads to
the lower level which represents the rest of the cave. The
crevices follow the E-W, NW-SE and SW-NE directions. The
walls are formed by massive sandstones and conglomerates
of the Magura flysch unit, with the intercalations of shales.
The ceiling of the entrance corridor is formed by the lower
bedding plane of the sandstone bed. In the lower level the
ceilings are sometimes not visible because of the shape of the

5.3. The Na Gírové I Cave
The entrance of the Na Gírové I Cave is situated on the SW
slope of the Gírová Mt., within the upper part of the rocky
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Figure 3. The Na Gírové I Cave; captions for all pictures.

corridors when the free space is narrowing to the top. The
bottom of the cave is infilled by sand or loam with organic
matterial.

is formed by the process of toppling. Within the Čertova Díra
Cave the inclinations of the blocks B are constantly less than
of the A block which reveals toppling process. The dip of
strata of the B blocks is evidently larger than that of the A
block which is another evidence of toppling. The differences
between the A block and B blocks fade away downwards.
The greatest differences are in the first level, the smallest are
at the bottom of the cave where they totally disappear. The
formation of the Kyklop Cave and the Čertova Díra Cave has
surface displays – rocky trenches. The lower level of the Na
Gírové I Cave is an example of the crevice-type cave formed
by rotational sliding. The shape of the corridor – narrowing
to the top – and the values of microstructural measuring
carried out on two opposite walls point to rotational character
of movement. The short entrance corridor is due to spreading
process. Thanks to rotational character of the movement,
there are no surface displays above the cave – according to
the digital terrain model.

6. Discussion
According to microstructural measuring on different rock
blocks and opposite walls and according to the change of dip
of bedding planes we can estimate the character of process
which has led to cave formation. The Kyklop Cave is an
example of crevice-type cave which is formed by the process
of spreading and incipient translational sliding. Identical or
very similar values measured on two opposite walls point to
the spreading type of movement. The rock block B was
shifted along bedding planes. Also, the measured proportions
of corridors indicate the spreading type of movement. The
Čertova Díra Cave is an example of crevice-type cave which
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In accordance with the currently used nomenclature of the
gravitational movements we can term these three exemplary
crevice-type caves. The Kyklop cave, which is formed by the
spreading movement, pertains to the category of the
spreading-type caves. The Čertova Díra Cave, which is
formed by toppling movement, pertains to the category of the
toppling-type caves. The Na Gírové I Cave, which is formed
by the rotation movement, pertains to the category of the
rotational-type caves. This nomenclature is based on the
criterion of genesis.

Eliáš M, 2000. Vztahy mezi pústevenskými pískovci a pískovci
Malinovské skály (Godulské souvrství s.s.) v Beskydech. Geol.
výzk. Mor. Slez. v roce 1999, 64–66, in Czech).
EPOCH (European Community Programme) (1993. Temporal
occurence and forecasting of landslides in the European
community, (Ed. J-C. Flageollet). 3 volumes, Contract No. 90
0025.
Foldyna J, 1968. Pseudokras v godulských vrstvách dílčího příkrovu
godulského (Moravskoslezské Beskydy). Sborník věd. prací
VŠB, ř. hor.-geol. 14. Ostrava. 83–103 (in Czech).
Foldyna J, Pavlica J, 1968. Pseudokras masívu Lysé hory a
Kněhyně. Sborník věd. prací VŠB, ř. hor.-geol. 14. Ostrava.
69–82 (in Czech).

7. Conclusion
There were 8 crevice-type caves investigated in the area of the
Czech part of the flysch Outern Western Carpathians. These
caves have been formed by various processes of gravitational
slope movements: spreading, toppling, rotational sliding. The
survey involved description of shapes of corridors,
microstructural measuring, comparison of subsurface cavities
with surface trenches and sinkholes using a DEM combined
with cave maps and construction of typical cross-sections of
cave corridors, usinga data from the microstructural measuring.
In accordance with the currently used nomenclature of the
gravitational movements these crevice-type caves was divided
into a three cathegories: spreading-type caves, toppling-type
caves, rotational-type caves.

Halliday WR, 2007. Pseudokarst in the 21st century. Journal of cave
and karst studies 69, 103–113.
Hutchinson JN, 1988. Morphological and geotechnical parameters
of landslides in relation to geology and hydrogeology.
Proceedings, Fifth International Symposium on Landslides,
Rotterdam, 3–35.
Jaboyedoff M, Couture R, Locat P, 2009. Structural analysis of
Turtle Mountain (Alberta) using digital elevation model: toward
a progressive failure. Geomorphology 103, 5–16.
Kirchner K, Krejčí O, 2002. Slope deformations and their
significance for relief development in the middle part of the
Outer Western Carpathians in Moravia. Moravian geographical
reports 10, 10–19.
Kleczkowski A, 1955. Osuwiska i zjawiska pokrewne. Warszawa,
Wyd. Geol., 93 (in Polish).
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EXHUMATION OF PALAEOKARST BY VADOSE WEATHERING:
A TELLING EXAMPLE FROM EASTERN AUSTRALIA
R. Armstrong L. Osborne
Education and Social Work, A35, The University of Sydney, NSW, 2006, Australia, armstrong.osborne@sydney.edu.au
When we encounter an underground space with clean bedrock walls we are inclined to think that it is a product of the
most recent phase of speleogenesis, but what if this assumption is wrong? What if an exhumation process can so thoroughly
remove the traces of a previous fill that we can mistakenly interpret a cave void that formed hundreds of millions of years
ago and was completely filled and stayed completely filled until relatively recently, as a product of recent speleogenesis?
This is the interesting possibility raised by recent re-visits to a classic palaeokarst site at Bungonia in eastern Australia,
where vadose weathering is almost completely removing traces of an old palaeokarst fill to reveal new-looking cave
passages with complex ceiling morphologies.

1. Introduction

The caves are developed in two beds of Silurian limestone
folded into a southerly plunging syncline. Bedding is steep
and the limestone sequence is overlain to the west by late
Devonian volcanics and has a faulted/unconformable
boundary to the east with Ordovician flysch.

Bungonia Caves, located 150 km south southwest of Sydney,
NSW, Australia, is one of the most studied limestone karst
localities in eastern Australia (Figure 1). Some of the deepest
limestone caves on the Australian mainland are developed
there in a plateau surface incised by a 360-metre deep
limestone gorge.

At the plateau surface the limestone is unconformably
overlain by remnants of Permian conglomerate and by
Tertiary sands, gravel and ferricrete.
Caves at Bungonia intersect caymanite (marine carbonate
palaeokarst), crackle breccia and siliciclastic palaeokarst as
well as clastic dykes and basic igneous dykes.
The age and origin of the caves has been the subject of
much discussion and controversy (see James et al. 1978,
Osborne, 1993, 2001a, b, 2005, 2010 and Wray, 1998).
Osborne (2001a) noted that many cave passages at
Bungonia that had been interpreted as phreatic conduits
blindly terminated in bedrock along strike and so could
have not been formed by laterally flowing water, while
Osborne (2001b) noted that the deep caves at Bungonia
have a downward-narrowing profile. This was taken to
indicate that the caves had a phreatic, per-ascensum origin
followed by minor paragenetic and fluvial vadose invasion
modification.
This paper reports new observations in the upper section of
Fossil-Hogans Cave close to the Hogans Cave entrance and
discusses the significance of these observations for
speleogenesis at Bungonia and to interpretation of
speleogenetic history generally.

2. Fossil-Hogans Cave (B4-5)
Fossil-Hogans Cave is part of an extensive cave system
with multiple entrances, one called Fossil Cave with the
cadastre number B4 and another called Hogans Cave with
the cadastre number B5. Fossil Cave and Hogans Cave
together with their poorly named larger section, the B4-5
Extension form the B4-5 Cave System with a total length
of some 2,300 metres (Figure 2). The B4-5 Cave System is
the longest and one of the deepest caves at Bungonia. Flying
Fortress Cave, described by Osborne (2001a) is an upper
level of the B4-5 Cave System.
Figure 1. Map of eastern Australia, showing cavernous karsts and
the location of Bungonia.
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Figure 2. Map of the Fossil-Hogans, B4-5 Cave System modified
after Bauer and Bauer (1998).

The B4-5 Cave System is developed in the westerly-dipping
Silurian Lookdown Limestone Member in the eastern limb
of a southerly plunging syncline.
A simplified plan of the upper section of Hogans Cave,
close to its entrance shown in Figure 3 shows the cave
consists of north–south trending passages with an elliptical
cross-section at different levels guided by strike (A, E and
G) and roughly east-west trending rifts guided by crossjoints (C-D and H).

Figure 3. Simplified map of upper section of Hogan’s Cave after
Bauer and Bauer (1998).

The Hairy Traverse, an easterly sloping notch, “B” in Figure
3 is developed in the southern wall of the east-west trending
rift “C-D” in Figure 3.

The infilling, is rust-coloured and composed of calcirudite
with a muddy dolomitic matrix containing a few spicules.
The carbonate clasts range up to 5 mm in size and appear
to be biogenic in origin, resembling echinoderm fragments.
A similar deposit is exposed at the top of the Hairy Traverse
(“B” in Figure 3).

3. Palaeokarst in Fossil-Hogans Cave
Before the new observations I described the palaeokarst in
this part of Hogans Cave in an unpublished manuscript as
follows. “In the upper part of the high level passage leading
to the Hairy Traverse dolomitic carbonate infilling has
irregular boundaries with the limestone (“A” in Figure 3).

Further east of this deposit, and at a lower level, a laminated
palaeokarst deposit is exposed (“C” in Figure 3). This has
an unconformable boundary with the bedrock and has
almost vertical bedding, striking east-west, cut by a north276
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south trending cleavage. The deposit has graded beds which
young to the north. In thin section the deposit is seen to
consist of coarse laminae composed of calcite clasts,
including what appear to be fragments of flowstone and
skeletal fragments, interbedded with fine graded laminae
containing dolomite. The cleavage seen in the outcrop is
not apparent in thin section.”

4. New Observations
Two inspections of the cave, one in January 2008 and the other
in December 2011 have resulted in new ideas about this section
of cave. The first important observation made in 2008 was that
palaeokarst deposits in bellholes in the ceiling of passage “A”,
which were previously interpreted as palaeokarst filing veins
intersected by the bellholes were more likely remnants of
material that formerly filled what is now open cave space (“A”
in Figure 3, Figure 4A). Detailed observations of the western
end of the east-west rift showed that it was formerly filled with
dark laminated caymanite (Figure 4D).
The second important observation made in 2008 was that the
elliptical passages guided by dipping structural planes
labelled “A”, “E” and “G” in Figure 3 were not guided by
bedding planes, which here dip to the west, as suggested by
the name “ bedding plane grovel” given to passage “E”, but
by joints dipping to the east. This is similar to what Osborne
(2001a) observed in Flying Fortress Cave, an upper level of
the B4-5 System some 200 metres to the south, where cave
development is guided by joints dipping gently to the east.
The inspection of the cave in December 2011 involved
detailed re-examination between “F” and “D” in Figure 3,
and for the first time since the 1980s a close inspection of the
area between “F” and “H” in Figure 3.
By lying back and looking up at “F” it was possible to see
remnants of caymanite fill in the ceiling of the rift and
adhering to the northern wall (Figure 4E).
Looking north from “F” along “G” the passage can be seen
to be a joint-guided, easterly-sloping rift with a relatively
smooth floor and a complex ceiling from which fragments
of caymanite are spalling due to crystal wedging (Figure 5A).
The guiding joint forming the space between the floor and
ceiling on the western, upper side of the rift, near the “A” in
Figure 5A is filled with caymanite. This is weathering and
dislodging due to crystal wedging (Figure 5B) and then
sliding down the cave floor as disconnected blocks (Figure
5C). The separated blocks continue to disintegrate by crystal
wedging as described by Osborne (2004a). The disintegrated
blocks finally end up as a dusty residue seen in the lower right
of Figure 5A, below Joe Sydney’s shoe.

Figure 4. A: Bellhole in ceiling above “A” in Figure 3. B: Looking
north along “A” in Figure 3, note floor sloping to the east. C:
Looking south into passage “E” in Figure 3. D: Looking west at
end of rift, “D” in Figure 3, showing dark caymanite fill in the
centre and enclosing limestone walls, light shade. E: Looking west
past “F” in Figure 3, author is lying in passage “F–G” pointing
to a caymanite fill remnant above.

Patches of caymanite fill remain adhered to sections of the
ceiling and remnants of caymanite in ceiling pockets indicate
that these pockets were once also filled with caymanite
(Figure 5D).

5. Implications of the New Observations

At the northern end of passage “G” in Figure 3 there is a “T”
intersection with rift “H”. “H” is an east-west tending jointguided rift, essentially a smaller version of “C–D” in Figure
3. At is western end “H” narrows and terminates in a filled
joint from which caymanite is being removed by crystal
wedging (Figure 5E).

5.1. Guidance by joints
The traditional view of cave development at Bungonia has
been that cave development perpendicular to strike is
essentially down dip and in Fossil-Hogans Cave down dip
of bedding to the west. The new observations, like those of
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The joint-guided cavities and the caymanite filling them
must be younger than both the easterly dipping joints and
the vertical east-west trending cross-joints. The easterly
dipping joints were most likely formed during the last
folding event in eastern Australia, the Kanimblan Orogeny,
which occurred in the Early Carboniferous. Unfortunately,
the age of the vertical joints is unclear.
5.2. Relative age of the cavities
My original thinking about the relative age of the different
cavities was that the east-west rifts formed first and were
filled with caymanite. They then acted as internal
aquicludes (partitions of Osborne, 2003) while the northsouth trending passages with an easterly dipping crosssection formed between them. The present pathway through
the caves then formed in vadose conditions with the
caymanite fill weathering out from the east-west rifts.
A new interpretation of the evolution of the cave
chronology is required if both the east-west rifts and the
north-south trending passages with an easterly dipping
cross-section were both filled with caymanite. This suggests
that some time after the Early Carboniferous folding a
network cave formed and was filled with caymanite under
anoxic conditions. This resulted in the growth of pyrite
rhombs in the caymanite matrix. Later, water rising up an
easterly dipping joint formed the precursor of the Hairy
Traverse, as a phreatic tube along the boundary between the
caymanite and the limestone. Very much later the water
table was lowered, bringing the caymanite filled cavities
into the vadose zone and surface streams invaded through
the present entrances.
In vadose conditions, such as those pertaining today,
percolating vadose water reacted with the pyrite in the
caymanite and the process of exhumation began.

Figure 5. A: Looking north along “G” in Figure 3 note easterlysloping floor guided by joint and complex ceiling morphology.B:
Caymanite at western, upper side of passage “G” in Figure 3
undergoing block failure due to crystal wedging. C: Slipped block
on floor of passage “G” in Figure 3 continuing to disintegrate
due to crystal wedging after it has separated from caymanite mass.
D: Looking up into a ceiling pocket from which caymanite fill is
continuing to be removed by crystal wedging. E: East-west
trending rift at “H” in Figure 3. Guiding joint adjacent to “E” is
filled with caymanite.

Partial exhumation of the rift “C–D” removed the
caymanite that formed the northern wall of the phreatic
tube, which was the precursor of the Hairy Traverse,
converting the Hairy Traverse from a sloping tube into a
sloping notch (a pseudonotch of Osborne, 2004b).
5.3. Almost complete exhumation

Osborne (2001a), suggest that easterly dipping joints, rather
than bedding planes, guide so-called “bedding plane
flatteners/grovels” like “A”, “E” and “G” in Figure 3 and
most likely other descending features in the cave.

Before I observed the active process of crystal wedging and
removal of caymanite in passage “G” it did not occur to me
that passage “A” or “E” might have also once been filled
with caymanite. This observation resulted in the idea that
the east-west rifts were older than the passages with an
easterly dipping cross-section.

The idea that the cave developed down dip to the west
seems to have its origin in the view that the caves formed
under the present hydrological conditions from solution by
surface water moving down the dipping bedding planes and
then along strike.

The recognition that caymanite palaeokarst is currently
being actively and comprehensively removed by vadose
weathering processes and that the rifts and passages “A”,
“E” and “G” were once completely filled with palaeokarst
has significant implications for interpreting the
developmental history of caves.

The easterly dipping joints dip away from the limestone
body and towards the faulted/unconformable boundary with
the adjacent Ordovician flysch. Water moving down these
joints would eventually be blocked at the contact with the
flysch. The easterly dipping joints, however, would provide
an upward pathway for water moving into the limestone
from the fault along the boundary with the flysch.

The new observations in Hogans Cave suggest that over
time vadose weathering can remove pyrite-bearing
carbonate palaeokarst from a filled cavity with almost no
trace remaining.
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Commencing in 2008 with a focus on caves in metamorphic terrains, the project Cave Science Sri Lanka has investigated
forty-eight caves. Thirty-seven caves have been mapped by the Sri Lankan members of the project, twenty-five have been
investigated in more detail and samples have been collected from twelve caves for analysis. In addition to rockshelters,
boulder caves, tectonic caves and carbonate karst caves developed in marble and dolomite four distinct types of caves,
Tunnel Caves, Block Breakdown Caves, Arch Caves and Network Caves have been recognised in Proterozoic gneiss and
Cambrian granite in Sri Lanka. While previous workers have suggested that these caves have either formed in what was
called gneiss but was really carbonate rock, or are the spaces left behind in the granitic rock after bodies of carbonate rock
were removed, field evidence suggests that phreatic solution of granitic rock and/or formation and removal of phantomized
granitic rock play a significant role in speleogenesis.

1. Introduction

Sri Lankan caves occur in Proterozoic gneiss, marble and
dolomite, Miocene limestone, tufa mounds, and Cambrian
granite. There has been little study of Sri Lankan caves except
as archaeological sites. A few caves were described by
colonial naturalists, Davey (1821) and visiting Europeans:
Peet (1945, 1946), Kukla (1958), Siffre (1975) and Brooks
(1995a, 1995b), while Gebauer et al. (1996) and Gebauer
(2010) provided a cave inventory based on literature research
including 310 entries for caves and “cave-like objects” in Sri
Lanka. Major Sri Lankan contributions have been by Leiter
(1948) who described Nitre Cave and Deraniyagala (1965)
who pleaded for international assistance in documenting the
caves of Sri Lanka but received no response.

Sri Lanka is a continental island located off the southern tip
of the Indian subcontinent. Geologically it is a Gondwana
fragment with most of the bedrock composed of deformed
Proterozoic metamorphic rocks (Fig. 1).

The project Cave Science Sri Lanka, which began in 2008
through the efforts of Dr Wasantha Weliange, is a Sri Lanka–
Australia collaboration with the aim of establishing cave
science in Sri Lanka by developing local skills in cave
exploration and documentation and in scientific research and
training. The project is based at the Postgraduate Institute for
Archaeological Research, Colombo. The initial focus of the
project has been on caves in gneiss and granite as these are
significant as archaeological, cultural and religious sites. This
research has identified four types of large caves in gneiss;
Tunnel Caves, Block Breakdown Caves, Arch Caves and
Network Caves.

2. Tunnel Caves
Tunnel caves are a common form of gneiss cave. They are
tubes with an elliptical cross-section, which may be
horizontal, vertical or sloping depending on the structural
setting. Principal axes range in size from 1 to 12 m. Tunnel
caves resemble phreatic tubes in karst caves. Large tunnel
caves include Ravana Ella Cave (1 in Fig. 1) and Lunugala
Lena Nitre Cave (2 in Fig. 1). Some large tunnel caves such
as those at Kukuluwa Kanda Rajamaha Viharaya (3 in Fig. 1)
are used as temples, one with a large Buddha reclining
lengthwise in the cave.

Figure 1. Sri Lanka: 1 = Ravana Ella Cave; 2 = Lunugala Lena
Nitre Cave; 3 = Kukuluwa Kanda Rajamaha Viharaya; 4 =
Alavala Tunnel Cave; 5 = Batathota Cave & Sthreepura Cave; 6
= Kosgala Vavul Cave; 7 = Batadomba Cave; 8 = Fa-Hien Cave;
9 = Pelpola Cave; 10 = Oil Lamp Cave, Ravana Cave & Twin
Cave; 11 = Karannagoda Rajamaha Viharaya.

Small tunnel caves form completely in bedrock, but guiding
joints that are apparent in the cliff face near their entrance are
280

Karst and Caves in Other Rocks, Pseudokarst – oral

2013 ICS Proceedings
a series of breakdown chambers formed by failure along pairs
of conjugate joints most striking NNW–SSE, but in the
Guano Chamber breakdown is guided by NE–SW striking
joints (Fig. 3A.) This has resulted in the development of “Atype” ceilings (Fig. 3B).

often not visible inside the cave. It is unclear if tunnel caves
begin as true solution tubes or by some other process such as
the removal of phantom rock. Spalling from the cave wall is
active and appears to be the main mechanism for lateral
expansion of these caves.
Alavala Tunnel Cave (4 in Fig. 1) is good example of this type
of cave. It is a tunnel 12.6 m long with an elliptical profile
(long axis 1 m; Figs. 2A, B) guided by a westerly dipping
joint. After about 5 m the cave steps up to the east. The cave
floor is composed of bedrock with a hard, black
manganiferous coating. Small elliptical pockets are developed
in the western wall of the cave. The only sediments in the cave
are two small piles of sub-rounded bedrock fragments, one
close to the termination of the lower passage (“i” in Fig. 2A)
and the other at the far (northern) end of the cave (“iii” in
Fig. 2A). There are signs of active spalling in the cave ceiling,
but no spall fragments occur on the cave floor. Small remnant
deposits of yellow material that may be phantom rock occur
on the eastern wall (“ii” in Fig. 2A) and at the northern end of
the cave (“iii” in Figs. 2A, 2C).

Figure 3. A: Plan of Sthreepura Cave, B: An “A” type ceiling on
NNW-SSE joint, connecting passage, Sthreepura Cave. C: Large
breakdown blocks Kosgala Vavul Cave.

Figure 2. A: Plan and section of Alavala Tunnel Cave. B: Looking
south out of Alavala Tunnel Cave note elliptical profile. C:
Looking north to end of Alavala Tunnel Cave, note bedrock
cobbles and remnant phantom rock (white in B & W image).

A remnant half tube is preserved in the ceiling along the axis
of the Passage of Bats suggesting that some phreatic-like
process proceeded breakdown. A small phreatic tube, the
Crescent Tube, extends from the NE corner of the Passage
of Bats. Most of the walls, the ceiling and all of the fallen
blocks in Sthreepura Cave are composed of gneiss. A small
section of the wall and floor in the NW side of Guano
Chamber is composed of dolomite. Much of the floor of the
cave is covered by dry loose sediment composed of organic
silt derived from bat guano and mica flakes derived from the
bedrock.

3. Block Breakdown Caves
Block breakdown caves are among the larger caves so far
investigated in Sri Lanka. They consist of chambers produced
by the structurally guided breakdown of gneiss. They are
strikingly similar to breakdown chambers in limestone caves.
Two block breakdown caves have been investigated in the
Rathnapura district, Sthreepura Cave (5 in Fig. 1) a system
of breakdown chambers and Kosgala Vavul Cave (6 in Fig. 1)
a large single-chamber breakdown cave.

Kosgala Vavul Cave contains breakdown on a much larger
scale (Fig. 3C) and like Sthreepura Cave shows remnants of
an old small-scale phreatic network with small phreatic tubes
exposed as half tubes in joint faces.

Sthreepura Cave is approximately 80 m long and consists of
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4. Arch Caves
Arch caves are large chambers with a triangular-shaped plan
and cross-section, their shape and volume makes them ideal
for use as temples and as habitation sites. Many such as
Batathota Cave (5 in Fig. 1) have been converted into temples
and some such as Batadomba Cave (7 in Fig. 1) and Fa-Hien
Cave (8 in Fig. 1) are both temples and archaeological sites.

Figure 4. A: Plan and sections of Fa-Hien Cave. B: Looking out
through main arch of Fa-Hien Cave, note shape of arch,
excavation in foreground. C: Western side of excavation showing
relict foliation dipping north.

Fa-Hien Cave is the largest arch cave so far investigated. Its
arch chamber is approximately 30 m wide and 14 m high at
the entrance and extends 50 m into the rock mass (Fig. 4A).
Like other arch caves, Fa-Hien Cave has an arch-like cross
section (Fig. 4B).

Figure 5. A: Wall pocket, Batathota Cave. B: Ceiling half-tube,
Batathota Cave. C: End pocket, Batadomba Cave; lighter rock is
gneiss and darker rock is dolomite. D: Ceiling pocket, Batadomba
Cave; lighter rock is gneiss, darker rock is dolomite.

While the floor of the arch chamber appears to be made of
sediment, the exposure in the 6.3 m-deep archaeological
excavation shows relict foliation dipping to the north
(Fig. 4C). This indicates that the cave floor is not made of
fallen matter from the ceiling, as apparently assumed by the
archaeologists, but of intensively weathered (? phantomized)
bedrock. The base of the excavation reveals a network of
small tubes developed in the weathered rock. This has yet to
be explored.

The walls and ceilings of arch caves can be quite complex
with cupola-like features, wall pockets and ceiling half-tubes
developed in Batathota (Figs. 5A, 5B) and Batadomba Cave.
The pockets in Batadomba Cave are quite instructive
concerning the relationship between speleogens and bedrock.
The pocket at the end of Batadomba Cave (Fig. 5C) cuts
across both gneiss and dolomite bedrock with minimal effect
on its morphology. A similar situation can be seen in Figure
5D where the morphological features below “D” in the image
continue with minimal disruption across irregular lithological
boundaries.

Sheet spalling/exfoliation is continuing from the cave walls
and masses of spall rubble have been removed from the cave
floor and packed around the side of the cave.
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The first explanation arises from the idea that if there are
caves then they must be in limestone. This idea has been
reinforced by Gebauer (2010) locating all caves not in
Miocene limestone in “calcareous granulite” or
“metamorphosed, crystalline and dolomitic limestone
/marble” and by other workers placing caves on dolomite
outcrops on low-resolution geological maps.

The origin of these caves remains unclear, while spalling is
the main process currently acting to expand the caves, the
lack of spall material in the archaeological dig in Fa-Hien
Cave suggests that this is probably not the main process
involved in cave development over time.

5. Network Caves
Our research so far has focussed on large cavities near the
surface and serious attempts at digging in caves have yet to
be undertaken, partly because such activities may be
interpreted by archaeologists as illegal digs and also because
it may lead us to be identified as treasure hunters.
The presence of relict half tubes in block breakdown caves
and arch caves and of tubes in the base of the excavation in
Fa-Hien Cave, suggests that complex network caves may
exist further into the rock mass.
One complex cave with potential for extension by digging is
Pelpola Cave (9 in Fig. 1). The entrance to Pelpola Cave is a
small collapse doline, much like that seen in limestone karst.
At the base of the entrance rubble pile there is a triangularshaped entrance chamber (Fig. 6A). A passage in bedrock
from which mud has been artificially excavated extends
downwards from the SE corner of the entrance chamber
(1 in Fig. 6A). Figure 6B shows the view looking SE down
the passage from “1” in Figure 6A. A profile of the passage
is visible in the background showing a triangular upper part
and inward-sloping walls in the lower part. After about 10 m
an artificial side passage extends to the NE and leads into
Treasure Hunters Chamber (2 in Fig. 6A). This chamber has
a relatively horizontal bedrock ceiling and a sediment floor,
level at the NE end of the chamber that then slopes steeply
to the SW. Figure 6C is taken looking east from “2” in Figure
6A. The ceiling above the cavers’ heads is composed of
siliceous gneiss. The edge of a zone of very large crystals is
seen in the upper right corner of the image. The cavers are
sitting on a rock shelf composed of dolomite covered by a
white mineral paste. There is a large amount of a loose
mixture of clay and gravel on the floor of Treasure Hunters
Chamber that appears to have been moved from further
inside the cave and piled up artificially along the southern
edge of the chamber near “3” in Figure 6A. While it was not
possible to enter without digging there appears to be a void
to the south of “3” and there are indications that the
clay/gravel mixture may be retained by timber supports (Fig.
6D). The passage from the Entrance Chamber continues as a
trench along the SW wall of Treasure Hunters Chamber and
ends in a sediment plug (Fig. 6E). It seems likely that gem
miners excavated Pelpola Cave, targeting the clay/gravel
mixture as a possible source of gemstones. The clay/gravel
mixture appears to be a weathering or alteration product
derived from the gneiss bedrock, excavated from further
inside the cave.

6. Speleogenesis
Figure 6. A: Plan of Pelpola Cave. B: View looking SE down
passage from “1”. C: Looking east from “2”. D: Looking south at
“3”. E: Termination of passage at “4”.

While little has been written about Sri Lankan gneiss caves,
two explanations for the origin of the caves have emerged in
the literature.
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Another reason for this idea is that gneiss caves frequently
intersect small bodies of marble. This has led to confusion as
to what the principal bedrock is. The occurrence of carbonate
rock in some gneiss caves lead Davey (1821) to consider that
if the gneiss contained caves, then it was so carbonate rich
that it should be considered marble. Our observations so far
have shown that while many gneiss caves morphologically
resemble caves in carbonate rock, most gneiss caves are
principally developed in siliceous metamorphic rocks.
The second idea was proposed by Leiter (1948), who
considered gneiss caves to be the spaces left behind in the
gneiss following the removal of masses of carbonate rock by
solution. Since both irregular masses and whole folia of
carbonate rock are exposed in many, but not all gneiss caves,
this is not an unreasonable suggestion.
We have found a small cave that probably did form this way,
Oil Lamp Cave (10 in Fig. 1). Oil Lamp Cave is a small jointguided passage with a triangular profile and walls composed
of gneiss (Fig. 7A). After a few metres the cave comes to a
sudden end in a flat surface of solid rock (Fig. 7B). This rock
is not siliceous gneiss, but dolomite, with rusting
ferromagnesian minerals. The shape of the boundary between
the gneiss and the dolomite, indicated by the torch in Figure
7B, matches the profile of the adjacent wall, suggesting that
the cave has formed by removal of the carbonate rock from
the enclosing gneiss.
While removal of underling folia of carbonate rock is a
plausible explanation for the development of block
breakdown caves and might explain the initial formation of
arch caves, there is too much evidence in Sri Lankan gneiss
caves of solution-like speleogens on siliceous gneiss for this
mechanism to be universally viable.
Evidence for another mechanism arose on our very first field
visit to Kukuluwa Kanda Rajamaha Viharaya (3 in Fig. 1) in
2009. The feature seen in Figure 8A was encountered up hill
from the tunnel caves used as temples. This is a structurallyguided, cave shaped depression in the face of a small clifflike outcrop of gneiss marked by a sign in Singhalese. The
cave shape is filled with yellow material. On close inspection
the filling appeared not to be sediment but altered/weathered
gneiss, the yellow colour resulting from secondary
ferruginous cement. The outcrop suggests that natural
weathering/erosion has preferentially removed about 1 m of
the yellow material. If this were to continue, the result would
be a cave with an elliptical profile much like Alavala Tunnel
Cave, making this a nascent phantom rock cave. When asked
about the sign (right foreground Fig. 8A) the resident monk
explained that this was the site of a future meditation hall, he
intended to construct by digging out the yellow material to
make a new cave. On a return visit in 2012 no progress had
been made with the excavation, probably due to the strength
of the ferruginous cement.

Figure 7. A: Looking into Oil Lamp Cave. B: Bedrock termination
of Oil Lamp Cave. Speckled rock is dolomite; white rock below
and to the right of black torch is siliceous gneiss. Torch is 95 mm
long.

The ceiling slopes to the northeast with the foliation in the
bedrock, suggesting that a segment of a whole phantomized
folium has ben removed to form the cave. Pillars of phantom
rock remain in the cave, separated by curved gaps that
resemble the profiles of phreatic tubes suggesting that before
mass removal of the phantomized rock there may have been
a network of tubes, similar to that in the excavation at
Fa-Hien Cave.
The remnant phantom rock in Alavala Tunnel Cave, the deep
zone of “weathered” rock in Fa-Hien Cave, the clay/gravel
mixture in Pelpola Cave and the observations at Kukuluwa
Kanda Rajamaha Viharaya and Karannagoda Rajamaha
Viharaya all suggest that formation of phantom rock,
followed by its natural, and in places artificial removal is
likely to be a major agent for speleogenesis of gneiss caves
in Sri Lanka.

Further evidence for phantom rock processes in gneiss cave
formation is found at Karannagoda Rajamaha Viharaya
(11 in Fig. 1) where, in addition to tunnel caves and sections
through phantom rock filled tubes, an extensive overhang
cave is developed by the partial removal of a horizontal body
(folium) of phantomized rock. This cave is approximately
21 m wide by 17 m deep with a ceiling height ranging from
2.1–0.8 m (Fig. 8B).

Since Vergari and Quinif (1997) have shown that many
phreatic-like solutional forms can result from phantom rock
processes, it is possible that the range of phreatic-like cavities
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David Colchester of the Australian Museum, Sydney. An
initial paper (Osborne et al., in prep.) has been submitted to
Acta Carsologica. Current research is focussed on a 200 mlong network cave, largely developed in phantom rock.
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7. On-going Research
In addition to cave morphology and speleogenesis we have
also investigated cave sediments and surface karst-like
features on gneiss and granite. Minerals and speleothems are
being investigated in collaboration with Ross Pogson and
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This research integrates into the theme about karst in non-carbonated rocks, and has as main objective to inventory, describe
and analyze the physical aspects of the cavities and superficial karstic features developed in the ferruginous rocks, itabirite
and canga in the Serra da Piedade, Brazil. The methodological approach basically consisted in: (1) the prospecting of
cavities and superficial features; (2) the selection of the cavities and the superficial features; (3) the description of the
physical aspects of the cavities with karstic features; and (4) analysing and debating about the results. Amongst the 52
listed cavities in the Serra da Piedade, five of them contain features that show dissolution processes: Gruta da Piedade,
Gruta do Cascalhinho, Gruta da Macumba, Gruta do Chuveirinho and Gruta do Triângulo. These cavities contain shapes
that can be seen as karstic features like alveoli, ceiling domes, karstic paleofloors, fillings and rock pendants. Thus, the
most common superficial karstic feature in the Serra da Piedade is the kametitza or solution pan. We can come to the
conclusion that there is an existence of karstic features developed in the canga and the itabirite of the Serra da Piedade,
even though they are not very expressive in comparison with the features in carbonated rocks.

1. Introduction

2. Study Area

Since a few times, the number of records and studies about
karstic features developed in non-carbonated rocks have
tremendously increased. Amongst these studies stand out
those made on the sandstone and quartzite rocks, including
for instance the works of Sallun Filho and Karmann (2007),
Uagoda and Netto (2009), Auler (2004), Hardt (2009),
Chalcraft and Pye (1984).

The Serra da Piedade is located between 19° 48’ and 19° 50’
in South latitude and between 43° 39’ and 43° 42’ in West
longitude, in the north part of the Quadrilatero Ferrifero –
Minas Gerais in Brazil (Fig. 1). It develops in the districts
of Sabara/MG and Caeté/MG and has a great signification
in the social, cultural and religious history of the Minas
Gerais state.

For several researchers, for instance Simmons (1963),
McFarlane and Twidale (1987) and Pilo and Auler (2005),
the karstic features can also develop in ferriferous
formations. According to the researchers, the cavities and
others geoforms exist in ferriferous formations and
dissolution is an important factor of their genesis. However,
despite this fact, the studies on the karstic features in the
ferriferous formations are very few. In Brazil, the first
studies on the genesis of these features started with Simmons
(1963).

In the region of Serra da Piedade, are shown (Alkmin and
Marshak 1998): (i) granito-gneiss of the Archean crystalline
substratum; (ii) schists and phyllites also of the Archean era
of the Nova Lima Group – Rio das Velhas Supergroup, and
(iii) proterozoic rocks of the Minas Supergroup (Figs. 1, 2).
In the Serra da Piedade, the Minas Supergroup is represented
by the following groups: (i) Caraça, with the ferriferous
quartzites of the Moeda Formation; (ii) Itabira, with the
itabirites of the Cauê formation, and (iii) Piracicaba, with
the schists and phyllites of the Sabara Formation, and with
the phyllites and ferriferous quartzites of the Cercadinho
Formation. In general, Tertiary-aged formations of canga
(Fig. 2) develop and cover the itabirites of the Cauê
Formation (Itabira Group).

By the 21st century, the resurgence of the kartstic features
studies in the iron deposite takes place in an environmental
protection process opposite to the mineral exploitation which
is each time more effective. Nevertheless, despite the
augmentation of the number of studies and speleological
records in the ferriferous formations around Brazil, we still
notice a big lack of academic publications and researches on
this subject. This also concerns regions where the iron
extraction is very active like for instance in the “Quadrilatero
Ferrifero” in Minas Gerais.

The topography of the study area, like the whole
Quadrilatero Ferrifero/MG shows a strict relation with the
substrate and evolved through differential erosion. In this
context, the sectors which have canga, quartzites and
itabirites for substrate bear the most elevated parts of the
relief, and those situated in the schists, the phyllites and the
granito-gneiss give the lower topographic parts (Harder and
Chamberlin 1915; Tricart 1961; Barbosa 1980; Salgado et
al. 2004). Moreover, this range is being distinguished by its
steeply slopes with a great drop-off by exposing the clean
rock (Fig. 2).

In this context, the Serra da Piedade – which belongs to the
geological and geomorphological “Quadrilatero Ferrifero”
complex – is the subject of this study. Therefore, the main
goal of this work is to pick up, describe and analyze the
physical aspects of the cavities and superficial karstic
features developed in the ferriferous rocks – itabirite and
canga – of the Serra da Piedade.
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3. Methods
The realization of this research can be divided into three
steps: (i) bibliographic revision; (ii) collection of data in the
field, and (iii) topographical survey of the caves, elaboration
of the cartographical material and analyze of the results.
Firstly a bibliographical survey was made about karst in the
ferriferous rocks and also an approach of the environmental
characteristics of the study area. Moreover, SPOT satellite
imagery (2002) was used for a pre-identification of the areas
with the most important speleological potential. On the field,
cavities were studied, as well as the superficial features that
were identified in the study area. The cavities were classified
according to three types: (i) cavities formed by the fall of
rocks called slope/talus cavities; (ii) cavities which show
dissolution features called caves with karstic features, and
(iii) cavities which neither have been formed by fall of rocks
nor show dissolution geoforms called caves without
morphokarstic evidences. In this work, only caves with
karstic features are being focused on.
During the field study, was made the topography of the caves
with karstic features according to a degree of details and
accuracy between 2C and 5D, according to the gradual
topology established by the British Cave Research
Association. Moreover, we have tried to characterize the
physical aspects observed in these cavities: insertion into the
landscape, geology, morphology of the conduits, hydrology,
clastic deposits, chemical deposits and dissolution features.

Figure 1. Location and geology of the Serra da Piedade and
Quadrilatero Ferrifero. Source: Alkimim and Marshak, S. (1998).

4. Results
Fifty-two natural cavities were studied in the study area
(1,92 km2). They split up into 29 talus cavities, 5 caves with
karstic features and 18 have been classified as cavities
lacking of morphokarstic evidences.
In this work, only the cavities with karstic features will be
analyzed: Gruta da Piedade, Gruta do Cascalhinho, Gruta da
Macumba, Gruta do Chuveirinho and Gruta do Triângulo
(Fig. 3).

Figure 3. Location of the caves with karstic features in the Serra
da Piedade.

Figure 2. Lithological map of the Serra da Piedade. Regarding
the curves of level and cross section A–B, we notice that the
southern slope is more abrupt than the northern slope.

4.1. Gruta da Piedade
The cavity was called “Gruta da Piedade” because it is the
most developed cave in the study area, thus it received the
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mischaractized itabirite, regarding the fact that it only gives
hematite stratum (Fig. 5B). Thus we can assume that the
siliceous stratum was lixiviated, which is a factor that
implies dissolution processes. We can also notice the
predominance of thin sediments and speleothems shaped in
the itabirite.

same name as the Serra which contains the Nossa Senhora
da Piedade sanctuary.
The Piedade Cave develops in the superior part of the
Northern Escarpment unity (Fig. 3). This cavity is being
distinct because it has a huge development (365 m) and also
a height difference of 39 m. This big deep is the cause of the
division of the Gruta da Piedade into five altimetric levels:
level -1, level 0, level +1, level +2, and level +3. The most
significant criterion of the complexity of the Gruta da
Piedade is the 15 entries identified during the topography of
the cavity.
At -1 level, we can notice the Salão Arredondado and the
Conduto Calibrado (Fig. 4). The Salão Arredondado is
characterized by the presence of thin sediment on the ground,
and we can also notice the contact between the itabirite and
the detrital iron crust (Fig. 4A). In this room, it was also
possible to look at alveoli-shaped features whose genesis
seems associated with dissolution processes. (Fig. 4B).

Figure 5. (A) Entrance of the Gruta da Piedade; (B) Altered and
crumbly itabirite which does not present anymore the siliceous
stratum which takes part in its original composition.

In the main room (0 level), in the south west part, a platform
gives access onto the conduits and the other parts of the
chambers of the cave. At level +1 is open the Salão dos
Morcegos which consists in a big chamber, crossed by
temporary drainages. Moreover we can notice that the two
first conduits of the west part of this room had a genesis
associated with the stratification plans of the itabirite
(Fig. 6B).

The Conduto Calibrado presents a tubular form which seems
to have been shaped by piping (Fig. 4D) processes. This
conduit can be the result of karstification processes. Within
the conduit, we can observe the presence of coarse canga
deposits, particularly of a block size. Moreover, the main
observed karstic feature in this conduit are ceiling pendants
(Fig. 4C).

In the upper parts (levels +2 and +3) develop chambers
which appear to be formed by overlap of boulder. In these
chambers, the presence of classical coarse deposits is
recurrent. In one of the +2 level entrance we can notice
alveoli features (Fig. 6A).

Figure 4. (A) contact between the detrital iron crust and the
itabirite in the Salão Arredondado; (B) Alveoli feature located in
the Salão Arredondado; (C) Pendants located at the end of the
Conduto Calibrado; and (D) Conduto Calibrado, where is
possible observe a tubular calibration and the presence of canga
blocks.

Figure 6. (A) Presence of alveoli in the entrance number 13 of the
Salão do Alivio; (B) Conduit genesis linked with the bedding
planes of the itabirite.

The 0 level of the Gruta da Piedade consists in a ledge on
which the main entrance of the cave stands. In comparison
with other studied cavities in the Serra da Piedade, this
entrance is wide size, like the dimensions of numerous
cavity’s entrances in limestone (Fig. 5A). In the entrance
room, we can observe several alveoli-shaped features on the
walls.

4.2. Gruta do Cascalhinho
The cavity has been called “Cascalhinho” according to the
local name given to the plateau on which it is located. The
Gruta do Cascalhinho is the first cavity in the W–E direction
which develops at the edge of this plateau (Fig. 3). The cave
presents two entrances and a development of 30 m.

The rooms of the -1 level show a genesis associated with a
chaos of itabirite blocks, which signifies that these rooms
have not been shaped in situ. The interesting features in this
part of the cavity are speleothems and small dissolution
basins. The speleothems that can be found are coralloid type.
The Matacões conduit links the -1 level with the -2 level. In
this latter level, the Minhoca conduit is the most interesting.
At the end of this conduit we can notice the presence of

In the field, we noted that the lithology of the Gruta do
Cascalhinho is characterized by the presence of detrital iron
crust, showing debris whose dimension is included between
the pebble and the rock bolder. Within the debris, we notice
that some of them have the banding of the itabirite.
The conduits of this cavity show an irregular morphology,
partially oval and partially circular. Moreover, we noted that
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a major part of the conduits shows cracks between detrital
iron crust and itabirite (Fig. 7A).

The cavity was classified as karstic according to the presence
of features that prove the dissolution processes. Towards the
features, a paleofloor detaches in this cavity. The walls of
the cavity also show concavities that can be linked with
alveoli shapes (Fig. 8).

As for the hydrologic aspects, we notice that the Gruta do
Cascalhinho shows a dripping during the rainy period.
However, during this period or during the dry period, the
cave shows condensation.
We notice that the clastic deposits show a granulometry
which oscillates between the thin sediments and the coarser
pebbles, blocks or rock bolder. Within the cavity, we notice
speleothems of coralloid type of a dimension from
millimeter to centimeter.
In this cavity, a high density of features which highlight
karstic processes has been found. Towards these features,
pendants detach with millimetric dimension coralloids
directly formed on itabirite and ceiling domes which have
developed in this lithology (Figs. 7B, C)

Figure 8. Map of the Gruta da Macumba where we can notice the
existence of a paleofloor in the south part of the cavity, and
irregular conduits.

4.4. Gruta do Chuveirinho
The cavity was called “Chuveirinho” because of the intense
drip during the rainy period. The Gruta do Chuveirinho is
the third cavity in the W–E direction and is included in the
edge of the Low Plateau (Fig. 3). The cave has only one
irregularly shaped entrance and a development of 70 m.
The cavity is composed by four chambers. In general the
first two chambers were formed in the detrital iron crust
composed of debris, which dimension oscillate between
pebble and boulder rock, immerged in a ferriferous mould
and densely distributed (plenty of debris by sector). It can
be saw the banding of the blocks which compose the iron
crust. In the two back chambers is noticed the contact
between the detrital iron crust and itabirite. In every
chamber, drips have been noticed during the rainy period,
whereas, in the dry period, the cave has no perceptible
hydrological activity.

Figure 7. (A) Calibrated conduit with the presence of a crack
between the itabirite and the detrital iron crust; (B) Pendant, relic
form which indicates the coalescence of conduits related to a
dissolution process; and (C) Ceiling dome formed at the top of the
Gruta do Cascalhinho.

4.3. Gruta da Macumba
The Gruta da Macumba has that name because of items
found inside, these objects are used for this kind of religious
ritual. This is the second cavity in the W–E direction which
includes in the edge of the Plateau Superior unity (Fig. 3).
The cave shows three entrances and a development of 27 m
(Fig. 8).

The conduits that compose the cavity show an irregular
format. We can notice thin to coarse sediments all along the
cavity. Moreover, we can notice at the roof and on the walls
features that can be assimilated to pockets developed in
detrital iron crust (Fig. 9A). However, these features does
not have a sufficient rounding degree to be classified as
karstic without any doubt.

In general, the lithology observed in the field consists in
detrital iron crust and itabirite. The more we penetrate the
cave, is noticed that the mould of the detrital iron crust
become more whitish. The cavity shows numerous cracks
all over its development.

The presence of a temporal channel and small basin holding
back water during the rainy period is the main physical
characteristic that can be noticed in the main room.
Moreover, we can see the presence of residual columns and
ceiling pockets.

As for the hydrologic aspects, we notice that the Gruta da
Macumba shows a drip during the rainy period and
condensation during the rainy and the dry period.

In the Salão da Capa, it was noticed the contact between the
detrital iron crust and the itabirite. We could also evidenced
that the main feature that characterize this karstic cavity is a
paleofloor (Fig. 9B). In this room, it was also noticed a basin
that conserve the water that penetrates in the cave during the

As for the clastic deposits, we notice that they give a grain
size which oscillates from fine-grained sediments to the
coarser ones with peebles, blocks, and boulders. The
lithology of the most coarse-grained sediments is illustrated
by itabirite and canga.
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rainy period. This water brings thin sediments to the basin.
These sediments can be allochtonous (dispatched by small
channels that connect the surface of the massif to the cave)
or autochthonous (extracted from the siliceous stratas of the
itabirite).

Figure 9. (A) Concavities at the top of the Salão do Sapo; and (B)
The arrows indicate the remnant of an eventual paleofloor in the
Salão da Capa, where we can also notice some pillars.

Figure 10. (A) Small basin in the Salão da Bacia which contains
thin sediments headed by the temporary dripping of the drainage
channels; (B) Thin sediments that can be allochtonous, coming
from the canalicules and carried by channels of temporary
drainage; (C) Sediment on the roof of the Gruta do Triangulo,
deposit that proves that this cave was filled, and thus have known
a paragenetic phase; (D) Paleofloor, main feature which
characterizes the Gruta do Triangulo as a karstic cavity.

4.5. Gruta do Triângulo
The Gruta do Triangulo is located on the Inferior Plateau
(Fig. 3). The cavity has this name because of a triangle
drawn on the rock near the entrance of the cave. The cavity
only has one entrance and irregular conduits. In general, the
lithology which predominates in this cavity is the detrital
type of iron crust, composed of densely distributed
fragments (plenty of debris per area) which dimension
oscillate between pebble and block. Moreover, in several
chambers, can be noticed the presence of itabirite. As for the
hydrological aspects, it was observed the presence of drips
associated to the rainy period, temporary channels and
condensation were evidenced on rainy and dry period.

classified as kamenitza. Kamenitza is a Slovenian term that
signifies solution pan. According to Ford and Williams
(2007), this form is characterized by a flat or sub-horizontal
base and by an outfall.
In the case of the kamenitza of the Serra da Piedade, we can
notice that the hematite stratum tend to stay in relief in
comparison with the siliceous stratum. We can deduce that
the solubilization of the siliceous stratum is above the one
of the iron stratum. Nevertheless this iron stratum is also
subject to dissolution. These features have small dimensions
when compared to those observed in limestone (Fig. 11).

The cavity has seven chambers. The first one is characterized
by the presence of rocks and blocks. The lithology of these
deposits is detrital iron crust. However, in the inferior part
of some canga blocks, the itabirite banding can be noticed,
which can indicate an eventual contact between these two
lithologies. Rounded features were noticed in some of
chambers. Between these features, there are several basins
that accumulate water during the rainy period (Fig. 10A). In
basins, we observed sediments that have been transported
by the temporary drainage channel that originates from the
canalicules (Fig. 10B).

Figure 11. Kamenitzas observed in the Serra da Piedade.

Sedimentary deposit fixed on the roof of the gallery was
noticed in this cavity (Fig. 10C). This element can be
interpreted as a witness of a filling in the cavity, in other
words this cave had karstification process. The penultimate
chamber contains a paleofloor, the main feature which
characterize the karstic dimension of the Gruta do Triangulo
(Fig. 10D).

5. Conclusions
From a karst geomorphologic point of view, the shapes
observed in the cavities with karstic features and the
superficial features of dissolution are very important. They
witness the karstification process in the ferriferous rocks,
despite the fact that they are not as developed as those of the
carbonated and siliceous rocks.

Finally, in the last chamber, it was noticed for the first time
that the itabirite is dominant upon the iron crust. The
chamber is characterized by the presence of blocks and
boulders covered with a film. It was also noted that the sand
exudation by the canalicules highlights the activity of the
alteration processes within.

Among the cavities observed and studied, the Gruta da
Piedade is the most important. It has 365 m of development,
a superior value when compared to the other itabirite and
canga cavities already listed in the Quadrilatero Ferrifero
(CECAV, 2010). Besides that, the Gruta da Piedade presents
particular aspects when compared to other karstic cavities
of Serra da Piedade. Among these aspects can be detached:
insertion in the relief, vertical drop, number of entrances,
conduits and chambers.

4.6. Exocarstic Features
During the field period, besides the endokarstic features, the
existence of exokarstic features in the Serra da Piedade was
noticed. These features can be linked to the dissolution forms
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It can be concluded that more researches, focused on this
specific theme are necessary. More specifically, geological
and geochemical analysis shall allow affirmate, with a more
systematized approach, the morphogenesis and the
morphodynamics of these cavities.
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The Glaciar Perito Moreno is one of the few glaciers in the world that is currently affected by recurrent advancements.
Conversely, the adjacent Glaciar Ameghino has been affected by a retreat of ca. 4.5 km in the last 40 years, due to surface
melting and calving.
Both glaciers host several englacial caves formed by surface and internal melting. Swallow-holes (moulins) are mainly
located in the uncrevassed central ablation areas, where the morphological conditions allow the formation of a welldeveloped runoff network that feeds supraglacial channels up to over a kilometre long. In Glaciar Perito Moreno, the
distribution and morphology of glacier swallow-holes in 2010 shows a segmentation of the englacial and supraglacial
drainage system, which could be due to an increase in crevassing and the widening of the extensional zone. Glaciar
Ameghino shows several minor moulins in a restricted area just above the front and some large but unexplored swallowholes in the medial sector of ablation area.

1. Introduction

to voids large enough to be accessible by humans and so it
suffers of a typical exploration bias. Nonetheless, the
exploration of moulins, in glaciers with different dynamics,
is a field of research that can give an important contribution
to glaciology.

In the ablation area of temperate glaciers, the melting of ice
produces a large amount of water which flows over, within
or below the ice mass (Shreve 1972; Seaberg 1988;
Rothlisberger 1998). Supraglacial streams usually sink in
shafts, whose depth is about directly proportional to the
amount of water falling in it. This particular kind of caves
entirely formed in ice are usually named moulins, a French
word meaning “mill”, and develop along vertical fractures
where the supraglacial melting water sinks (Holmund 1988;
Eraso and Pulina 1992; Piccini 2001; Smart 2003).

In the last decades the Southern Patagonian Andes have
been investigated by many speleologists and karstologists
having the main purpose of surveying and studying large
glacier caves. Several moulins have been observed in all the
major glaciers of the Southern Patagonian Andes: Viedma,
Upsala, Marconi, Ameghino, Moreno, Grey, Tyndall and
Pio XI (e.g., Eraso et al. 1998; Badino and Piccini 2004;
Mecchia and Piccini 2011). In fact, one of the peculiarities
of this area is the occurrence of glaciers that descend to very
low altitudes (down to sea level), thanks to the large amount
of snow that falls onto the Andean ridge. This condition
produces a very intensive surface ablation during the
summer season (usually from November to March), which
feeds a well-developed system of supraglacial channels
(named bédières in Europe).

In its inception stage a moulin consists of a little conduit,
completely water-filled (proto-moulins, after Schroeder
1991). In a few weeks the entrance is enlarged and
deepened by the melting action of the inflowing water, until
it reaches an equilibrium size. Due to the downward
movement of a glacier, a moulin remains active until a new
sink-point opens upstream and captures the supraglacial
channel that feeds it (Monterin and Somigliana 1930).
When a moulin is deactivated, the void begins to close due
to the ice collapse, water refreezing or filling with snow.
The time lag of this cycle depends on the flow rate of the
glacier: the faster the ice velocity the shorter the
evolutionary cycle of a moulin.

This preliminary note deals with some caves located in the
Glaciar Perito Moreno (GPM), investigated in 1995 and
2010, and Glaciar Ameghino (GA), investigated in 2010.

The functioning of the internal drainage of a glacier and its
relationships with the subglacial one are still based on
mainly speculative hypotheses or conceptual models, even
if the seasonal and diurnal fluctuations of the water level
inside moulins suggest in some cases that the drainage of
meltwater absorbed by supraglacial sink-points is not
directly linked to the subglacial water flow (Piccini 2001;
Badino and Piccini 2002; Mavlyudov 2006).

2. Geographical overview
The GPM is situated in the Parque Nacional Los Glaciares
and was designated a UNESCO World Natural Heritage site
in 1981. The glacier descends about 30 km to the east from
the Hielo Patagonico Sur ice sheet. The main watershed lies
at an average altitude of about 2,200 m, reaching the highest
elevation at the Cerro Pietrobelli (2,950 m a.s.l; Fig. 1). The
GPM covers about 250 km2, 70 % of which belongs to the
accumulation area and the remaining 30 % to the ablation
area. The equilibrium line lies around 1,150–1,200 m a.s.l.
and has been stable in the last years (Aniya and Skvarca
1992; Roth et al. 1998).

Finally, the shape of moulins reflects the local stress pattern
of the ice and can be considered as an indicator of the flow
mechanics (e.g., Holmund 1988; Eraso et al. 1998; Gulley
et al. 2009a).
Despite their importance in understanding the hydrology of
glaciers, the knowledge on englacial caves is still restricted

The glacier surface is quite clean, with the exception of a
medial moraine line recognizable in the central part. The
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Figure 1. Sketch map of Perito Moreno and Ameghino glaciers with the location of main moulins surveyed in 1995 and 2010 expeditions
(contour-lines from GDEM ASTER, modified on the basis of topographic maps).

front overlooks a branch of Lago Argentino (185 m a.s.l.)
with a 50–80 m high ice cliff. The thickness of the glacier
is about 750 m, at 8 km from the front (Roth et al. 1998),
and reduces to 160 m at the terminus (Stuefer et al. 2007).

glacier’s front overlooks a lake, which is about 4.5 km long
and fills the entire valley from side to side (Fig. 2). The lake
is formed by the damming of a terminal moraine, related to
a major advance phase occurred during the 18–19th century
(Little Ice Age; Aniya and Sato 1995; Aniya, 1996). The
GA was affected by a strong retreat of about 4.5 km in the
last 40 years.

The GPM can be considered one of the few glaciers that is
in an apparent steady state, respect with most of the other
glaciers worldwide (Roth et al. 1998; Masiokas et al. 2009).
Otherwise, the most famous characteristic of the GPM is
the recurrent advancement of the front, which closes the
water passage between the two branches of Lago Argentino.
This obstruction causes the lake level in the branch
upstream to rise 20–25 m. Successively, the increased water
head opens a subglacial tunnel which enlarges upward
forming a spectacular bridge, until the lake returns to an
equilibrium level. The glacier is affected by frequent fall of
ice blocks from the front, in the order of several hundred
cubic metres per day, at least in the summer season.

These two glaciers are emblematic of a very different
dynamic state, which cannot be due to different climatic
conditions; in fact they have the same feeding area, same
orientation (aspect) and almost the same elevation range.

The GA lies between latitudes 50°24’ and 50°27’ South and
longitudes 73°10’ and 73°21’ West. The total extent is about
80 km2, 45 km2 of which are in the ablation zone. The
highest parts of accumulation area reach 2,260 m a.s.l.
(Aniya and Sato 1995), while the front descends to 230 m
a.s.l. (Fig. 1).

Figure 2. The calving front of Glaciar Ameghino (photo L. Piccini,
La Venta).

The ablation zone consists of an about 10 km long tongue,
which descends to the east lightly curving to the right. The
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3. Methods

Table 1. Main englacial caves explored during 1995 and 2010
expeditions at Glaciar Perito Moreno.

During the expedition in 2010, the GPM and GA were
investigated through field prospection aimed to position all
the moulins and the epidermal caves. Positioning of cave
entrances was performed by Global Positioning System
(GPS) in 2010, and by compass triangulations to the most
relevant mountain tops around the glacier in 1995.
During 2010 field surveying, the main supraglacial
channels were mapped using the “tracking” tool of the GPS.
The tracks and the location of the moulins allowed us to
delimitate the areas where supraglacial drainage is well
developed and the zones of sinking of supraglacial streams.
This survey cannot be considered very precise, due to the
scarce accuracy of the GPS in the area (usual degree of error
30–40 m), anyway, many repeated measures and a crosscheck between the GPS and compass positioning has
allowed reducing the error to a few tens of metres.
Moulins were descended using standard caving and iceclimbing tools and surveyed using speleological mapping
techniques (Palmer 2008). Distances were measured with a
20 m survey tape or with a laser distance-meter (using a
rigid plastic tablet as target). Where possible, cross sections
were measured through the survey tape, whereas the heights
of larger conduits were estimated on pictures. Directions of
cave segments were measured with a 1° precision compass,
slopes with a 1° precision rolling-disk inclinometer. No
tripods were used due to the characteristics of englacial
conduits and the difficult operational settings.

UTMW
UTM S Elev.
(18)
(18)
(m
(WGS84)
(WGS84)
s.l.m.)

Depth
(m)

Length
(m)

520

-40

1,150

4405.319
4405.238

435
440

-25
-50

35
230

632.943

4405.637

445

-55

75

17/02/2010
17/02/2010

632.683
632.945

4405.303
4405.259

445*
445*

-38
-17

60
20

Coltrane
(2010)

19/02/2010

633.455

4405.205

435

>25

>30

PM10 Coltrane 2

19/02/2010

633.715

4405.392

430

-52

90

PM10 Guide 1

21/02/2010

635.188

4403.906

370

-43

85

PM10 Guide 2

21/02/2010

635.276

4403.934

370

-54

65

Name

Date

Perito
Meccanico

03/1995

631.965

4403.427

Minas
Coltrane

19/03/1995
23/03/1995

631.974
633.678

Monterin

20/03/1995

PM10 - a10
PM10 - a13

Table 2. Main englacial caves explored during 2010 expeditions
at Glaciar Ameghino.
UTMW
UTM S Elev.
(18)
(18)
(m
(WGS84)
(WGS84)
s.l.m.)

Depth
(m)

Length
(m)

260
255

-23
–

25
–

4412.460
4412.489

250*
282*

-36
-30

40
32

628.115

4412.615

245*

-43

50

27/02/2010

628.114

4412.558

240*

-23

30

27/02/2010

628.119

4412.532

240*

-21

28

Name

Date

AM10-09
AM10-12

26/02/2010
25/02/2010

627.726
627.861

4412.529
4412.437

AM10-17
AM10-21

26/02/2010
26/02/2010

627.978
626.631

AM10-25 Bingo1

26/02/2010

AM10-27 Murena 1
AM10-28 Murena 2

Figure 3. The morphology of the major moulin surveyed in 1995: named “Coltrane”. The large bottom gallery is located about
40–45 m below the surface.
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4. Results
4.1. Glaciar Perito Moreno
In its current state, the glacier has two main areas having
morphological and hydrological conditions suitable for the
formation of moulins. A third and upper zone, located
between 550 and 650 m a.s.l., was seen from a far panoramic
point and aerial photos but was not reached by us.
The two areas occupy a central position in the ablation zone,
at elevations situated between 420 and 550 m a.s.l. and 6 to
8 km far from the terminus. In these zones the surface
drainage is well developed, with longitudinally oriented
bédières running parallel to each other. The larger channels
reach discharges up to some cubic metres per second.
In 1995, the main medial torrent fed a large shaft situated
slightly above the belt of crevasses that cuts the glacier at
about 5.5 km from its front and which separates the two
uncrevassed areas. The swallow hole had fortuitously
become inactive during the expedition, due to the opening of
a new sinking point some dozens of metres upstream. This
circumstance allowed descending a 40 m pit (Fig. 3) and
reaching a ca. 200 m long horizontal tunnel (Fig. 4). This
cave, named “Coltrane” by the first explorers, is one of the
largest ever surveyed in the world.

Figure 4. The large englacial gallery at the bottom of the entrance
shaft of moulin “Coltrane”. Note the vertical fracture on the ceiling
of the conduit (photo T. Bernabei, La Venta).

Figure 5. The morphology of the major moulin surveyed in 1995: named “Coltrane”. The large bottom gallery is located about 40–45 m
below the surface.
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4.2. Glaciar Ameghino

In 2010 a moulin fed by the same supraglacial stream was
found about 200 m upstream than its 1995 position, but still
having similar characteristics. The large amount of water
didn’t allow us to descend the moulin for more than 20 m.
About 300 m downstream, an inactive pit was found, about
60 m deep but not very wide, probably deactivated several
months before and in a state of advanced collapse. In the
same area, other active pits with depths up to 30 m were
descended.

The ablation area of Ameghino has a wide central plateau,
situated between 550 and 750 m of elevation, where the
superficial drainage is well developed. Here a series of not
yet explored moulins were discovered in 2010. Entrances
are aligned in the direction of the ice flow along a central
depressed bend close to the medial moraine. Further
downstream, there is a transversal belt of crevasses which
cut the entire tongue at around 400 m elevation,
corresponding to an abrupt increase in its slope.
Downstream this crevassed area, there is a relatively regular
and flat sector just upstream the frontal zone. In this zone
the surface ablation is very intense, due to the low elevation
and the exposure to sun. Superficial drainage is very well
developed but not very structured. Several bédières occur,
having a longitudinal orientation (E–W) in the central zone
and an oblique one (NW–SE) in the southern zone. The
northernmost sector is intensively crevassed and has no
superficial drainage.

In 1995, a supraglacial stream, located about 700 m further
south-west, was captured by a small shaft (that was called
“Perito Meccanico”) from which a long epidermal conduit
develops. The conduit was surveyed for more than 1 km
(Fig. 5), walking in a flooded tunnel 5–10 m below the
surface (Fig. 6). The tunnel had usually a circular or
elliptical section, 2–3 m wide, and was not clearly guided
by fractures. This cave wasn’t found again in 2010.

In the frontal zone, 15 accessible moulins were found, some
of which were quite large and fed by flows having up to
several hundred l.s-1 of discharge. The deepest moulin was
descended for about 30 m and seen for another 20 (Fig. 8).
All the explored moulins have similar sizes and
morphologies and consist of a first 20–30 m deep pit with
a narrow gorge at the base, which is only traversable for a
few metres.
Generally, the glacier has very pronounced fusion forms and
in the upper zone, the greater rate of superficial runoff
allows the occurrence of cavities having larger sizes than
the ones explored in the lower zone.

Figure 6. A segment of the epidermal tunnel in the “Perito
Meccanico” Cave; note the low-angle crack that guides the
development of the conduit (photo La Venta).

The lower uncrevassed sector of the GPM is located on the
right side of the glacier, about 5 km upstream the terminus
and at elevations between 350 and 400 m a.s.l. It is rich in
water streams having both longitudinal courses at the centre
of the glacier and oblique courses in the southern part. In
this zone a large moulin, consisting of a first 20 m pit
followed by a gorge with other small vertical drops, was
surveyed (Fig. 7); a 43 m depth was reached, while the
extension was 80 m. Closely, another 54 m deep moulin was
descended, which continued with a narrow meander.

Figure 8. Survey of three moulins explored in 2010 in the lower
sector of Glaciar Ameghino.

5. Discussion and conclusions
The epidermal conduit (Perito Meccanico, surveyed in
1995) had a circular or elliptical section, usually 2–3 m in
diameter, and was formed along almost horizontal fractures
for most of the length. No vertical fractures guiding the
direction of the conduit were observed.
Horizontal tunnels can be formed through a “cut-andclosure” type process (Gulley et al. 2009b), but in this case
the characteristics of the ice and the shape of the tunnel
suggest an origin by melting starting from an englacial
conduit. In our opinion this conduit was formed along a
series of low-angle fractures, gently dipping upstream. This
epidermal cave was located in the central sector of the

Figure 7. Survey of two moulins explored inn 2010 in the lower
sector of Glaciar Perito Moreno.
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ablation zone, where the glacier is affected by a
compressive flow, which can form low-angle thrusts almost
parallel to the ice surface. This explains the shallow depth
of this cave that runs just a few metres below the glacier
surface.

Badino G, Piccini L, 2002. Englacial water fluctuation in moulins:
an example from Tyndall Glacier (Patagonia, Chile). Nimbus,
23–24, 125–129.
Badino G, Piccini L, 2004. Glacial karst in the world. In: G Badino,
A De Vivo, L Piccini (Eds.). “Caves of Sky: a journey in the heart
of glaciers. Edizioni Tintoretto, Treviso, 71–100.

The major explored moulins in the GPM are made up of a
first vertical shaft, from 20 to 50 m deep, followed by gently
inclined canyon. The first shaft is always located along a
vertical fracture. In the “Coltrane” Cave (1995), the entrance
shaft and the first part of the conduit were clearly guided by
a vertical fracture (Fig. 7), whereas the second part of the
tunnel did not show any structural control. Conversely,
vertical moulins are formed at the downstream borders of
the uncrevassed areas, usually just upstream of the
transversal crevassed areas, where the mechanical conditions
change from compression to extension.

Eraso A, Pulina M, 1992. Cuevas en hyelo y rios bajo los glaciares.
McGraw Hill, Espana, 242.
Eraso A, Badino G, Mecchia M, Gavilan C, Bernabei T, 1998.
Results of the main directions of subglacial drainage prediction
method applied to Perito Moreno Glacier. Salzburger
Geographische Materialen, 28, 35–46.
Gulley JD, Benn DI, Screaton E, Martin J, 2009a. Mechanisms of
englacial conduit formation and their implications for subglacial
recharge. Quaternary Science Reviews, 28, 1984–1999.
Gulley GD, Benn DI, Muller D, Luckman A, 2009b. A cut-andclosure origin for englacial conduits in uncrevassed regions of
polythermal glaciers. Journal of Glaciology, 55 (189), 66–80.

Englacial canyons always go to NE that is the flow direction
of the glacier. This is well emphasized by the two graphs in
Figure 9, which show the distribution of directions measured
in the epidermal tunnel (Perito Meccanico) and in the major
moulin (Coltrane) surveyed in 1995. The general trend of
the two caves is almost the same, although they were formed
in a very different stress pattern, and is consistent with the
ice flow direction. This could be due to a limited depth of
the fractures in the area where “Coltrane” Cave opened.

Holmund P, 1988. Internal geometry and evolution of moulins,
Storglaciaren, Sweden. Journal of Glaciology, 34 (117),
242–248.
Masiokas MH, Rivera A, Espizua L E, Villalba R, Delgado S,
Aravena JC, 2009. Glacier fluctuations in extratropical South
America during the past 1000 years. Palaeogeography,
Palaeoclimatology, Palaeoecology, 281, 242–268.
Mavlyudov BR, 2006. Glacial karst, why is it important to research.
Acta Carsologica, 35/1, 55–67.
Monterin U, Somigliana C, 1930. Sulla costanza di posizione dei
pozzi glaciali. Bollettino Comitato Glaciologico Italiano, 10,
211–225.
Naruse R, Skvarca P, Kadota T, Koizumi K, 1992. Flow of Upsala
and Moreno glaciers, southern Patagonia. Bulletin of
Glaciological Research, 10, 55–62.
Piccini L, 2001. The glacier caves of Gornergletscher (Switzerland:
preliminary notes on their morphology and hydrology. Geografia
Fisica e Dinamica Quaternaria, Suppl. V, 151–156.
Rothlisberger H, 1998. The physics of englacial and subglacial
meltwater drainage – theory and observation. 4th Symp. On
Glacier Caves and Cryokarst in Polar and High Mountain
Regions, Salzburg, Austria, 13–23.

Figure 9. Rose diagrams showing the direction of development of
“Coltrane” moulin (A) and “Perito Meccanico” Cave (B).
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In March 2009 the Guacamaya Cave was discovered on the Auyan Tepui. It represents one of the longest caves explored
on this table mountain, the only one known today with a complete horizontal development, comparable with those of the
Brewer Cave System, in the Chimanta Tepui (the world largest sandstone cave). Guacamaya Cave presents peculiar
morphologies, developed along an obvious bed of iron hydroxides and amorphous silica (Banded Iron Formation, BIF)
interposed between hard and massive quartzite banks. In the walls around this layer, a variety of opal speleothems, of unusual
dimensions and shapes, together with gypsum flowers and crusts have been documented.
Here we present a compositional and morphological characterization for the BIF layer and one tufa-like bio-speleothem.
The speleogenetic control exerted by the BIF stratum is discussed, and in relation to collapse morphologies observed on the
surface. An attempt to date the bio-speleothem with the U-Th system shows the difficulties of applying this method to these
silica formations, because of post-depositional alteration in this porous material.

1. Introduction

Many hypotheses were discussed by previous authors
regarding the genesis of these caves, from the weathering
process called “arenisation” (Martini 2000; Piccini and
Mecchia 2009) to hypogenic processes related to
hydrothermal activity (Zawidzki et al. 1976), or even
diagenetic predisposition (Aubrecht et al. 2011), but these
ideas are still in discussion and there is not yet a clear
understanding of the main speleogenetic factors (Sauro et al.
2012b).

In the last twenty years many new cave systems have been
discovered in different “tepuis” (table mountains) of the
Guyana Shield (Venezuela and Brazil), formed in the
Precambrian quartzite sandstones of the Roraima Supergroup
(Piccini and Mecchia 2007; Sauro 2009; Aubrecht et al.
2011). The formation of caves and karst features in quartzite
rocks is considered exceptional given the low solubility and
solution rates of quartz (Wray 1997a, 1997b). These recent
explorations have shown that the largest karst systems in
these poorly-soluble siliceous rocks are controlled
predominantly by stratigraphic rather than by tectonic factors.

In this work we present a morphological description of the
Guacamaya Cave, the longest horizontal cave explored in the
Auyan Tepui (1.1 km). In addition to the impressive variety
of silica bio-speleothems (Aubrecht et al. 2008a) and
secondary minerals such as gypsum that were documented
in a lateral fossil branch, this cave shows a peculiar
characteristic not documented in other quartzite caves of the
area: a bed of iron hydroxides (Banded Iron Formation)
strictly controls its development.
We performed petrographic studies with thin section and
SEM imaging, EDX and XRD chemical analysis on iron
hydroxide layers, silica bio-speleothems and gypsum. In
addition, following Lundberg et al. (2010), we attempted to
date one of the bio-speleothem by the U-Th system.

2. Geographical and geological setting
The Gran Sabana is a wide geographical region located in
northern South America, between Venezuela and Brazil,
crossed by several tributaries of Rio Caroní, which in turn
flows into the Orinoco River. The main massifs of the Gran
Sabana, named “tepuis”, have the shape of large table
mountains. They are delimited by vertical to overhanging
walls, often more than 1,000 m high. The massifs are
separated from each other by the surrounding lowlands of the

Figure 1. The Auyan Tepuy with caves locations: Guacamaya Cave
(Guaca), Sima Aonda (Aonda), Sistema Auyantepui Noroeste (SAN).
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Wonkén planation surface (Briceño and Schubert 1990).
More than 60 tepuis are present in the region and Guacamaya
Cave opens in the northernmost one, the Auyan Tepui
(700 km2, Fig. 1), not far from the Angel Falls, considered
the highest waterfall in the world (975 m).
From a geological point of view the Gran Sabana is part of
the Guyana Shield. The igneous and ultra-metamorphic rocks
in the northern portion of the shield (Imataca-Bolivar
Province, after González de Juana et al. 1980) have an age
of 3.5 Ga. The silico-clastic rocks (Roraima Group) belong
to the continental-to-pericontinental environment of the
Roraima-Canaima Province (Reid 1974). The age of this
arenaceous group can be inferred only on the basis of the
absolute dating of the granitic basement (2.3–1.8 Ga) and of
the basaltic dykes and sills that cross the upper formation of
the Roraima Group (1.4–1.8 Ga) (Briceño and Schubert
1990; Santos et al. 2003). The Roraima Group was also
intruded by Mesozoic diabases (Hawkes 1966; Teggin et al.
1985). These form thin NE-trending dykes with ages around
200 Ma.

Figure 3. Lower valley entrance and the uroofed continuation of
the cave.

2.1. Morphological description
The main branch of Cueva Guacamaya is a hydrologic tunnel
about 350 metres long. A permanent stream with a discharge
of some litres per seconds crosses the cave from the highest
entrance (Higher Entrance in Fig. 2) to the resurgence (Lower
Entrance in Fig. 2). About one hundred meters from the lower
entrance, a lateral fossil branch develops to the south for 700
metres ending in a boulder choke close to the surface (Tramo
de los Opales). The passage is of significant size, more than
30 metres wide and about 15 high in some sectors, with a
great collapse room (Salon Roberto Campano) at the
intersection of the two branches.

A slight metamorphism, with quartz-pyrophyllite paragenesis
in the more pelitic beds, is the result of the lithostatic load of
almost 3-km-thick sediments now eroded (Urbani et al.
1977).
Guacamaya Cave is developed in the Mataui Formation, the
younger deposits of the Roraima Group, about one and a half
billion years old (Santos et al. 2003). These are quartzitic
sandstones of 600 to 900 metres thick, which form the highest
part of the tepui. These sandstones are made up of quartz
grains, representing well over 90% of the composition, held
together by a cement, also mostly quartz, which gives them
the term “quartz-arenite” (Martini 2000, 2004).

It is evident that the cave is part of a more extended system,
now dissected and open to the surface: the valleys upstream
and downstream of the cave represent the unroofed
continuation of the main gallery, showing the same
lithological control (Fig. 3). To the east a wide and complex
area of tilted and fallen boulders is probably related to the
collapse of the gallery in a more fractured sector of the

From a structural point of view folds are absent, except for
some wide-curvature folds at a very large scale. The bedding
in the proximity of the cave is slightly inclined toward the
east. Some sets of mainly vertical fractures cut the plateaus,
creating a regular network of quadrangular prisms. Important
faults have not been observed, at any scale.

Figure 2. Plan, profile and cross sections of Guacamaya Cave.
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Figure 4. Different morphotypes of biologically mediated silica speleothems. A) tufa-like speleothem; B) champinons agglomerate;
C) Giant corralloid wind-guided stalactite; D) “clouds” formations on the wall; (Photos by F. Sauro).

plateau. In general the relict cave is situated at shallow depth
from the surface, only 10–5 metres in some places.

Only few speleothems were sampled for this study, in
particular a “champignon”-type bio-stromatolite, which we
attempted to date.

Both the active and the fossil branches are developed along
a layer of iron hydroxides with minor amorphous silica,
similar to typical Banded Iron Formations, from some
decimetre to a metre thick. This control is evident in the cross
sections of the galleries showing an elliptical or keyhole
profile. Original small phreatic conduits entrenched by
vadose canyons are recognisable.

Gypsum was commonly found in the dry gallery of “Tramo
de los Opales”. Two different preferential mineralization sites
were observed: on the floor, in the form of acicular crystals
around weathered blocks of quartzite fallen from the cave
ceiling; or as overgrowth on the surface of the amorphous
silica bio-speleothems.

2.2. Silica speleothems and gypsum

3. Methods

The cave shows a wide variety of silica and opal speleothems,
in particular in the “Tramo de los Opales” (Fig. 4). These
formations are concentrated nearby the iron hydroxide layers,
preferentially where the gallery cross sections are reduced,
with increasing air flow. This branch of the cave is in fact
characterised by a strong wind between the two main
entrances and the highest final boulder choke open to the
surface. Speleothems of different forms and dimensions were
observed: coralloid speleothems like “dolls”, tufa-like
“champignons” (Fig. 4B), “kidneys” and all the morphotypes described by Aubrecht et al. (2008a). More complex
composite formations completely cover the cave walls for
several square metres (which we have called “clouds”,
Fig. 4D). A spectacular wind-guided coralloid stalactite 1
metre long was also documented (Fig. 4C).

For X-Ray Diffraction analyses (XRD) iron-hydroxide bed,
silica biospeleothems and gypsum samples were ground to
an ultrafine powder in an agate mortar and lightly pressed in
a plastic sample holder. XRD patterns were recorded with a
Philips PW 1050/25 and a PANalytical X’Pert PRO
Diffractometer (experimental conditions 40 Kv and 20 mA
tube, CuKα Ni filtered radiation λ = 1.5418 Å) at the
Department of Geology of Modena-Reggio Emilia
University. In order to better identify iron hydroxides we
employed Raman spectroscopy on a fresh cut surface of
sample GC3. The Raman spectrometer is an Horiba Jobin
YVON – LABRAM HR, with spot size ~2 µm, hole 300 µm,
slit 300 µm, 10× optical objective and 632.81 nm wavelength
(i.e. red light).
For X ray fluorescence chemical analysis of the banded iron
formation the sample was finely ground and analyzed in an
Axios PANalitical spectrometer equipped with 5 diffraction
crystals in the ETHZ Geologic Institute facilities (Zurich).
Because of the uncommonly high iron content, samples had
to be diluted with pure silica in order to compare them with

In general, biologically mediated speleothems such as
champignons grow mainly on sharp edges of quarzite blocks
or emergent quartz veins (in relief due to differential
weathering, resembling boxwork) and they show the
tendency to growth toward the centre of the conduit.
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standards. Thus, a variety of powder-pills with different
percentages of sample and pure silica were analysed.

nodules and goethite agglomerates. Also rare remnants of
siderite and dolomite were identified by EDX punctual
chemical analysis, both typical minerals of BIFs (Klein
2005).

For Sem images we used a FEI Quanta 200F SEM equipped
with an EDAX Pegasus detector for Energy Dispersive
X-ray Spectroscopy mapping (ETH, Zurich).

WD-XRF Fluorescence analyses show that the BIF layer is
composed of 76 % of iron with only 18 % silica, with minor
phosphorus (2 %). Phosphorus is also typical of Banded Iron
Formation because it tends to be absorbed into iron oxides
(Bjerrum and Canfield 2002). Aluminium is below the 2 %,
with potassium and calcium below the 0.01 %.

For the dating attempt of the silica bio-speleothem the
methods described by Lundberg et al. (2010) were applied.
Small samples (~0.1 g) were taken from two different layers
under binocular microscope avoiding the opalized
laminations and the vuggy dark-colored material. Samples
were ultrasonically-cleaned, spiked with 233U–236U–229Th
tracer, dissolved in a mixture of concentrated HNO3 and HF
over 48 h on a hot plate, dried, and then taken up in 7 N
HNO3. U and Th were isolated on anion exchange columns
(Dowex AG1-X 200–400 mesh). Measurement of U and Th
isotopic ratios was made by thermal ionization mass
spectrometry (TIMS) using the Triton thermal ionization
mass spectrometer at the Isotope Geochemistry and
Geochronology Research Facility, Carleton University,
Ottawa. Ontario. The analyses were accompanied by the
processing of uraninite in secular equilibrium to ensure
accurate spike calibration and fractionation correction.
Activity ratios were calculated using half lives from Cheng
et al. (2000).

Of the minor elements, Zn and Cu are present, together with
relatively high U and Th concentrations (respectively 96 and
24.5 ppm).
Aubrecht et al. (2011) described similar iron hydroxide
deposits in the Churì Tepui as by-product of laterization (clay
minerals turned to Fe-hydroxides by weathering).
In the case of Guacamaya Cave the strata consists in a
continuous meter thick layer in between the quartz-sandstone
beds. Its structure finely laminated (fig. 5C), its high content
of iron (more than 70 %) and minor amorphous silica are in
full agreement with the definition of James (1954) and
Trendall and Morris (1983) for Precambrian banded iron
formations. The depletion of Al and the lack of a typical
latheritic profile suggest that this strata represents a true BIF
formation deposited in a shallow marine environment and
not a by-product of laterization. Alternatively, this layer could
represent a only partially preserved paleo-soil (iron enriched
part of the profile), related to weathering and temporary
emersion just during the Precambrian (Gutzmer and Beukes
1998; Beukes et al. 2002).
In some place the iron hydroxide bed is folded and stretched,
clearly because of shear related to the lithostatic load and the
stronger rigidity of the overlying beds of quartz-sandstones.
In places, where the layer is stretched it is possible to observe
the weathered iron hydroxides flowing out from the strata
forming massive brownish flowstone, similar to other
goethite speleothems described in other quartzite caves of the
Sarisariñama and Chimanta tepuis (Zawidzki et al. 1976;
Aubrecht et al. 2011).
Banded Iron Formations are well documented in other areas
of South America (Dorr 1973) but were never described
before in the Mataui Formation, probably because they are
present only locally and because they are much easier
weathered than the quartz-arenites.
The role of this bed in guiding the speleogenesis is
particularly evident in the Guacamaya Cave, and also in the
nearby higher platforms of the Auyan Tepui, where intensive
collapses show a predominantly stratigraphical distribution
(headwall retreat by basal erosion). It probably represents
what is commonly defined as an “inception horizon” in
classical karst (Lowe 1992), due to peculiar chemical or
rheological characteristics. Many of the hypotheses about
speleogenesis in this region are consistent with the
petrographic properties and behaviour of this bed. This could
include regions of enhanced primary porosity, or even a
seepage water alkalinisation effect on the contact with the
quartz-sandstone beds, with increasing solubility of quartz
and therefore arenization (Martini 2000). Micro-crystalline
iron hydroxides in peculiar conditions are also more soluble
than silica (Schwertmann 1991) and this factor could enhance

Figure 5. The GC3 sample of the Banded Iron Formation bed:
A–B) location of sampling in the Tramo de los Opales; C) thin
layers of iron hydroxides in thin section; D) SEM image of iron
hydroxides aggomerates in the not laminated part; E) Raman
spectrum of GC3 compared with the spectrum of goethite and
hematite.

4. Results and discussion
4.1. Banded Iron Formations, their geochemistry and
their control on speleogenesis
X-Ray diffraction and Raman analyses show that the Banded
Iron Formation is composed mainly of goethite and hematite,
together with minor amorphous silica (Fig. 5C). In thin
section and SEM images it presents a thin laminations, with
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Figure 8. Isotopic ratios from sample GC1 inner(i) and outer (o)
layers. The lines labelled “3.6”,”3.3”, and “3.0” are ingrowth
curves for initial UU ratios, using ratios from Lundberg et al 2010.
Both samples lie outide of the dating envelope (graph was drawn
using Ludwig 2000, Isoplot).

observed also in the samples from Chimanta tepui described
by Aubrecht et al (2008a) and Lundberg et al. (2010),
suggesting that this process could be driven by regional
climatic factors.
The two layers sampled for U-Th dating (GCo and GCi in
Fig. 6) show high but different contents of uranium: 4.33 ppm
in the inner layer, 0.86 in the outer one. This disparity
suggests a potential contamination of U rich particles of dust,
probably related to the BIF layer that shows really high
concentrations of this element. Particles of dust are
impossible to observe in thin section or with an optical
microscope, but are evident in SEM images. Therefore is not
possible to exclude them during the sample preparation.

Figure 6. The “champignons” bio-speleothem GC1.

The isotopic ratios resulted from TIMS analysis are shown
in table 1. The 230Th/238U versus 234U/238U, plotted in Fig. 8.
The ingrowth curves for initial 234U/238U ratios are those from
dated speleothem of the Chimanta tepui published in
Lundberg et al (2010). Figure 8 shows that both samples from
GC1 lie outside of the dating envelope, and therefore cannot
be dated by this method. This is due probably to depletion in
238
U in comparison with the original ratio, related to leaching,
or contamination from other sources of uranium (dust
particles). The porous nature of this material suggests that,
in spite of the low solubility of silica, the system probably
has been open for uranium migration.

Figure 7. Tubular cast structure of the outer layers in GC1.

weathering. Further research is needed to better understand
the main speleogenetic factors enhancing the opening of
voids along this peculiar layer.

With respect to the genesis of this silica bio-speleothem,
some observation can be given (Fig. 9). All these speleothems
grow on sharp edges, prominent veins of quartz and in
proximity of the iron hydroxides layers. A control in their
formation by air flow and condensation-evaporation
processes is evident also in the anisotropy of the inner layers.
These observations not only support the idea of Aubrecht et
al. (2008b) that the major source of silica is related to a smallparticle aerosol driven by air flows, but also suggest that
silica dissolved by condensation waters could be an important
source collected on quartz veins and prominent edges of the
cave walls. The changing equilibriums between these two
sources (growth driven more by aerosol or more by
condensation water) in wetter and dryer periods could be the
cause of the opalized layers and more porous external ones.

4.2. Silica biospeleothems
The tufa-like silica bio-speleothem (Fig. 6) is shown to
consist of two main textures: tubular casts and peloids
(Fig.7). Quartz grains, derived from weathering and
arenization of the cave walls, are also common. The inner
layers are opalized, while the outer whitish layers are softer
and preserve the original structure. The opalization is related
to hydration processes, and therefore could be related to
longer time of fluids seeping (and therefore with age) or with
peculiar events The same opalization of the inner layers was
302

Karst and Caves in Other Rocks, Pseudokarst – oral

2013 ICS Proceedings

Table 1. Concentrations of 238U in the sample GC1 and isotopic ratios for different isotopes of U and Th.
Sample

Age (ka)

U 238
conc
microg/g

230 Th /
234U

2s Error

230 Th /
238U

2s Error

234U /
238U

2s Error

GC1 Inner layer

Not datable

4.33

1.6009

0.00354

1.0927

0.0022

0.6825

0.0007

GC1 Outer layer

Not datable

0.86

1.3124

0.0086

1.0339

0.0033

0.7878

0.0049

depositional alteration, and the possible presence of
contaminant dust, limits the ability to date these samples with
the U/Th system.
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GOBHOLO CAVE: A LONG GRANITE CAVE IN SWAZILAND
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The results from the 2012 year’s reconnaissance expedition to the first major cave reported from Swaziland, southern
Africa, will be presented and discussed. The cave is formed by deep weathering and fluvial transport of weathering products
in the 2.7 Ga old granites of the Mbabane Pluton, Kaapvaal Craton. So far only a small fraction of the cave has been
explored, but with Gobholo River running underground for 1.8 km there is potential for a cave measuring thousands of
meters in length. In the higher levels pottery has been found. The biology of the cave is surprisingly rich, with three species
of bats, at least five species of spiders and harvestmen, one species of weta, crab, and mollusc, respectively, in addition to
observations of springtails and millipeds. There are numerous and diverse non-calcium carbonate speleothems throughout
the cave. The exploration of this surprisingly complex cave will continue.

1. Background
Early 2011, during the preparation of the Conference on
Granite Caves, one of us (RS) was contacted by Darron
Raw who runs Swazi Trails, an adventure agency in
Swaziland. He wanted to know more about granite caves,
and the reason was that one of the activities Swazi Trail
offered is an Adventure Caving trip to Gobholo Cave, a
large granite cave near Mbabane, the capital of Swaziland.
The trip runs for more than two hours, so the cave had to
be of considerable dimensions, and Swazi Trails had run
trips there for more than a decade. Still, nothing was known
about the cave, its origin or significance. Available sources
(Middleton and Waltham 1986; Laumanns 2008) indicated
that there are no known caves in Swaziland, at all.
Meanwhile, RS wrote a presentation of the cave and its
plausible origin (Sjöberg 2011); this paper was the working
hypothesis for the geomorphological part of the expedition
here presented. All this prompted the idea of a small
reconnaissance expedition to Swaziland and Gobholo Cave,
and for three weeks in late July-early August 2012 two of
us (MS and JL) visited Swazi Trails and Gobholo Cave to
initiate the exploration of this remarkable cave.

Figure 1. Gobholo valley, Swaziland. Gobholo River sinks
underground near the middle of the image. The distance between
the sink and the resurgence is 1.8 km. Source – Google Earth
(image date 2009-07-28).

intruded the up to 3.66 Ga old gneisses of the Ancient
Gneiss Complex.

2. Geological and geographic setting
3. Methods

Swaziland is a small landlocked country in subtropical
Africa, entirely on the Kaapvaal Craton. Gobholo Cave is
in the western part of the country, in the Highveld on the
border to the Middleveld (Figure 1). Topographically the
Highveld is characterized by higher altitudes, with summits
reaching 1,800 m a.s.l., and a large amount of rain (up to
2,000 mm per year). The Highveld is also influenced by
jointing and faulting, with many deeply dissecting valleys.
The Lowveld has more moderate altitudes (800 m a.s.l.
down to 400 m a.s.l.) with less rain.

We surveyed most of the tourist cave using ordinary
analogue survey techniques (Suunto Compass and
Clinometer, together with a Disto DXT for length
measurements). The survey data was daily processed in an
Excel spreadsheet.
The morphology of the cave was inspected on site, both in
the cave and outside at several surface trips.
Speleothems were carefully sampled outside the main
tourist part of the cave. The samples have been equally
distributed between Prof. Juan Ramón Vidal Romaní, A
Coruña, Spain, and the Swedish Museum of Natural
History, for later investigation.

There are no carbonate rocks known from Swaziland
(Laumanns 2008). Most of western Swaziland is instead
dominated by Archean intrusive and metamorphic rocks.
Gobholo Cave is formed in the c. 2.7 Ga old coarse grained
granites of the Mbabane Pluton (Layer et al. 1989), that
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Cave life was collected by hand and stored in 70 % Et-OH
and has been distributed to experts (spiders to Prof. Anise
Dippenaar, Pretoria, South Africa, and crickets to Prof.
Gianmaria Carchini and Dr. Mauro Rampini, Rome, Italy).

4. Results and Discussion
4.1. Gobholo Cave
Gobholo River sinks underground in the upper part of
Gobholo Valley. From there it flows nearly 1.8 km
underground until it exits in resurgence in the lower part of
the valley. Most of the valley floor is covered by saprolite
of unknown thickness. The main entrance to the cave is a
few hundred meters upstream the resurgence, between
residual boulders forming a small boulder heap. From the
large entrance chamber several passages lead steeply down
to the middle levels where corestones are still intact. The
lowermost part of the cave, with the stream, can be reached
in the innermost tourist chamber, at a depth of more than
40 meters under the entrance. The stream passage has not
been explored, but there are multiple parallel passages in
the middle and higher levels of the cave, forming a 3Dlabyrinth. A second source of water in Gobholo Cave has
been found in a small middle level passage, where a trickle
of moderately warm water can be found, indicating the
possibility for at least local scale influences from thermal
water.
We surveyed only about 400 meters of the cave, but the
surface distance from the extreme points in the survey is
slightly more than 100 meters. This gives a factor of at least
3.5 for the length; this number is probably much higher since
many parallel side passages were left unsurveyed. Even if
the stream only can be followed underground for say 1 km,
this indicates that Gobholo Cave eventually will attain a
considerable length, possibly measured in kilometers.

Figure 2. Corestones in the middle level of Gobholo Cave, about
150 m from the entrance. Photo by Johannes Lundberg.

4.3. Biology
The cave ecosystem is surprisingly rich with three species
of bats (schreibers’ long-fingered bat Miniopterus
schreibersii, cape hairy bat Myotis tricolor (Figure 4), and
geoffroy’s horseshoe bat Rhinolophus clivosus), several
species of spiders and harvestman (some with a tendency
towards less pigmentation), and numerous individuals of a
cave living king cricket (Insecta: Orthoptera:
Anostostomatidae). There are also observations of a
stationary mollusc, a pigmented crab, and unpigmented
springtails as well as millipeds, resting lepidopterans, and
small dipterans. Differently coloured colonies of
Actinobacteria can be found on the walls, and the guides
from Swazi Trail reported the histoplasmosis inducing fungi
Histoplasma from bat guano (but there are no reported cases
of histoplasmosis infection after visits in the cave).

Prior to our visit, there have been two competing
hypotheses (or rather guesses) for the origin of the cave (D.
Raw, pers. info.): that the cave is simply a huge talus cave,
formed by boulders that have gravitationally been
transported from the sides of the valley; or that it is formed
by deep weathering of the granite, and that the boulders are
in situ. The presence of free boulders in the upper level of
the cave, and well preserved more or less intact corestones
in the middle and lower parts (Figure 2), indicates that at
least part of the cave is formed by granite deep weathering
(Sjöberg 2011). It is likely that the stream primarily has
acted as a transport agent for the weathering products, but
especially during flooding events it seem to reach high
energies and can act as an erosion agent.

4.4. Archeological potentials

4.2. Speleothems
There are numerous speleothems in the cave, forming
different morphologies. Most common are coralloids and
flowstones (Figure 3), but also draperies are common. Most
of the speleothems in the lower parts show signs of erosion
from streaming water. No stalactites or stalagmites have
been found. It is likely that the speleothems consist of the
common granite cave speleothem forming minerals opal-A
and pigotite (Vidal Romaní et al. 2010).
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In the upper levels of the cave, near the entrance and in
some of the passages leading to the middle levels, scattered
pottery has been found. Until fairly recently, western
Swaziland was mainly inhabited by Khoisan, huntergatherer people now extinct from Swaziland. They were
replaced by bantu-speaking people during the Bantu
migration reaching the area less than 1,000 years ago. The
age and attribution of the pottery is not known. Secret caves
in nearby valleys are used as royal burial sites, but no
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Figure 4. Hibernating cape hairy bat (Myotis tricolor) in Gobholo
Cave. This is one of three species of bats found in the cave. Photo
by Manuela Scheuerer.
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human remains have been found in any cave in Gobholo
Valley.
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Abstract. Fifteen non-karstic caves have been selected in Hungary in order to study cave development in the different
surrounding rocks. Morphological investigations in the granite region has revealed the long weathering process of the
granite, which has resulted balancing rocks and among them woolsack caves. In a basalt area the geological observations
has resolved the formation of the leaning pseudocave, as the basalt blocks were sliding on the underlying sediments.
Further study has shown the cave development in the tuffaceous formations as a consequence of the continuous sliding
and the consequent aggradation. The morphological observations in sandstone caves have shown complex cave
development such as the tectonic movement and erosion. The morphology of the caves in geyserit and hydroquartzite
marks the traces of the alkaline solution and the alteration of the solution and deposition according to the changing pH
value. In clay schist a peculiar cave development was studied, where the karstic cavities have broken down in the underlying
limestone and the realignment of the hollows has formed the cave.

1. Introduction

2.2. Extrusive rocks

In Hungary 4,018 caves have been listed and one quarter of
these, 911 caves, have developed in non-karstic rocks. Karst
cave development depends on several factors, including
acidic solution, erosion, tectonics and fragmentation. On
the other hand non-karstic cavities are influenced by more
than 50 factors governing cave development due to
variations in the composition and structure of magmatic,
sedimentary and metamorphic non-karstic rocks.

Extrusive rocks in Hungary predominantly include rhyolite,
dacite, andesite and basalt. Non-karstic caves have formed
in each of these rock types. Two-hundred and fifty-two
caves are to be found in andesite, 44 in rhyolite, 18 in dacite
and 97 caves have been listed in basalt. One significant cave
from each rock formation is described below. In the Tokaji
Mountains Rózsa Sándor Cave near the village of Regéc
opens in the pyroxene andesite of Mount Kis-Pétermennykő (Figs. 1, 3). Due to denudation the lower, north
western boulder area of the double peaked mountain was
weakened laterally and collapsed to such an extent, that
accessible cavities were formed. The cave consists of a
lower, 26 m long wide passage and an upper 13 m long
crawl way. A 6 m long narrow crevice connects the two
levels. The 80 cm wide entrance to the lower passage opens
beneath a flat rock slab. Behind the entrance a shaft leads
to a small chamber, to the “Anteroom”, after which a
narrow hole leads to a chamber 4 x 6 m and 4 m high, the
“Big Room”. An outlaw legend is related to the cave
(Eszterhás 2011). In the Tokaji Mountains near the village
of Erdőbénye the Ivan Cave is to be found in the rhyolite
cliffs between Mount Mókus and Veres Peak (Figs. 1, 5).
In the cliffs three caves are to be found, among them the
most extensive is Ivan Cave. The cave has three entrances
in the southern side of the cliff. The western and the middle
entrances connect whilst the eastern one is a flat, horizontal
crack. Behind the western and the middle entrances runs a
high crevice partially filled with huge collapse blocks. The
total length of the cave is 29 m. The cave has been formed
by the widening of the fissures (Eszterhás 2011). In the
Szalánci Mountains near the village of Pusztafalu 10 caves
are to be found in the pyroxene-amphiboldacite of Mount
Bükkös. The most extensive of the 10 caves is the 11.5 m
long Desem Cave (Fig 1). The cave is a through cave, which
has been formed by the expansion of the surrounding rock.
The main passage is 7.5 m long and 1.6 m high. From the
main passage three 1.5 m long accessible fissures diverge
northward (Eszterhás 2011). The 51 m long Pokol Hole is
located in the basalt of the Bakony Mountains near the
village of Kapolcs (Figs. 1, 4). The basalt is underlain by a

2. Non-karst caves formed in igneous rocks
Igneous rocks are not subjected to karst processes.
Therefore only non-karst caves are formed in these rock
types. In Hungary magmatic rocks are found most often and
have resulted in the development of many types of nonkarst caves. The following describes the most important
caves according to their surrounding rock structure (Fig 1).
2.1. Intrusive rocks
In the Velencei Mountains 19 caves are to be found in
granite and in granite porphyry. The most extensive cave is
the Zsivány Cave near the village of Pákozd (Figs. 1, 2).
The cave opens in a granite tor, which is composed of rocks
balanced one on the other. The cave development is
connected to the formation of these rocks. The development
process began with the rounding of the granite blocks
through chemical weathering below the gravel blanket.
After the denudation of the gravel coating the rounded
granite blocks reached the surface. Further denudation
cleared out the gravel between the granite blocks and as a
result of this, accessible woolsack caves have formed. The
accessible length of the cave is 15 m and its vertical
extension is 4 m. The average height of the passages is
1.2 m (Eszterhás 2006, 2009; Tarsoly 2011).
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loose sandstone layer and its edge has gradually broken
away. The basalt blocks have not slid down on the slope,
but rest against the bedrock, leading to the development of
a leaning pseudocave, which has formed parallel to the edge
of the outcropping rock formation. The main passage along
the fault line is 24 m long and it is connected with parallel
running side passages. In the sandstone, thick basalt blocks
dam up the seeping water, which emerges in the cave as a
spring with a changing flow rate. This spring feeds a small
lake (Eszterhás 1994).

Figure. 1. Location of the caves.

2.3. Pyroclastic rocks
In Hungary 198 caves have been registered in andesite
agglomerate, 9 caves in andesite tuff, 23 caves in rhyolite
tuff, 6 caves in rhyodacite tuff and 7 caves in basalt tuff.
Four caves are described below from different pyroclastic
rocks. The Vasas Chasm No. 1 Cave in the Visegrádi
Mountains has developed in the andesite agglomerate on
the northern side of the Mount Cseresznyés (Figs. 1, 10).
There, the andesite agglomerate has slid down the clayey
andesite tuff, due to erosion deepening the nearby
Cseresznyés Creek. As a result of this a 250 m long
dilatation fault has evolved, the Vasas Chasm, in which five
caves open. The most extensive cave is No. 1 Cave. The
cave can be accessed through a 38 m long, 10 m deep and
3–4 m wide crevice. The cave passage is 2–3 m high and
70 cm wide and contains some huge boulders. The southern
wall of the passage is bedrock, whilst the northern wall
consists of huge boulders. The ceiling is also composed of
large boulders and narrow upper passages run through them.
The total length of the cave is 50.2 m, its horizontal
extension is 40.2 m and its deepest point is 20.4 m. (Szentes
1971; Szilvay 1996). The Arany Cave is located in the
Tokaji Mountains in rhyolite tuff near the village of Tállya
(Figs. 1, 6). The way in which this partly collapsed
horizontal cave has developed is complex. Originally it was
formed along a fissure by an underground stream. The
natural passage was widened in the 17th century as a mining
tunnel for gold prospecting, however only pyrite occurs in
the surrounding rock. Later, the first part of the tunnel
collapsed and was subsequently dug out in 1993. The length
of the horizontal cave is 50 m. In the cave there is a slow
running acidic knee deep stream. The sulphuric acid content
of the water originates from the pyrite weathering. In the
middle section the roof is nicely decorated with a large
number of 20–40 cm long silicate stalactites. The silicate

Figure 2. Zsivány Cave in the Pandur-kő Tor.

speleothems are mainly composed of α-tridimite. These
rhomboid silicate crystals aggregate into a loose mass and
therefore the speleothems are extremely delicate (Dénes
1996; Eszterhás 2011). The Csörgő Hole opens in the
Western Mátra Mountains in rhyodacite tuff at the southern
foot of Mount Ágasvár (Figs. 1, 7). The 428 m long and
29.6 m deep cave is the longest non-karstic cave in
Hungary. The Csörgő Hole is an atectonic labyrinth. The
development of the cave can be traced back to the
continuous sliding of the rhyodacite tuff and the consequent
aggradation. The first explorer of the cave, the geologist
József Szabó had defined exactly how the landslide had
resulted in the development of the cave: “The position of
the surroundings and the direction of the passages indicates
that the layers, obeying the pull of gravity, are sliding
slowly and continuously toward the bottom of the valley. As
a result of this mass movement the layers have broken apart
and boulders moving at different rates are piling up on one
another….” (Szabó 1871). The boulders are sliding southeastwards on a 20o slope, therefore between the
accumulated boulders passages have formed following a
NE-SW strike. The complicated labyrinth of the cave
consists of several chambers passages of various lengths,
and shafts. Speleothems are not to be found in the cave. The
walls and the ceiling are formed of light grey, granular and
partly weathered tuff boulders. The boulders in the Big
Room are especially spectacular as are those in the “Prow”
and in the M System which contains the 8 m big “Super
Cube”. In the deepest level of the cave the perennial
Vidróczki Spring emerges and in the Bat Chamber an
intermittent lake can sometimes be found. The members of
the Vulcanospeleological Collective have proved by dye
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to be found. We describe a significant cave from both
sediments. In the Köszörű Valley in the Mátra Mountains
the Mókus Bácsi Cave (Fig. 1) has formed as a result of the
alkaline solution of former geysers. Only a solution with a
pH of over 9 would have been able to dissolve the passages
in this cave. The alkaline solutions originated from the
former geysers of the Gyökeres Peak above the valley.
Recently only the remains of the geyser can be observed.
The downward-flowing alkaline solutions have dissolved
many smaller cavities and also cave sized holes in the
conglomerate. The most extensive cave is the 14.6 m long
and 0.5–1.0 m wide Mókus Bácsi Cave above the
Vasalótalp Cliff (Ezterhás 2010). The Betyár Cave in the
Cserhát Mountains is 87 m long, and is the longest
sandstone cave in Hungary (Figs. 1, 8). The cave was
formed in thick calcareous sandstone beds as a result of
different types of cave development. It has formed along a
fault line. Along the fault, the seeping water has dissolved
the limy cementing material and the sand has peeled off
from the loose rock surface and accumulated in the lower

tracing the connection between the Vidroczki Spring and
the Vándor Spring which emerges on the surface. The
distance between the two springs is 130 m and the vertical
difference is 8 m. The dye tested water emerged after 7
hours. The cave temperature is cooler than the surface
temperature. The air temperature in summer is about +4 °C
in the deep level. This phenomenon can be explained by the
extensive evaporation area of the porous tuff, which results
in greater heat extraction (Eszterhás 2010, Ozoray 1962).
The survey of the cave has been published in the
Proceedings of the 15th International Congress of
Speleology (Eszterhás, Szentes 2009). The Gödrösi
Explosion Cave is is located on the Tihanyi Peninsula
(Fig. 1) The cave is the result of a steam explosion, which
took place concurrently with the deposition of the basalt
tuff. Due to the sudden pressure decrease the upward
streaming hot solutions volatilized, which caused
explosions. The steam explosion has created a cavity in the
basalt tuff, which was filled with lime bearing hot solution.
The hole has not collapsed, because the surrounding
material has been cemented by the precipitating lime. The
cave wall is covered with precipitated calcite pisoliths. The
cave was opened by quarry operations in the 1920s. The
15.8 meter long and 6.5 meter deep cave is located on
private property (Eszterhás 1987).

Figure 3. Survey of the Rózsa Sándor Cave.

Figure 4. The Pokol Hole in basalt.

Figure 5. Ivan Cave in the rhyolite cliffs.

3. Non-karst caves formed in sedimentary rocks
3.1. Clastic rocks
In Hungary more than one hundred caves are to be found
in conglomerate and in sandstone. These caves have
developed mainly in siliceous sedimentary rocks such as
conglomerate, sandstone and geyserite. In other
sedimentary rock formations very few non-karstic caves are

Figure 6. Silicate stalactites in the Arany Cave.
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Figure 7. Accumulated rhyodacite tuff boulders in the Csörgő Hole.

Figure 9. The Kalapos-kői Cave in green schist.
Figure 8. The Betyár Cave in sandstone.

level of the distended fissure. This constant process has
resulted in a gradually widening fissure cave filled with
loose sand. Excavations in this sand revealed a large
number of Pleistocene mammal bones and potsherds dating
from the Middle Ages to modern times (Eszterhás 2007).

decorated with spectacular solution forms, which also form
the vault of the ceiling (Eszterhás 1987).

3.2. Chemically formed rocks

The majority of the metamorphic rocks, with the exception
of the marble, are not suitable for the karstification. In the
metamorphic rocks of Hungary caves occur in clay schist,
in calc- and quartz phyllite, in silicified tuff and in green
schist.

4. Non-karst caves formed in metamorphic
rocks

Most limestone, gypsum, salt or dolomite can undergo
karstic solution. However some non-karstic caves are to be
found in chemically formed rock for instance in calc-tufa
deposits. Only non-karstic caves can be formed in
sedimentary rocks which are not soluble in an acidic
environment such as the geyserites, in which 41 caves occur
in Hungary. The well known Spring Cave on the Tihanyi
Peninsula has developed in geyserite (Fig. 1). The cave
opens in the middle of Tihany village in front of the Abbey
in Csokonai Grove. The cave is to be found in a geyser
cone. It is difficult to recognize the original shape of the
cone due to the constructions of Tihany Castle and the
Abbey above it. The cave disappeared after the devastation
of Tihany Castle in 1702, but was re-opened again in the
course of landscaping in 1951. The cave is a gated show
cave, illuminated by electric light. The 14 m long, 2.5 m
wide and 2–3 m high cave is composed of two chambers
and two bigger niches. The cave was developed by alkaline
solution. During the slow discharge of the hot solutions the
pH value is below 8 and polymeric silicic acid is
precipitating, enlarging the geyser cone. The fast discharge
of the solutions raises the pH value above 9 and as a
consequence of that the precipitated silicate dissolves,
forming cavities or cave sized holes. The walls are

4.1. Low grade metamorfic rocks
Four caves are to be found in clay schist in the southern part
of the Bükk Mountains. The Agyagpala Shaft opens 6 km
north of Bükzsérc village (Fig. 1). Behind a 1 m diameter
opening a 9.6 m gradually widening shaft leads to a 13.8 m
long and 3–4 m wide sloping chamber. The volume of the
chamber is about 300 m3. The age of the schist series has
been dated to the Carnian (Liassic). The schist overlays the
limestone. As the karstic cavities have broken down in the
underlying limestone, the realignment of the hollows has
formed the cave in the clay schist which lies above. The
cave is 23.5 m long and 16.6 m deep. In 1998 an owl family
nested in the cave (Eszterhás et al. 1998).
4.2. Metasomatic rocks
The postvolcanic hot siliceous water transformed the
rhyolite tuff into hydroquartzite. This, siliceous rhyolite tuff
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Figure 10. Survey of the Vasas Chasm No. 1. Cave.

occurs in many places in Hungary. In the southern part of
the Tokaji Mountains ten caves are to be found in this rock
formation. Near the village of Legyesbénye is the Fulóhegyi Big Cave (Fig. 1) formed in the siliceous rhyolite tuff.
During the Sarmatian alkaline siliceous hot springs emerged
along the fault lines in the rhyolite tuff, which have silicified
a part of the tuff. Silicate has been deposited from hot
springs below pH8, namely the tuff has undergone
silicification. Occasionally the pH value rises above 9
therefore the precipitated silicate dissolves and forms
cavities. In the southern slope of Mount Fuló ten caves
formed by alkaline solution are to be found. The most
extensive cave is the above mentioned 20.4 m long Big
Cave. Behind the 3 m high and 4 m wide entrance the cave
extends to three larger chambers. In the wall of these
chambers spherical solution caldrons and channels can be
seen. In 1932 archaeological excavations were carried out
in the cave and many artefacts dating from the Bronze Age
to the Middle Ages were found (Eszterhás 2011).

caves which have formed as a result of mass movement and
fragmentation, numerous caves have formed as a result of
alkaline solution.
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TYPES OF NON-KARST CAVES IN POLISH OUTER CARPATHIANS –
HISTORICAL REVIEW AND PERSPECTIVES
Jan Urban, Włodzimierz Margielewski
Institute of Nature Conservation, Polish Academy of Sciences, Cracow, Poland, urban@iop.krakow.pl
On the basis of historical review of progress in exploration and scientific studies and categorisation of non-karst, mainly
gravitational caves in Polish Outer Carpathians (Beskidy Mountains), new concept of these caves’ classifications is
proposed. Two classifications are suggested. According to the genetic classification, in which the criterion is the relation
to the stages of slope evolution, two main types of caves: initial caves and subsequent caves can be distinguished, however
intermediate forms are also observed. According to the geomechanic classification, which accounts the type of
phenomenon-process producing caves, three types of caves can be discriminated: dilation caves, dilatancy caves and strict
boulder caves.

Introduction

gravitational mass movements mainly during the Holocene.
The development of gravitational mass movements, among
which landslides are very frequent, has been facilitated by
geological structures (described above) favourable for the
disturbance of slope equilibrium. The gravitational evolution
of slopes is prolonged process started from gradual, slow
spreading or toppling of massif and finalised with its rapid
failure and formation of landslide. The propagation and then
widening of rock discontinuities is basic element of the
initial, preparation stage of landslide development. The
subsequent relatively rapid mass movement can be
generated by external factors: fluvial erosion, water
overloading of rocks and earthquakes (e.g., Zabuski et al.
1999; Poprawa and Rączkowski 2003; Margielewski 2006).

Polish Outer (Flysch) Carpathians, called also the Beskidy
Mountains (BMs), with their Foothills, and constituting the
predominant part of the Polish Carpathians are principally
built of siliciclastic-clayey rocks. In morphological terms
the BMs are medium-high mountains composed of several
mountain ranges. Such geological structure and relief
determine the nature of caves which are relatively frequent
in this region. Among more than 1,200 caves recorded in the
BMs., karst caves are practically absent, whereas most of
caves are genetically connected with gravitational mass
movements. Close relation between caves and processes
shaping the mountain relief causes that the accurate and
comprehensive genetical description and classification of
these caves is crucial problem for interpretation and
reconstruction of morphogenesis of the region. Therefore,
the question of proper classification of these caves is a matter
of this paper.

Apart from rockfall, which is relatively restricted process in
the BMs, the following mass movements are typical in these
mountains (Dikau et al. 1996; Margielewski 2006):
1. Lateral spreading and rock flow (Sackung/sagging sensu
Zischinsky 1966), which are usually regarded as initial
forms evolving into more advanced ones. They are
connected with propagation and widening of cracks,
which are often accessible for people, and if roofed, can
be recognised as caves.

Settings: geological structures controlling the
morphogenesis
The BMs are built of flysch, siliciclastic-clayey rocks of the
Cretaceous-Palaeogene, occasionally Early Miocene age
(with an except of Upper Jurassic, limestone-marly flysch
occurring only in the most western part of this belt). The
Outer Carpathians represent Alpine orogenic belt
tectonically shaped in the Neogene and consisting of several
tectonic-facies units overthrust each other toward the north.
The following units are distinguished in the region (from the
south): Magura Unit, Dukla Unit (and their equivalents),
Silesian Unit, Sub-Silesian Unit and Skole Unit. Folded
Lower Miocene deposits form Stebnik Unit and Zgłobice
Unit situated in the northeastern and northern part of the
Polish Carpathians. Lithological sequences of the mentioned
above units comprise alternation of sandstone and
sandstone-conglomerate usually thick-bedded series, thinbedded sandstone-shale (heterolithic) series as well as shale
(claystone) series (Żytko et al. 1989; Lexa et al. 2000).

2. Topple, which does not form a sliding surface and also
represents initial phenomenon for development of
landslides. This kind of mass movement is linked to the
loss of stability of the upper parts of rock massif,
detachment and displacement of their fragments.
3. Translational slide – strict landslide, characterised by
gravitational movement along flat sliding surface (usually
bedding plane, joint surface or fault).
4. Rotational landslide with circular slip surface, developed
in homogeneous material, but also typical of deep-seated
mass movements developed in anisotropic rocks. In the
case of this type of movements influence of natural
discontinuities (joints) is reduced due to deep-seated slip
surface along which large volume of material is displaced.
5. Compound landslide, understood as form intermediate
between translational and rotational types of movements
(Dikau et al. 1996).

The BMs and their Foothills are divided into many ranges,
which stand from several tens metres to 800 m above the
river valleys separating them (Starkel 1972). Steep slopes of
these mountain ranges have been predominantly shaped by

The caves can be associated with each mentioned above
types of mass movements.
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State of art as a motivation for the discussion

landslide colluvia; (c) cracked caves, situated upslope of
landslide main scarps and (d) divided caves occurring in the
rock outcrops and connected with initial stages of slope
disintegration. The second morphological group is
represented by rock niches – small forms spatially related to
the natural rock forms (crags, cliffs). To the third group
belong rare bedding-type caves, characterised by horizontal
sizes much larger than vertical size (height).

The caves in the Beskidy Mts. have been mentioned in
historical sources for several last centuries, however the first
explorations of these caves were reported in 19th and first
half of the 20th century (Klassek and Mleczek 2008). In the
first modern inventory of caves in Poland 23 caves in the
Outer Carpathians were described and mapped. Their nonkarst, gravitational origin was stated, but not considered in
details (Kowalski 1954). The vigorous exploration of the
caves in the Carpathians started in 70-ties of 20th century and
has been performed by members of the Speleoclub BielskoBiała (SBB) founded in that time as well as members of the
Beskidy Caving Club active since the 80-ies of 20th century
and Association for the Caves Conservation “Malinka
Group” founded at the beginning of the 21st century. It has
resulted in discovering and mapping of several tens of caves
each year. The work of the cavers was recapitulated in three
volumes of the inventory published at the end of the 20th
century (Pulina 1997 a, b, 1998), and has been reported
during yearly national speleological meetings. According to
the last report (Klassek and Mleczek 2012), up to August
2012, 1,246 caves of total length yielding 22,580 m have
been recorded in the Beskidy Mts. The longest cave, Jaskinia
Wiślańska Cave, is 2,275 m long and 41 m deep; 33 other
caves are longer than 100 m. The largest vertical distance
between uppermost and lowermost cave parts was measured
in the Jaskinia Ostra Cave and yields 60 m, but the deepest
cave (measured as the vertical distance between the
lowermost part and ground surface directly above) is Diabla
Dziura w Bukowcu Cave, 42.5 m deep. 26 caves are deeper
than 15 m.

The classification of caves proposed by Klassek (1989,
1994; Klassek and Mikuszewski 1997) is not sufficiently
precise. Especially the morphological categorisation is
somewhere not clear, combining shape of caves, their spatial
situation within the slope (its inner and surface structures)
and even genetic features, e.g., in a case of type (d): divided
caves. But also the genetic categorisation does not determine
clear margins between the types of gravitational caves, e.g.,
landslide caves (A.1) and slacking caves (A.2). Such
impreciseness is at least partly caused by the real complexity
of the nature, occurrence of many intermediate forms and
phenomena. This supports the tendency to simplify such
categorisation. Therefore the Carpathian caves have been
also classified applying simpler categorisation, which was
introduced by Vítek (1983) in this region. According to this
author the gravitationally induced caves can be divided into
two types: crevice type and talus type. Following this author
– the crevice type caves are the caves “produced by the
movements of large blocks … as cracks … widened along
tectonic contacts … and clefts (not of tectonic nature), by
the breakdown of blocks and rock. In their initial stage the
openings are narrow and high …”. In turn, the talus type
caves are “free spaces formed between boulders and rock
block debris distributed … in stone fields and piles of
boulders” (Vítek 1983). The quoted above description of
crevice type caves is generally in accordance with common
understanding of this term (e.g., Halliday 2004a, 2007) or
with the term of fracture caves (Kastning 2005), whereas
talus type caves, named also boulder caves, represent widely
described type of these objects (Halliday 2004b, 2007,
Kastning 2005; Bella and Gaál 2010, 2011). According to
these materials, both the terms and types represent rather
morphologic than genetic categories, however, especially in
the case of crevice type caves gravitational context and
relation to stage of slope evolution has been emphasized by
mentioned authors. In turn, the talus type caves are strictly
related to their morphological/spatial situation (on the slope),
whereas the same objects named boulder type caves have
been distinguished owing to their shape and relation to
boulder agglomerations (the problem was discussed by Bella
and Gaál 2010, who prefer the term boulder caves).

Along with the exploration, morphological-genetic features
of the caves have been recognised. The scientific studies of
the caves started by J. Janiga and J. Mikuszewski in 1970s,
were continued by L. Zawierucha (1986), W Puchejda
(1989) and J. Waga (1993) in the 1980s and 1990s (Klassek
2004; Klassek and Mleczek 2008). The work of these
authors was recapitulated by Klassek (1989, 1994) as well
as Klassek and Mikuszewski (1997), who proposed geneticmorphological categorisation of non-karst caves in Polish
Outer Carpathians (BMs). Two general genetic groups of
caves occur in the BMs: A. gravitational caves and B.
erosional-weathering caves. Three types of gravitational
caves were distinguished by Klassek (1989, English terms
after Klassek 1994): A.1. Landslide caves – the most
common, connected with various elements of landslides and
disintegrated (prepared to landslide) slopes; A.2. Slacking
caves – similar in genesis to the first type, but occurring at
the rock outcrops. A.3. Stone-falling caves – directly related
to rock falls. Erosional-weathering caves (type B) have
developed on the rock outcrops and usually represent very
small cavities.

Materials and methods
The materials used for our analysis are maps and
descriptions of caves published in the volumes of cave
inventory (Pulina 1997a, b, 1998) and –in a case of recently
found caves – papers published in speleological journals for
several last years. We analysed in details about 15 caves
distributed in various parts of the BMs, particularly in the
Beskid Śląski Mts., Beskid Wyspowy Mts., Beskid Sądecki
Mts., Beskid Niski Mts and Pogórze Ciężkowickie
(Ciężkowice Foothill). The basic method of analysis is, apart
from deduction from maps and field observations, mapping

According to morphological classification proposed by
Klassek (1989, 1994; Klassek and Mikuszewski 1997) three
general groups of caves occur in the BMs (English terms
after Klassek 1994). The first group, fissured caves,
represents single crevice or systems of crevices, somewhere
of maze character. In this group the authors of classification
distinguish four types: (a) grooved-ridged type, situated in
parallel trenches and ramparts within landslide type failures
of slopes; (b) rubbled type, situated within packet-type
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of surface landforms (landslides) spatially related to caves
as well as measurements of spatial orientation of the surface
and underground elements in order to assessment of nature
and stage of slope disintegration (some of such studies have
been already published: Margielewski, Urban 2002, 2003a,
b, Margielewski et al. 2007, 2008). Recently, also the
geophysical method, electrical resistivity tomography
(ERT), was used to reconstruct inner slope structures (Pánek
et al. 2010; Urban et al. 2011).

development and they are modified by the main gravitational
displacement (slope failure). In this moment their upper parts
are transformed to landslide head scarps, while deeper parts
are propagated as cracks down the rock massif.
The geomechanic classification (criterion) considers the type
of phenomena (processes) causing modification or
destruction of slope. In this case two principal phenomena
should be accounted: dilation (dilatation) and dilatancy. The
dilation is defined as change (of rock massifs) in volume but
not in shape. In turn, the dilatancy consists in alteration from

Discussion and proposals
Despite the problems described above, the classification
applied by Vítek (1983), as simpler than proposed by
Klassek (1989, 1994), was used by us in papers discussing
the slope structures (failures) and, generally, morphogenesis
of the BMs (Margielewski and Urban 2002, 2003a,b,
Margielewski 2006). In these papers the crevice type caves
were interpreted as cracks preceding the landslide formation
and preparing a slope to such mass movements, while the
talus type caves were understood as caves produced within
colluvial body of landslide after its formation. However,
such interpretation was in some cases misunderstanding due
to unclear and combined (morphological and genetic)
criteria of discrimination of both these types of caves (see
the chapter “State of art …”). For example within the typical
landslide body we observed the caves comprising single
cracks and fitting the description of crevice type caves. Such
situations motivated us to discuss the problem of
classification and definition of caves and to display our
proposals hereafter.

Figure 1. Model illustrating the types of caves (in broader sense:
cracks or systems of cracks) in classifications proposed by authors
and their situation in the slope.

“close-packed structure” to “open-packed structure”, in
other words: it generates growth of rocks volume and change
in its shape (Dadlez and Jaroszewski 1994). In slope scale
the dilation causes propagation and widening of cracks along
natural discontinuities (joints, faults) in the initial stage of
slope disintegration, as well as during and after the main
stage of slope failure (e.g., within landslide body), whereas
the dilatancy produces voids within the shear zone (next to
slip surface) of landslides during the main stage of slope
failure. If such voids are formed along natural discontinuities
existing in the massif, the phenomenon is called fissure
macrodilatancy (Kwaśniewski 1986). As effects of both
types of phenomena two types of caves are distinguished:
dilational caves and dilatancy caves (Figs. 1, 2, 3). The
principal feature differing these cave types is their position
in relation to shearing zone (slip surface) of landslide:
dilatancy caves are situated always close to this zone,
between stable bedrock and displaced material (Fig. 3 B),
whereas dilation caves are usually situated in extensional
zones close to the surface’ It is apparently visible on ERT
profiles (e.g., Fig 3 C), where dilatancy voids are marked by
high and low resistivity bodies distributed close to the
sliding surface (A), while the dilation cracks are marked by
wedge shaped high resistivity anomalies close to the ground
surface (B). Although the initial caves in morphogenetic
classification represent dilation caves, the dilation caves
cannot be automatically identified with initial caves, because
some of them form in the landside body during the stage of
main slope failure. The dilation caves are produced
principally due to extensional stresses, while shearing strains
are initial stresses controlling the development of dilatancy
caves. However, the size and shape of caves is not decisive
feature, the dilation caves comprise usually simple widened

Some approaches to categorisation of non-karst,
gravitational caves – or, widely, cracks or irregular voids (if
not accessible for man) in the BMs – can be considered. Two
the most important for scientific studies are:
• genetic approach, in which the criterion is the relation to
the stages of slope evolution,
• geomechanic approach, taking into account phenomena
(processes).
Regarding the genetic criterion, two general types of caves
can be distinguished: 1. caves preceding formation of typical
landslide, which we name initial caves (cracks) and 2. caves
developed within these structures/landforms named by us
subsequent caves (cracks) (Figs. 1, 2, 3). Since the
predominant stress producing the initial caves is tension,
these caves are connected with spreading-translation or
topple type of movements, however vertical movements and
slight rotation are also observed (Fig. 2 C – diagrams show
slight toppling). The same types of displacements occur in
the case of the subsequent caves, but range of topple (tilting)
as well as back rotation and rotation around vertical axis
(very frequent in the case of translational slide) is usually
much higher (Fig. 3 D – diagrams show rotation around
vertical axis). Referring to the “classic” Vítek’s (1983)
classification, initial cracks represent exclusively crevice
type caves (e.g., Fig. 2 B), whereas subsequent caves can be
both crevice and talus type caves. Intermediate forms
(combining features of both types) are rare caves situated in
the zone of landslide main scarp (comprising yielded by
tension surfaces). Such cracks are formed before landslide
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cracks, crevice caves according to Vítek’s (1983)
classification, whereas dilatancy caves, represent more
complex, maze systems of passages – crevice or talus type
caves according to Vítek (1983).
The geomechanic classification includes also the third type
of caves, developed within chaotic agglomeration of rock
blocks (boulders) within totally disintegrated rock masses
of landslide colluvia. Such caves are characterized by
irregular structure (framework), not related to original
directions of discontinuities in rock massif, (joints, faults
etc.) and irregular or rather pyramidal than prismatic shape
of chambers. These caves accurately fulfil conditions of
boulder caves, as they were characterised by Bella and Gaál
(2010, 2011), so they can be named boulder caves.

Figure 2. Diabla Dziura w Bukowcu Cave, as an example of initial
cave and dilational cave (after Margielewski and Urban 2003b).
A – map; B – cross-section (the letters on map and cross-section
mark the same parts of cave); C – orientation of joints on contour
diagrams and bedding planes on pole point diagrams (equal area
plot, projection of normals on the lower hemisphere) in the
upslope (a1) and downslope (a2) walls of the upper (a) part of the
cave (joint sets: L – longitudinal, T – transversal, D1 and D2 –
diagonal). Explanations: 1 – cave’s outline, 2 – colluvial swells,
3 – colluvial material, 4 – morphological depression, 5 – rocky or
soil scarp, 6 – rock form.
Figure 3. Jaskinia Miecharska Cave (as subsequent and dilatancy
cave) and other small caves within the landslide surrounding this
cave. A – map (after Margielewski et al. 2007); B – cross-section
(after Margielewski et al. 2007); C – ERT profile (after Pánek at
al. 2010); D – orientation of joints on contour diagrams and
bedding planes on pole point diagrams (equal area plot, projection
of normals on the lower hemisphere) in the Sala Grzelaka
chamber (letter D in map) in the cave (joint sets: L – longitudinal,
T – transversal, D1 and D2 – diagonal) (after Margielewski et al.
2007. Explanations: 1 – rocky or soil scarp, 2 – colluvial swell, 3
– rock forms, 4 – cave’s outline, 5 – ERT profile showed in part C,
6 – element of the cave (passage, chamber) crossed by ERT profile,
7 – landslide sliding zone.

Conclusions
Although Polish Outer Carpathians (BMs) are formed of
non-karstified rocks, the caves (among which are large ones)
are very frequent in this region. Their intensive and efficient
exploration has been performed along with the scientific
study of these objects. However, classifications of the caves
proposed up till now have not been based on clear criteria.
The criteria of Klassek‘s (1989, 1994; Klassek and
Mikuszewski 1997) classification combine shape of caves,
their spatial situation within the slope and even genetic
features. Also classification proposed by Vítek (1983) does
not allow unequivocal categorisation of caves and
determination of their genetical features. Clearly defined
criteria are the crucial problem of proper classification.

the main mass movements (landslide formation). According
to the second, geomechanic classification, considering the
type of phenomenon-process producing the caves, three
types of caves can be discriminated: dilation caves, dilatancy
caves and strict boulder caves. The dilation caves are
connected with the change in volume (but not in shape) of
rock massif, usually with extensional dissection of rocks,
whereas dilatancy caves are produced by change in shape
and growth of volume of rock massif and they are related to
the formation of shearing zone during the main mass
movements. Boulder caves comprise irregular voids within

Therefore two classifications: genetic and geomechanic, are
proposed. The criterion of genetic classification is relation
of caves to slope development. It allows to distinguish two
main types of caves: initial caves and subsequent caves,
however intermediate forms are also observed. Formation
of the initial caves precedes main slope failure, whereas the
subsequent caves develop within the landslide body, during
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the chaotic agglomeration of boulders in landslide colluvia.

Klassek G, Mleczek T, 2012. Eksploracja i inwentaryzacja jaskiń
polskich Karpat Fliszowych (sierpień 2011 r. – sierpień 2012
r.). In: J Szulc, W Wróblewski W (Eds.), Materiały 46.
Sympozjum Speleologicznego, Góra Św. Anny, 19–21.10.2012.
Sekcja Speleologiczna PTP im. Kopernika. Kraków, 42–45 (in
Polish).

These two classifications could help in scientific description
of caves connected with gravitational mass movements,
because application of them (i.e. identification of cave
according to their criteria) makes possible clear
determination of geomorphologic situation of cave and its
genesis.
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The article describes the main results of cave explorations and field surveys carried out in the territory of Gorgoglione
(Basilicata region, southern Italy) and surrounding areas. Due to lithology of outcropping rocks (mainly sandstones
belonging to the Gorgoglione Flysch, a turbidite formation of Miocene age), the area is affected by pseudokarst phenomena.
Beside several sites showing interesting pseudokarst features, and erosional landforms in the rock mass, five caves have
been identified and surveyed near the town and in the valley of the Gorgoglione Fiumara, a left tributary of the Sauro
Torrent. The caves can be distinguished based upon their typology in intrastratal caves, gravity-related caves, swallow
holes, and caves in vertical rock walls. The variety in the cave typology is an element testifying the need to stimulate
further knowledge of this territory, that likely presents others, still undiscovered, caves. Moreover, during the surveys it
was possible to appreciate the high relevance of the landscape, which is well integrated to the archaeological and historical
characters of the study area.

1. Introduction
In southern Italy, the region Basilicata is probably the area
less considered by cavers. The region is, as a matter of fact,
surrounded by Campania, Apulia and Calabria, that host,
respectively, the most important karst massif of southern Italy
(Alburni Mountains; see Del Vecchio et al. 2013), hundreds
of caves and karst landforms due to the widespread presence
of carbonate rocks in Apulia, and the deepest karst systems
in this part of Italy (the Bifurto Abyss in northern Calabria,
reaching about 700 m of depth). Notwithstanding the lesser
attention by cavers, Basilicata hosts significant karst caves
in carbonate rocks: the Vucculi cave, in the territory of Muro
Lucano (Parise et al. 2010), and the Castel di Prete system at
Marsico Vetere (Bentivoglio and Leoncavallo 1973; Pascali
et al. 1996) being the most representatives.
This article illustrates the main pseudokarst features of the
territory of Gorgoglione and surrounding areas (Fig. 1), also
describing the morphological and caving landforms within
the historical and archaeological setting of the area.
Figure 1. Location of the study area.

2. Karst, parakarst, and pseudokarst

comparing areas with different karst landforms, as regards
both intensity and frequency of the produced features.

In this section we would like to briefly summarize the use of
the terms to describe caves in rocks other than limestones,
with specific regard to the contribution provided by Italian
scientists. The terminology used to describe surface and
subsurface features similar to those created by karst processes
in classical carbonates and evaporites settings, as a matter of
fact, has often been a source of confusion and
misunderstandings in the past. In Italy, in 1933, on the
occasion of the 1st National Congress of Speleology, Gortani
pointed out to the different intensity of karst development, as
a function of the solubility of involved rocks, and made a
distinction between karstic rocks (that is, those showing high
solubility when attacked by meteoric waters) and semikarstic rocks (Gortani 1933). Such a distinction was not a
theoretical one but had definitely a validation when

Some decades later, Franco Anelli particularly felt the need
to put order in the chaotic terminology on the matter, by
distinguishing karst, parakarst, and pseudokarst phenomena
(Anelli 1963, 1964). According to Anelli, karst phenomena
consist of the solution of soluble rocks such as carbonates
and evaporites. Parakarst, on the other hand, deals with
somewhat attenuated processes involving coarse limestones,
sandstones with calcareous or siliceous cement, or dolostones
showing less solubility. In all these cases, the deriving
landforms are less clear and evident than those produced by
karst; in particular, the subsurface landforms are very limited
in length and depth, due “to the short duration of the evolutive
cycle, which generally interests rocks of young age” (Anelli
1963, p. 17). Thus, parakarst phenomena included
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2. Geological setting

subterranean caves produced by subrosion, evolving upward
due to regressive erosion, as described by Franc (1953) and
by Renault (1953). At the same time, Anelli considered as
parakarst landforms also those described by Cvijic (1893) as
elements of an imperfect karst (merokarst) as opposed to the
complete karst (olokarst).

The study area is characterized by outcrops of rocks
belonging to the Gorgoglione Flysch, a turbidite formation
of Middle-Lower Miocene age (Boenzi and Ciaranfi 1970;
Carbone et al. 1991). From the lithological standpoint, the
Gorgoglione Flysch consists of alternating sandstones and
marl clays. The sandstones (feldspar and arkose arenites) are
gray to yellow on the weathered surfaces, whilst they appear
iron gray when unweathered. They are well cemented, and
layered in strata with thickness ranging from a few
centimeters to some meters. Locally, thicker layers of coarse,
less cemented, sandstones and conglomerates in abundant
sandy matrix are present. As an effect of the erosional
processes, the more resistant layers appear to protrude
outward, to create typical features in the rock mass (Fig. 2).
As concerns the clays, these are gray in colour, with high marl
component, and show thickness of at least some meters.

Again according to Anelli (1963), pseudokarst, eventually,
consisted in those processes involving insoluble or lowsolubility rocks, derived by the combined action of physical
and chemical weathering, with the exclusion of the solution
by meteoric waters. Thus, the produced landforms show
analogies with the corresponding karst morphologies but are
originated as the result of different processes, namely
mechanical erosion or frost action. They involve, among the
others, clays and crystalline rocks, where tafoni-like
morphologies are, for instance, quite common in the
Sardinia-Corse massif. Anelli also included in the
pseudokarst landforms those acting on volcanic rocks.

The Gorgoglione Flysch crops out along the strip extending
from the towns of Gorgoglione and Cirigliano toward the SE,
in direction of the junction between the Gorgoglione Fiumara
and the Sauro Torrent. It is overlain by younger deposits only
near the river junction.

However, this attempt in defining different terms by Anelli
did not have a great success, both in Italy and at the
international level, where the Author presented it during the
3rd International Congress of Speleology, held in Vienna
(Anelli 1964). On the other hand, the term pseudokarst began
to be used to indicate any morphology, similar to those
karstic, involving insoluble or low-solubility rocks (Parker
and Higgins 1990). The term pseudokarst, initially attributed
to Halliday (1960), who in turn took it from a work by
Floridia (1941) on the Sicilian clays, is now ascribed to von
Knebel (1906), as reported by Bates and Jackson (1987).

Morphologically, the landscape is medium to high hills, with
development of deep incisions controlled by tectonics, often
with sharp angles the main river courses. The towns are
located at the top of the hills (Pedio 1990), in clear situations
of topographic control on the surrounding territories,
including the main water lines. For instance, Gorgoglione is
located on a small ridge (Fig. 3), protected by steep walls on
three sides; Cirigliano, on the other hand, stands along a
narrow, N-S elongated, ridge between the Fiumara di
Gorgoglione and the Fiumara di Fossarolo.

Figure 3. The town of Gorgoglione, located on a ridge bounded by
steep slopes.

The presence, within the Gorgoglione Flysch, of different
types of rocks, showing variable mechanical characters, and
the structural setting characterized by frequent discontinuities
within the rock mass, makes this formation highly prone to
slope instabilities (Guerricchio and Melidoro 1988). This is
especially true as regards the mostly clay facies, severely
affected by slope movements of the flow type (Fig. 4), that
can be easily observed for long stretches of the State Road
leading to Gorgoglione.
The sub-vertical rock faces are, on the other hand, typically
characterized by rock falls and, when less steep and in

Figure 2. Examples of features produced by pseudokarst processes
in deposits of the Gorgoglione Flysch.
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conditions of favorable bedding, by development of
translational slides, which generally start at the passage
between a sandstone layer and the underlying clays.

At the Cinto dell’Eremita, remnants of a significant stone
wall, developing at middle slope around the ridge, have been
found: the wall is in good state of conservation for long
stretches, and is formed by two curtains of local rocks and
by a filling of small stone particles. It is in particular well
visible at the north-eastern side of the ridge, where it still
maintains an height of about 2 meters. Further evidence is
located within the area delimited by the walls: a cistern, and
other alignments of walls with different directions.
A further area of archaeological interest is located just in front
of Cinto dell’Eremita, in locality Scorciabuoi, where the
preliminary field surveys carried out for this study has proved
the presence of another settlement dating back to the Bronze
Age, and possibly occupied with continuity during the
Middle Age.
No archaeological remain has been found in the caves
described in the following section. However, this should be
checked through specific surveys and excavations (not
carried out during this study), since the two most significant
sites above described are located in the proximity of,
respectively, Cinto dell’Eremita Cave and the swallow hole
near Masseria Scorciabuoi.

Figure 4. The head scarp of an earthflow in the clay deposits.

3. Archaeology
The main archaeological elements, identified during the
surveys, are located at locality Cinto dell’Eremita, and at the
margins of the nearby ridge, in locality Scorciabuoi.

Eventually, bibliographical research, combined with other
ancient topography analyses, will allow in the near future to
add further elements of knowledge to the history of this area,
where several evidence and remnants of high interest seem
to be present.

Cinto dell’Eremita (Fig. 5) is an isolated and elongated ridge,
rising over 30 meters above the surrounding territory. It is
located at the junction of three rivers: namely, the Fiumara di
Gorgoglione, which is the most important river, coming from
the NW; the Fosso dell’Eremita, from the NE; and the Vallone
della Foresta, from the N. The vertical walls make the site
particularly difficult to be reached, at the same time
representing the most significant defensive system; therefore,
the site is an important strategic site of control. The
morphology itself is clearly indicative of a fortified settlement.

4. Results of cave explorations
As mentioned before, five caves showing variable typologies
and origin have been identified in the territory of
Gorgoglione. Typology of caves includes: intrastratal caves,
with a mostly sub-horizontal pattern, typically developing
along the contact between different lithologies; gravityrelated caves, originated by detachments of the outer portions
of vertical rock cliffs; swallow holes; caves in vertical rock
walls, often developing along the fractures of tensional
release, bounding the cliffs.
In the following, a brief description of the main explored
caves is presented, along with considerations about their
origin, evolution, and state of conservation.
4.1. Grotta dei Briganti (Bandits Cave)
The cave is located at the foothills of a 40 m high rock cliff,
just below the town of Gorgoglione. It is an intrastratal cave,
developed at the contact between the sandstones and the
underlying clays, on the left side of Fosso Vallone, a tributary
of the Fiumara di Gorgoglione. Along the main direction of
development of the cavity, 36 m long, a narrow trench in the
deposit was excavated in 1999, to allow access to the inner
part of the cave, that showed a maximum height of 2 meters
(Campanella et al. 2001). In the inner portion of the cavity,
water dripped from the vaults, feeding the growth of
stalactites and calcite flowstones and curtains.

Figure 5. The ridge of Cinto dell’Eremita, seen from NW.

Archaeological researches, carried out at the surface since
the year 2004, allowed to reconstruct a complex stratigraphy
at the site, dating back to the end of the 5th century B.C. for
the most ancient evidence, and lasting until the early Middle
Age (De Siena et al. 2006). Among the most important
identified elements, it is worth to be mentioned a likely
fortified settlement (10th – middle of 11th century), and the
Middle Age castrum, testifying a further occupation of the
site during the 13th–14th century, with erection of a high walls
around the settlement.

The name of the cave takes its origin from the likely use of
the site as a refugee for bandits. The toponym is quite
common in southern Italy, an area that has historically
322

Karst and Caves in Other Rocks, Pseudokarst – poster

2013 ICS Proceedings

experienced several vicissitudes of bandits for a long time
before and after the birth of the Kingdom of Italy in 1861.

to the top of the ridge. The origin of the cave has to be
looked for in a combination of tectonic and gravitational
elements: it is, as a matter of fact, linked to the progressive
detachment of the outer portions of rocks, as an effect of the
tensional release joints that formed parallel to the rock cliffs.
Access to the cave is a triangle-shaped opening, about 1.5
m wide in its lower part, and narrowing upward. It is reached
climbing the rock cliff, after passing some stairs hewn in the
rock. The cave has an overall length of some 20 m, and is
about 16 m deep.

Figure 6. The Bandits Cave.

It can be in fact found at several other sites in Calabria and
Basilicata (see, for instance, Parise et al. 2010), as a testimony
of the events that were lived soon after the Unification of
Italy, when the caves were frequently used as a safe dwelling
and hiding place.

Figure 7. A view from the base of the ridge to the lower entrance
of Cinto dell’Eremita Cave.

In the case of the Bandits Cave at Gorgoglione, location of
the site in the proximity of the boundary between the
territories of Matera and Potenza, along the watershed of two
important catchment basins, makes it a place of peculiar
importance for strategical reasons. This same territory was,
for instance, the theatre of some of the most bloody fights
among the mobs of the bandit Carmine Crocco and the troops
of the Kingdom of Italy.

The lowest part of the cave has a very narrow, and not
practicable, passage (Fig. 7), through which the light passes
through, to show the foothills of the cliff. In this area, several
rock fall deposits are present, with size ranging from small
stones to blocks 3.5 m high.

According to a popular tradition, the cave is also thought to
be linked through a long tunnel to the subterranea of the
Castle of Gorgoglione, originally located at the uppermost
part of town. Giving belief to this tradition, some excavation
works were carried out by the Municipality of Gorgoglione,
in order to look for the hidden passage within the cave, and
large amounts of clays were therefore extracted. The cavity
so obtained has very few natural elements nowadays, whilst
the excavations resulted in no passage being identified.

A small swallow hole has been identified in the vicinity of
Masseria Scorciabuoi, along the slopes facing the Fiumara
di Gorgoglione, in an area showing tectonic lineations of
regional importance (Bonini and Sani 2000; Casciello et al.
2000, 2002).

4.3. Swallow hole near Masseria Scorciabuoi

The access, elongated in W-E direction, is at the base of a
tree, which roots partly develop at the cave entrance. A 1.5 m
drop brings to a small terrace, from where the underlying
shaft, 7–8 m deep, is visible (Fig. 8). Following the eastern
wall, the first part is about vertical, whilst the lower part is
a steep descent over fallen blocks. The whole cave is in fact
filled with rock fall deposits, together with stone materials
dumped into the cavity from the outside (Fig. 9). Presence
of this material makes quite difficult any movement within

4.2. Cinto dell’Eremita Cave
The Cinto dell’Eremita cave is located on the NE-facing
slope of the Cinto dell’Eremita ridge, along the path leading
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the cave, with the danger of further falls of the deposits
therein. The western wall is vertical, and shows at the
outcrop the sandstone succession, consisting of layers and
strata of sandstone, with thickness ranging from 1 m to a few
cm. The rock mass is highly fractured, in precarious
equilibrium state, and there is high possibility of further
detachments of blocks of rock.

Figure 9. Swallow hole at Masseria Scorciabuoi.

Figure 8. Access to the main shaft of the swallow holes at Masseria
Scorciabuoi.

At the base of the shaft, a small room is present on the
western side: the limited height (0.7 m) does not allow to
stand there. Remains of bones have been found in the room
(likely, goat bones), mixed with stones of variable size. At
the northern end of the room, another shaft is present, almost
entirely filled with debris material. Since a strong air current
is coming from this side, an attempt in removing some
material was carried out, to check the likely continuation of
the cave. However, the difficulty in working in the narrow
space, together with the arrival of debris from the main shaft,
and the danger of further falls, let to decide to stop the attempt
for safety reasons. The final shaft was estimated to be at least
2 meters deep, and some tens of centimeters wide.

5. Conclusions

4.4. Other caves

In particular, the deep and wild valleys, masked by dense
vegetation, that bound the main towns in the area, or develop
at the sides of the Fiumara di Gorgoglione, should be object
of field explorations, since they potentially host several other
caves as those described in this article.

The field surveys and cave explorations carried out in the
territory of Gorgoglione and surrounding areas resulted in
appreciating the high potential of this sector of Basilicata, as
concerns pseudokarst and speleology, and their link with
historical and archaeological sites as well. The different
typology of the identified and explored caves represents
without any doubt a valuable element to be further examined
in the next future. At the same time, it is expected that more
detailed and continuous researches may bring to further
discoveries of caves, which, even though not reaching high
values in terms of depth and development, are very peculiar,
due to nature of the outcropping materials.

Two other caves have been identified and explored during
the descent on rope of the over 90 m high rock cliffs on the
right-hand side of the Fiumara di Gorgoglione. As in the
previously described case of the Cinto dell’Eremita cave, the
outer portions of the rock cliffs are affected by several open
joints, originated due to the tensional release affecting the
cliff. In some cases the opening is wide enough to allow
entrance by man. The main feature of these caves is
represented by instability of the walls, and the abundant
presence of debris. Maximum length observed is on the order
of some 10 meters.

A negative element in the area is represented, as
unfortunately quite often happens in southern Italy, by the
lack of interest and the scarce awareness of the importance
of the natural landscape by the local administrators. It is very
common to register situations of degradation of the natural
environment, that is generally not considered a valuable
aspect to safeguard, but rather an obstacle to the development
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Figure 10. View of the rock cliffs at the sides of Fiumara di
Gorgoglione.

of urban areas. The works realized at the Bandits Cave are
quite significant in this sense: they have been carried out
without taking into any account the natural condition of the
cave, only in the hope to find a passage to reach the inhabited
area above, in search of a sort of “hidden treasure”. Once
again, this was an occasion lost, since the cave, if preserved
in its natural state, and due to the vicinity to the urban area,
could have been the main goal of a dedicated pathway where
to illustrate the many natural and historical features of the
area, addressed toward a sustainable tourism, which in our
opinion represents the only way to contribute to develop this
mountain sectors of inner Basilicata. The natural features and
landforms shoud be, at this aim, opportunately combined
with the other important elements of the area, as the historical
and cultural ones, and linked to the local gastronomy.
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This study aims to develop a karst synthesis development in siliciclastic rocks and its spatial distribution at Serra do
Espinhaço Meridional (SdEM – Southern Espinhaço Ridge), Minas Gerais (MG), from synthetic survey and mapping of
the main areas with presence of more common caves and karst morphologies. The methodological procedure consists in
a literature review, consulting to the database of Centro Nacional de Pesquisa e Conservação de Cavernas – CECAV
(National Center for Research and Conservation of Caves), tabulating the data already surveyed and their respective
coordinates, fieldwork and karst prospection. Later, the data were organized for graphing and location maps of the main
features and discussion of the results. It is highlighted that most of the features studied in SdEM correspond to caves
(88%). The location of the features mapped is inserted, primarily, in the eastern and western edges of SdEM and in the
central area of this geomorphological unit. Therefore, it appears that although the entire ridge studied has a potential for
development of landforms, the carried studies has a horizontal, conceptual, descriptive, and focused on speleology, nature.
In the field, were identified features as pits, shelters, sinkholes, kamenitzas, lapiaz, bee nests, among others, whose
morphology is equivalent to those identified in carbonate rocks. It is intended, in this way, to encourage scientific studies
development on the other karst features and verticalise issues related to geochronology, morphometry and geochemistry
factors of karst formation in this area and siliciclastic rocks.

1. Introduction

in weathering processes, in the breakdown and in the
transportion through the ducts (Ford and Williams 2007).
The structural constraints, as cracks and breaks, also play
an important role, since they can guide the ducts formation
and are among other elements, the gateway to the
subsurface water and the karst development. The acidulated
water penetrates these cracks by reacting with minerals,
regardless of the type of rock, and may produce
karstification. If the constraints, tectonic, lithologic,
climatic and vegetation are favorable, the greater the variety
of karst features generated (Hardt 2011).

The term karst has been used historically to refer to reliefs
developed in soluble rocks, primarily of carbonates such as
limestone and dolomite, with the main parameter is the
lithology. The first studies on karst consider it as an area
constituted solely by carbonate rocks, with characteristic
shapes, both surface and groundwater. From science
evolution, other equally soluble rocks, such as gypsum,
came to be regarded in the process of karstification, being
capable of developing typical morphological features, as
caves, dry valleys, sinks, and others emerged from the
dissolution.

Authors like Klimchouk et al. (2000) also does not consider
the type of rock as the main element in the karst formation,
but other conditions like dissolving and hydrology trait in
the karst system, considering the karst as a mass transfer
system integrated with soluble rocks, and permeability
structural dominated by channels established by the rock
material dissolution, being arranged to facilitate the
circulation of fluids.

As the study progressed, other lithologies have began to be
considered for karst formation, relating to its formation
particular rocks, soluble, like evaporite, carbonate rocks and
quartzite, however this one associated to extremely humid
tropical regions. White (1988) relates karst to carbonate,
gypsum and other non-specific rocks and describes it as a
landscape formed by closed depressions of different sizes,
drainage interrupted surface systems, caves and
underground drainage formed by dissolving process.

Based on studies performed by the mentioned researchers,
then it is understood that the karst can develop from any
rock, even from the least soluble, such as sandstone and
quartzite. Even though the dissolution process is not
predominant, an association among other factors such as
tectonics, climate, hydrology, vegetation may extend the
conditions for the performance of chemical weathering and
generate morphologies typically karstic, forming a karst
system. Thus, this study aims to produce a synthesis on
karst on Serra do Espinhaço Meridional, Minas Gerais,
from the survey and mapping of the main areas with caves,
and with the most common morphologies, developed in not
carbonate rocks, especially the quartzite.

Studies, like Willems (2002) in Equatorial Africa, consider
that any rock can produce karst, some more likely to suffer
dissolution than others. Some research dismiss (Fénelon
1965, Jennings 1985) the influence of rock and concentrate
on the landscape morphological characteristics,
considering karst as considering karst as any other area with
typical morphological features, independent or from
lithology.
Currently, besides lithology and dissolution, other
constraints are also being considered in the process of karst
formation, such as hydrology, given the importance of water
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2. Karstification in siliciclastic rocks

Another major factor in the silica dissolution is the presence
of ferrous catalysts, which associated with water, favors a
more rapid dissolution of quartz (Hardt 2011). In
accordance with Silva (2004), the presence of chlorides may
also increase dissolution rates due to the increased surface
reactivity of the silica, as a function of increasing its
ionization potential.

According to Ford and Williams (2007), any type of rock can
undergo dissolution depending on environmental conditions,
regardless of the type of mineral that composes it.
In the case of silica, the dissolution occurs in the form of
silicic acid generated from the hydration of quartz. This acid
is much weaker than the carbonic acid. The solubility of
silica is not significantly affected at pH lower than 9,
continuously decreasing with the pH reduction. This
process allows the silica dissolution, but is very time
consuming, because it is a very slow reaction.

Very often, dissolution in siliceous rocks occurs mainly on
the quartzose cement rock, due to amorphous silica and not
on quartz grains, yielding a residue of undissolved silica
and occupying the void part newly formed. This process
was identified by Rodet (1996) and further described by
Quinif (2010) and Rodet (2012) as fantomisation or Ghostrock karst, and may be the process that prevails in forming
the siliceous karst (Hardt 2011).

To Ford and Williams (2007), siliceous rocks can develop
karst ways of dissolution, even slowly, from small to
intermediate dimensions, because as carbonates and
evaporites, they are practically monomineralicos in its
composition.

3. The non carbonate karst in Brazil

In quartz, under the water action, the silica solubility is too
low, but in the case of amorphous silica, such as those found
in sandstone cements, the solubility grows. In all forms of
silica, solubility increases with water temperatures above
50 °C. However, at higher pH conditions, resulting from
hydrolysis, silicon, as well as aluminum, is solubilized and
causes the silicate structure breakage, generating fragments
of different sizes which are removed by the the action of
water, contributing to karstification.

Brazil has great potential for karstic development in non
carbonate rocks, but studies are still recent and the data are
incipient. The main studies were developed in quartzite,
sandstone and itabirite by Hardt (2009), Auler (2011),
Willems et al. (2004), Correa (2012), among others.
As shown in table 1, in Brazil, the largest number of known
cavities is developed in carbonate rocks and iron ore. Auler
and Piló (2011) emphasize the high Brazilian potential in
the development of cavities in quartzite and sandstone,
because although the known percentage is small (> 1 %), it
is already known that the larger of this type of rock cavities
are located in Brazil.

It is common that this reaction occurs in the pH range 5–9.
If there are more or less percolation of water soluble
components are removed completely or partially, resulting
respectively in full or partial hydrolysis.

According to Karmann (1979) and Hardt et al. (2009), the
main areas with potential for development of non carbonatic
karst in Brazil are: Chapada Diamantina – Bahia (quartzite),
northwestern Amazon (quartzite and sandstone), south and
north-central Minas Gerais (quartzite), Serra das Confusões,
and Serra da Capivara, Sete Cidades, in Piaui (sandstone),
Tocantins (sandstone), Serra Geral – Minas Gerais and Rio
Grande do Sul (sandstone) and Chapada dos Guimarães and
Pareci, in Mato Grosso (sandstone).

In quartzites it is common to find karst development along
the ridges and cliffs, due to hydraulic gradient these steeper
areas, which allows a rapid and efficient flow of the water,
removing the accumulated residues. But to the development
of the karst morphology on the lithology from the
dissolution, there are three basic requirements (Ford and
Williams 2007):
• High purity mineral so that grains of insoluble
aluminosilicates do not block the underground channels;
• Thick layer of rock with few cleavage planes with
intersection fractures with significant and far between.
• Lack of relevant geomorphological processes such as
those related to the action of ice or sea, allowing the forms
of slow dissolution able to develop.

Karst in itabirite also has a great potential, as in Pará, and
in the Iron Quadrangle region in Minas Gerais Gerais, but
only in a few studies (Corrêa 2012).

4. Methods

The discontinuity is another factor that plays a fundamental
role in the dissolution process. The secondary porosity,
mainly linked to the plans tectonic origin, like fractures and
faults, has great influence on the karst forms development,
since percolation of water through these plans fractures
would cause the gradual dissolution of rock, especially in
the discontinuities and its adjacent areas.

First literature review on karst was performed, focusing
especially on the main activities of karst geomorphology
developed on Serra do Espinhaço Meridional. Later, we
searched the body responsible for caves records in Brazil,
Centro Nacional de Pesquisas e Conservação de Cavernas
– the National Centre for Research and Conservation of
Caves – (CECAV) in order to raise areas with caves in the
study region. From then on, field work and karst
prospections in certain points previously selected were
made. From these data, was organized a database on karst
studies already undertaken in the area, as well as some
potential areas which do not have scientific studies.
Afterwards, the maps of distribution of major karst features
identified were generated. It should be noted that this study
does not attempt to identify all caves, but to demonstrate

From the elements which contribute to the dissolution of
siliceous rocks, also stands out the organic material. Karst
landscapes developed on siliceous rocks have strong links
with plenty of rainfall and vegetation cover over the rock,
which makes the water rich in organic acids. These acids
are able to erode the rock through the process of chelation
by microorganisms, which cause the dissolution of quartz
creating alveolar forms (Smith 2004).
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Table 1. Estimation of the speleological potential of Brazil relative to cavities known and development lithology. Source: Auler and
Piló (2011a).
Lithology
Carbonates
Quartzite
Sandstone
Iron ore
Other Lithology

Nº of cavities known
7,000
400
400
2,000
200

Cavities Potential unknown
> 150,000
>50,000
>50,000
>10,000
>50,000

Cavities Known (%)
< 5%
< 1%
< 1%
< 20%
< 0,5%

6. Karst features in Serra do Espinhaço
Meridional

part of the existing potential and encourage the
development of further studies in the region.

The feature that draws more attention when compared to
the classic non carbonate karst is the morphology. The
featured karst forms are almost always present both in
carbonatic lithologies, as well as in non-carbonatic, this one,
differing sometimes by a lower degree of development of

5. Study area characterization
The Serra do Espinhaço Meridional corresponds to a
province that limits the southeastern São Francisco Craton
and amalgamates up northeasterly with Araçuaí belt. It
extends from the area locally called Serra do Cipó, near
Belo Horizonte, to the depressed area of Couto de
Magalhães in Minas Gerais, Brazil, forming the band of
Precambrian orogenic more extensive and continuous from
the Brazilian territory.
It is a mountain range of 1,200 kilometers, formed by
Proterozoic metasediments overlying land discordant. It is
formed by thick sequences of quartzites which cover a very
metamorphosed basement, bounded on the west by São
Francisco River Basin, a region of smooth morphology,
associated with limestones, sandstones and slates.
To the east, the region is dominated by gneisses, granites
and migmatites with intercalations of metasediments,
forming rounded reliefs. Geologically, your rocks are part
of Espinhaço Range, a term used to denote the set of acidic
volcanics and metasedimentary rocks that compose the
Espinhaço geomorphic features (Fig. 1) (Almeida Abreu
and Renger 2002). Geomorphologically, the SdEM is a set
of highlands, best defined as plateau, has general alignment
N-S.
The mountain is composed of discontinuous ridge lines,
composed by intersection of near directions close to NESW and NW-SE. This geomorphological unit represents a
hydrograph divider between the basins from the Brazilian
east-central and the São Francisco River (Saadi 1995).
Morphologically, the east and west sides have different
behavior.The eastern side of the medium SdEM has higher
declivity and, theoretically, waterways more aggressive
than the western side.

Figure 1. Serra do Espinhaço Meridional, Source: Almeida-Abreu,
Edited by F. Souza, 2012.

its forms, since their slower dissolution. From the register
of CECAV, satellite images and field inspection analysis
were identified and mapped the main the study area features
(Fig. 2). It is noteworthy that the major karst features
identified and studied so far in SdEM are mainly located at
the edges of his geomorphological unit or on the central
portion of the Diamantina Plateau.

However, the west side presents with more intensity and
occurrence the erosional landforms and geochemical data
flood record that currently rates of geochemical losses are
greater on the western side (Leão et al. 2012).
The weather according to Koppen classification
corresponds to CWB (mesothermal), with two distinct
seasons, hot and humid summers and cool and dry winters.
The average annual rainfall varies from 1,250 to 1,550 mm
and the mean annual temperature is equivalent between 18
and 19 ºC.

The main karst features registered in CECAV, which are
located in the survey area, correspond: into cavities 88 %,
10 % shelters, 1 % by dolines and 1 % resurgences (Fig. 3).
As defined in CECAV, in Brazil under is the feature that has
a mouth bigger than the horizontal projection. These data
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Figure 4. Duct in Monte Cristo Cave – Diamantina region, MG.
(Photo by F Souza, 2011).

statistics survey. But there is still no detailed study on
morphometry, geochronology or verticalized research.
In these cavities it can be observed the presence of drains
and the speleothems have small morphometric dimensions
if compared to those developed in carbonate. The main
shelters studied in the region of Planalto Diamantina record
the presence of paintings, graphics from the Tradition
Plateau, as well as archaeological sites and record the
occupation in the region. In this context were studied in
detail 30 archaeological sites in the region of Diamantina
(Linke 2008).
2) Poljes – are large closed depressions which may reach
many kilometers long, presenting thick ground cover, where
happens the water flow (Ford and Williams 2007). At Serra
do Espinhaço occur several areas that indicate the presence
of poljes and paleo-poljes (Fig. 5).

Figure 2. Localization of karst feactures in SdEM, Minas Gerais,
Brazil. Source: www.cecav.gov.br (november/2012), organized by
Souza, 2012).

3) Dolines – closed depressions, funnel or cylindricalshaped, variable dimensions and depth, having the
dissolution as origin (White 1988). These features may
influence the lowering of the rocky surface, penetration of
soil, collapse resulted from rebates at the top of the soil or
rock cavern (Fig. 6).
At SdEM were identified dolines whose morphometric
dimensions are small if compared to the carbonatic ones,
but shows typical morphology and functionality of this
feature. It was observed that even in the dry season, the
centers of the dissolution dolines present themselves wet
and with green vegetation.

Figure 3. Karst feactures indexed in CECAV in SdEM, Minas
Gerais, Brazil. Source: www.cecav.gov.br (november/2012),
organized by Souza, 2012.

The dolines location in SdEM was observed mainly in the
center of Diamantina Plateau, but we can infer their
existence in other geomorphological units.

record the spatial distribution of karst features already
identified as well as potential areas for development of these
geoforms. It is also observed that records and studies have
focused cavities, although there are other recurrence
geoforms typical of karst areas, as was verified during the
field survey.

4) Lapiaz – it is a linear, deep and narrow form, rock
dissolution result due to the rainwater movement, which can
cause connections between kamenitzas, allowing also
feeding of sinks and endokarst. Their size varies from
inches to feet deep (Ford and Williams 2007) (Fig. 7).
Lapiaz are recurring features in SdEM and can be found in
outcrops, solids, cliffs and in different locations.

The main morphological features found in the area surveyed
were cavities, sinkholes, poljés, lapiaz, solid, kamenitzas, and
others, and are highlighted below:

5) Kamenitzas – small depressions are closed of horizontal
end, resulted from the rock peripheral erosion due to the
action of surface water (White 1988) (Fig. 8).

Caves (Fig. 4) – were identified caves as Monte Cristo,
Salitre and Tromba d’Anta, among others. They have
horizontal projection above 30 meters. Altogether have
already been studied scientifically more than 111 cavities in
SdEM although the speleological potential is higher. Studies
cavities are focused mainly on the morphological description,
conceptual debates and spatial location and some make

The kamenitzas occur mainly associated with lapiaz and are
distributed in all contexts of SdEM.
6) Bee nest – a set of wells and drilling coalescent, resulted
from the effect of karst rock dissolution (Fig. 9).
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Figure 5. Paleo-poljes in Quartéis region, close to Conselheiro
Mata, MG. (Photo by A. Vasconcelos, 2011).

Figure 7. Lapiaz in Curralinho region – MG. (Photo by F. Souza,
2012).

Figure 6. Doline close to Conselheiro Mata, MG. (Photo by A.
Vasconcelos, 2012).

Figure 8. Kamenitza at Diamantina region – MG. (Photo by A.
Vasconcelos, 2011).

The karst morphology developed in quartzitic substrate can
occur by chemical alteration of rock, especially by
hydrolysis, with subsequent mechanical removal, but
suffering smaller influence from the rock material
dissolution. Anyway, the resulting morphologies are similar
to those carbonatic, generating the same type of relief
associated to traditional karst (Hardt 2011).

7. Final thoughts
The speleological Brazilian potential on traditional karst is
great, since less than 5 % of the existing caves were
identified. In the case of karst in other lithologies, as in
siliciclastic rocks and in Itabirito the potential is even
greater, since studies are still very limited. The main studies
are targeted to quartzites and sandstones and face more for
speleology and less for karst geomorphology.

Figura 9. Bee nest in the Monte Cristo cave outer area,
Diamantina region – MG. (Photo by A. Vasconcelos, 2011).

Therefore, new studies developments in several areas that
make up the non carbonate karst will allow better
understanding of the dynamics of the Serra do Espinhaço
Meridional, which enables to make planning for appropriate
use of this region, today Biosphere Reserve of Serra do
Espinhaço.
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1

A 11-days long period of snowmelt cycles was selected from the discharge and temperature data collected at Coulomp
spring (Alpes de Haute-Provence, France), which is the largest of French Southern Alps with a discharge of 1 m3/s. Its
catchment is 30–50 km2-large and mainly composed of marly limestones and poorly permeable covers, responsible of a
combined diffuse and concentrated recharge. From Q data we extracted snowmelt discharge (Snowmelt Q = oscillating
part of the discharge) and Basal Q. The contribution of Snowmelt Q is 30–50 % of Q. Amplitude of spring temperature
(Tspring) is about 2 °C due to alternation of cold snowmelt water with low residence time and “warm” phreatic water with
longer residence time. The lag between the peak of air temperature (Tair) corresponding to the maximum of snow melting
and the peaks of Q, corresponding to the transfer time between surface and spring, is less than 10 h. This 10 h transfer
time combines about 7 h of vertical transfer through the vadose zone and 3 h of horizontal transfer through the drain.

1. Introduction

entrance which require pumping and which can close when
flooding occurs.

Snowmelt recharges karst aquifer through diffuse and slow
seepage or through sudden contribution when abrupt
melting combines with air warming and huge down
pouring. Sudden melting is quickly transferred through
high-velocity conduits, with limited storage. On the
contrary, part of seepage uses low-velocity routes mainly
through tiny fissures and contributes to storage in epikarst,
vadose zone, and epiphreatic zone. As a consequence,
snowmelt contributes to the deferred runoff during lowwater periods at the end of summer, where the amount or
scarcity of discharge depends on the thickness of the snow
mantle accumulated during winter and on the rhythms of
the snowmelt during spring. Otherwise, snowmelt daily
cycles give rhythm to the input, which is transformed and
transferred at the spring, and which allows making detailed
analysis of the transfer function, namely transit routes,
transfer time and lag, and storage time and capacity (Vigna
and Suozzi 2009).

2. Context and dynamic of the Coulomp spring
The Coulomp spring (commune of Castellet-lès-Sausses,
Department of Alpes-de-Haute-Provence, France) pours out
at 1,300 m a.s.l. with a scenery 65 m-high waterfall. The
underground river has been explored along 1.7 km upstream
to the spring (Audra et al. 2009). The spring is fed by
a 30–50 km2-large catchment, which encompasses the
Baussebérard and Grand Coyer (2,693 m) Mountains (Fig. 1).
The mean annual discharge is 1 m3/s, making this spring the
largest of the Southern French Alps. Most of the seepage
occurs through Upper Cretaceous marly limestones, which
thickness is several hundreds of meters and which in turn
are covered uncomformably by the Nummulitic Trilogy
(Nummulitic limestones, Priabonian blue clay, and Annot
sandstones). The thickness and extension of these poorly
permeable covers makes a particular recharge, which
combine both diffuse seepage through marly limestones and
concentrated input in sinkholes originating from surface
runoff on marls and clays. Extreme discharges (30 m3/s;
250 L/s) reveal a typical karst dynamic, influenced by fast
transfer through conduits and long recessions kept on going
by storage in sandstone covers and in the thick marlylimestone infiltration zone.

In this paper, we study the Coulomp spring in Alpes de
Haute-Provence (France), which is the largest karst spring
of the Southern French Alps. Recharge conditions are
complex and are determined by diverse type of rock
outcrops in the catchment where diffuse recharge is
predominant. The monitoring of the spring, with a record
of discharge and temperature during 4 yearly cycles, gives
the possibility to focus on different kind of recharge period,
namely long recessions, flash floods (Audra and Nobécourt
2012), long flooding periods, or snow melting, which is the
topic of this paper. We analyze the recorded data combined
with observations of the spring activity. The aim of this
study is to understand the snowmelt cycles and their role in
the spring activity, and the transfer times in the different
karst zones (seepage fissures vs. conduits). Moreover, the
understanding of transfer times is an important challenge to
allow cave exploration. Indeed, the underground river is the
largest of France (average Q = 1 m3/s), which exploration
represents a caving and scientific challenge and the access
of the underground system is controlled by 3 sumps at the

3. Material and methods
The spring pool level is recorded each 30 mn, and
transformed in discharge (Q) through a rating curve,
constructed with chemical gauging at different discharge.
For the concerned discharges (200–2,000 L/s), the rating
curve quality is fair (R2 = 0.976). We recorded spring
temperature (Tspring) and air temperature (Tair) with the same
frequency. Tair is overestimated in the middle of the day,
since the data logger was exposed to direct solar insulation.
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However, we assume a reasonable validity for the air
temperature regarding the relative trend and periods without
direct solar heating (i.e. from 4 p.m. to 10 a.m.). Finally,
data from the next meteorological station of Méailles (6 km
distance, 1,090 m a.s.l.) provide minimal daily temperature
and weather.
The chosen study period of 11-days in March 2009
corresponds to a typical stable wintertime “fine weather”
(Fig. 2). At that time, most of the snow already melted at
the altitude of the spring and up to 2,000 m on the southexposed slopes of the mountain above the spring, but a thick
mantle still remained in northern slopes and in the
remote highest parts of the catchment above 2,000 m. At
the beginning of the period, snowmelt increases as a
consequence of a significant warming: night temperature
minima at the spring rise from 0 to 5 °C but remain negative
in the high catchment, whereas during the day maxima may
overpass 20 °C on the southern slopes. No rain or snow fall
occurred during the period, the melting cycle being only
influenced by the daily thermal cycles. Weather remains
sunny during most of the period, with only 2 partly cloudy
days. A cooling with snowfalls ends this period.
The discharge curve (Q) displays daily cycles resulting
from snowmelt (Fig. 2). The total discharge corresponds to
the combination of a basal discharge (Basal Q) resulting
from the slow recharge of the previous days and of
snowmelt peak discharge (Snowmelt Q) directly resulting
from the melting transfer.
In order to separate the Basal Q and the Snowmelt Q,
we made the following treatment: (i) identification of
daily discharge minima, (ii) interpolation between each
minimum and construction of a curve with 30 mn timing
corresponding to Basal Q, (iii) subtraction of Basal Q to Q
and extraction of the cyclic Snowmelt Q.

Figure 1. The catchment of the Coulomp spring is about 30–50 km2.
It stretches from 1,300 m a.s.l. at the spring to 2,693 m a.s.l. at
the Grand Coyer. Mainly Cretaceous marly limestones crop out,
covered with clay and sandstones.

Figure 2. Snowmelt influence on the Coulomp spring in March 2009. The upper curve corresponds to the raw discharge (Q), the middle
curve to the basal discharge (Basal Q), and the lower curve to the snowmelt discharge (Snowmelt Q) (see text for explanation).
Additionally, the temperature of the spring (Tspring) and the temperature minima at the closest meteorological station (Méailles) are
shown, with daily weather trend. X axis corresponds to winter time.
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4. Results (Tab. 1)

Table 1. Characteristic values of the daily snowmelt cycles at the
Coulomp spring in March 2009.

Q: during the period, discharge was about 1m3/s, however
with an extreme daily variability due to snowmelt, with
constant oscillation between 500–800 L/s and 900–1,700 L/s.
Basal Q and Snowmelt Q: the Basal Q corresponds to the
lowest daily discharges corresponding to the cessation of
daily snowmelt influence. Through the period, it gradually
increases from 600 to 1,200 L/s. The Snowmelt Q strictly
corresponds to the daily melting, with a mean value of
400 L/s, oscillation from 0 (snowmelt stop at night) to a
maximum of 760 L/s. The relative contribution of
Snowmelt Q to the total discharge (Q) evolves from 0 when
snowmelt recharges stops at night to a maximum of 50 %
of Q, with a mean value of 30 % of Q.

Values

Min.

Aver.

Max.

Date of
min.

Date of
max.

Q
(L/s)

497

1123

1754

11/03/2009
16:00

19/03/2009
01:30

Snowmelt Q
(L/s)

0

374

760

N/A

16/03/2009
01:30

Snowmelt Q
/ Q (%)

0%

29 %

50 %

N/A

16/03/2009
01:00

Tspring
(°C)

6,23

6,94

7,99

11/03/2009
08:30

12/03/2009
16:00

Lag min Tair
to min Q (h)

6

7
(±1)

8,5

10/03/2009

20/03/2009

Lag max Tair
to max Q (h)

8

12
(±2,3)

16

19/03/2009

10/03/2009

Figure 3. Lag between the air temperature (Tair) and the discharge (Q), for both minima and maxima.

Evolution of Q: Q increase during the period results from
the increase of the air temperature and the maintenance of
high values during the day, whereas night frost occurring
on most part of the catchment stops melting at night. A
snowfall occurring at the end of the period stops the cycle.
Min-max Q lag: the daily minimum of Q is at about 14:30,
the daily maximum of Q is at about 03:00 (Fig. 3). There is
a lag of 7 h between snowmelt start on the surface at
sunrise, given by the air temperature minima (Tair) and the
beginning of restitution of infiltrated meltwater at the spring
at the beginning of the afternoon. The lag between the Tair
maxima and Q maxima (lag of Tair-Q maxima) is less
defined, because of the presence of several secondary peaks
of Q, however it is about 12 h. The lag of Tair-Q minima is
stable during the period, whereas the lag of Tair-Q maxima
shortens from 14 to 10 h during the same period (Fig. 4).
Tspring: the Q peaks correspond to Tspring minima and
conversely. Tspring and Q are in phase inversion (Fig. 2). The
thermal amplitude is up to 1.8°C (extreme Tspring are 6.2 and
8 °C). At the daily scale, the thermal amplitude is between
0.3 and 1.5 °C. Largest amplitudes are at the beginning of
the period. Amplitudes gradually reduce till a quasi thermal

Figure 4. Evolution of the Tair-Q lag for both minima and maxima.
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the spring (Q) gives information about transfer velocity
(Fig. 3). The snowmelt water arrives at the spring in 7 h (lag
of minima), whereas lag of maxima is 12 h. It does not
completely corresponds to water transfer, which is slightly
longer, but to the succession of transfer in the vadose zone
then to the arriving in the horizontal transfer zone, with both
full pipe and open-channel flow, which quickly increases
the discharge by piston-flow effect in the phreatic zones
(see below). Concerning lags evolution during the period
(Fig. 4), the stability of the lags of minima corresponds to
the invariant time of infiltration through the vadose zone in
recession condition (7 h), whereas the shortening of the lags
of maxima reveals the gradual saturation of the vadose zone
under the effect of repeated melting cycles and the
simultaneous gradual increase of transfer velocity. Such a
lag of 7 h, corresponding to the time between the beginning
of infiltration and the restitution at the spring is similar to
those observed during floods associated to rainy events
while the infiltration zone is saturated. However, this lag
can be shorter (< 3 h) in case of intense storm producing a
preliminary concentration by surface runoff before
introduction in sinkholes (Audra and Nobécourt 2012).

stability at the end of the period. The lag between Q and
Spring Tspring is about 3 h.

5. Discussion
Evolution of Basal Q (Fig. 2). The increase of basal Q (500
to 1,100 L/s) results of the infiltration of previous days
melting: fast infiltration is transferred within half a day,
whereas slow infiltration is spread in the course of the
following days and cumulative contributes to the gradual
increase of basal Q.
Secondary peaks. Snowmelt cycles are similar throughout
the period. However peaks are systematically made of the
merging of several secondary peaks (Fig. 3). Several
hypotheses are possible: (i) zones of recharge may use
different routes, with slightly different velocities. Such a
reason would produce rather similar secondary peaks; (ii)
the snow stock evolves according to the melting and each
zone contribution may evolve through time; (iii) sun
exposure may somehow change with the presence of
clouds, producing jumps in the melting, with no similitude
of secondary peaks across the period. Since secondary
peaks do not display any evident similitude, we would favor
this last hypothesis.

Thermal changes at the spring. The 2 °C amplitude of
Tspring of is significant (Fig. 2). It corresponds to a relative
proximity of the recharge zone and to the combination of
Basal Q and Snowmelt Q. At the end of the period, Tspring
amplitude gradually decreases till almost homogenization.
It corresponds to the increase of the contribution of water
with short residence time, i.e. the “cold” meltwater, which
gradually dilutes and replaces the “warm” water having a
longer residence time. Together with homogenization, Tspring
gradually decreases. More precisely, there are 2 successive
phases: (i) 10–11 March achieves a cycle of low Tspring
corresponding to a low contribution of Basal Q; (ii) 11–21
March, strong snowmelt start first expels the “warm” water
stored in the phreatic zone, which is gradually replaced by
snowmelt water giving a thermal trend of slow decrease and
homogenization.

Snowmelt Q. The gradual increase of daily temperature
results in the increase of Snowmelt Q. The instantaneous
variations of Snowmelt Q range from 34 L/s in 30 mn in
average up to 176 L/s in 30 mn. The highest variations
occur during both Q rise and Q lowering. At the end of the
period, Snowmelt Q represents halt of the total discharge.
The relative lowering of temperature in the middle of the
period does not affects snowmelt since day temperatures
remain high. On the other hand, the significant temperature
increase at the beginning of the period and the 17–18 March
provokes a clear and lasting Q increase, for both Q and
Snowmelt Q.
Lag. The lag between the snowmelt cycles, directly
connected to the air temperature (Tair), and the restitution at

Q-Tspring hysteresis curve. Plotting of Q and Tspring allows
a deeper understanding of the transfer (Fig. 5). The phase

Figure 5. Hysteresis curves characteristic of daily snowmelt cycles (circles correspond to a cycle at the beginning of melting cycles;
diamonds to a cycle after several days of intense snowmelt).
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inversion between Q and T is easily explained by the
contribution of snowmelt water which simultaneously
increases Q and lowers Tspring. Conversely, during recession
without influence of snow melting, contribution of water
with longer residence time in the phreatic zone gives
warmer Tspring and lower Q. The most interesting
corresponds to the 3 h lag, where “warm” water is expelled
whereas Snowmelt Q starts to rise (Fig. 2). It results from
the “piston flow”: “warm” water stored in the drain is
contributing to the Basal Q, whereas arrival of snowmelt
water in the phreatic zone makes a pressure rise, which
quickly transfers to the spring. While Snowmelt Q starts to
increase, the contributing water is still the “warm” water,
progressively expelled of the drain. And conversely, after
the end of Snowmelt Q contribution, the draining of the
drain still provides cold snowmelt water.

corresponding to the maximum of snow melting and the
peaks of Q, corresponding to the transfer time between
surface and spring, is less than 10 h. This 10 h transfer time
combines about 7 h of vertical transfer through the vadose
zone and 3 h of horizontal transfer through the drain. The
time of transfer of piston flow is assumed to be short and
would not affect significantly the estimation of both vertical
and horizontal transfer times. In the future, we will use dye
for an assessment of the velocity in the drain, which is know
along 1.7 km, including 32 % in siphon (full-pipe flow),
50 % in pools (uniform flow), and 17 % in torrential flow.
For similar Q and assuming a 3h time for horizontal
transfer, we might obtain an estimation of the average
distance of the location of vertical flow arriving in the
horizontal transfer zone. Currently, this place, located
beyond the upstream sump, remains unknown.

Hysteresis curve represents the pathway of Q and Tspring
during snowmelt cycles (Fig. 5). It displays 2 significant
daily snowmelt cycles at the beginning and at the end of the
period. Both pathways are similar even so at the end of the
period thermal amplitude is less pronounced. This shows
the increasing contribution of meltwater with short
residence time, which gradually dilutes and expels the water
having longer residence time. This was already visible in
the thermal variations of the spring. The Q-Tspring 3h-lag
corresponds to the transfer time of meltwater in the drain
between its arrival in the phreatic zone and the spring (plus
the time of transfer of piston-flow, assumed to be short). Or
more probably, this time represents the average time of
several point contributions of infiltrated water. Let’s assume
7 h as the time including the transfer in the vadose zone
(plus the transfer of piston-flow) and 3 h in the drain (which
also includes the time of transfer of piston-flow).
Accordingly, the transfer time from the surface to the spring
would be a little less than about 10 h.
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Extended abstract

Additional field tests were devised to examine these
potential mechanisms for the decrease in CO2. The stream
steepens upon entry to the cave, and, consequently, the
characteristics of sediment deposited in the channel
significantly change. The outside channel is characterized
by fine sediments and particulate organic matter, whereas
the sediments inside the cave are primarily gravels with
little organic debris. Known correlations between CO2
production rates and the organic content and grain size of
sediments (Baker 1986; Hedin 1990) suggest that
production rates should be lower within the cave than
outside. We conducted CO2 production experiments using
sediments from inside and outside the cave and confirmed
that outside sediments produced CO2 at a much higher rate,
suggesting that the shift in sediment type could be
responsible for the decrease in dissolved CO2.

A limestone tablet study of dissolution rates in the main
stream of Lekinka, a cave in Slovenia, indicated a
systematic downstream decrease in dissolution rates with a
characteristic length scale of ~250 m over the duration of a
2-year study (Prelovšek 2009). This finding motivated
further research to determine the processes responsible for
the observed dissolution pattern. Longitudinal changes in
rates, like that observed, provide a unique opportunity to
constrain the dynamics of, and controls on, processes
occurring in cave streams (Covington et al. 2012). In the
initial phase of the study, we proposed several potential
mechanisms for the observed decrease in rates, including
downstream addition of dissolved load due to dissolution
within the channel, downstream addition of dissolved load
from infeeding streams, and degassing of carbon dioxide
(CO2) along the studied reach.

The gas transfer coefficient of a stream is largely
determined by the stream depth and degree of turbulence.
Therefore, theoretical expectations indicate that the gas
transfer coefficient in the steeper, more turbulent reach
inside the cave should be higher than the gas transfer
coefficient in the more placid surface reach. A high spatial
resolution survey of dissolved CO2 values along the stream
using the NDIR sensor indicated that the largest drops in
CO2 were co-located with the steepest portion of the study
reach, where the stream pours down a series of short
cascades This provides evidence that changes in the gas
transfer coefficient also play a role in the downstream
decrease in CO2.

A theoretical analysis of the expected length scales for each
of these processes allowed comparison with the observed
length scale of 250 m. Using this test, the first mechanism,
saturation due to dissolution in the channel, was deemed
implausible. Starting from this theoretical basis, we
identified field data that would allow us to test each
mechanism. We conducted water chemistry analysis,
collected field measurements of water quality parameters,
and measured discharges at locations along the cave stream
in a variety of seasons and flow conditions. In the latter
stages of the study, we modified a non-dispersive infrared
(NDIR) CO2 sensor for direct measurements of dissolved
CO2 using a waterproof breathable membrane. Taken
together, the field data confirmed a systematic downstream
decrease in dissolved CO2, and this remained the most
likely mechanism to be responsible for the downstream
decrease in dissolution rates.

The influence of stream steepness on CO2 dynamics via
biological processes and hydraulics introduces feedback
loops that act in the incision process. The stream profile
affects the gas transfer coefficient, the sediment type, and
the microbial respiration rate, which in turn affect CO2
concentrations in the stream. CO2 concentrations in the
stream affect dissolution rates, which loop back to the
stream profile. The conditions required to produce these
feedback mechanisms, a change in steepness and the
presence of organic matter or some other source of CO2, are
quite common in cave streams. Therefore, these
mechanisms should act in a wide variety of cave settings.
Similar feedback mechanisms have been shown to
determine the morphology of speleothems, such as rimstone
dams (see e.g., Meakin and Jamtveit 2010). However, no
current models of speleogenesis consider these feedback
mechanisms, and their geomorphological implications are
unclear. We argue that more data are needed to constrain
the processes driving CO2 dynamics in cave streams, and
that these data should be used to construct improved models
of cave stream incision that can be used to explore the long-

The stream in Lekinka is fed by an allogenic stream that
flows across unconsolidated noncarbonate sediments and
sinks into the entrance of Lekinka at the limestone contact.
The field data indicated that dissolved CO2 was high in the
surface stream and quickly dropped as the stream flowed
through the first 100 m of the cave. Since the concentration
of CO2 in cave air is typically higher than that on the
surface, this finding could be viewed as surprising.
However, the concentration of dissolved CO2 is controlled
by three factors: 1) the pCO2 of the air, 2) the production
rate of CO2 in the stream and sediment bed, and 3) the gas
transfer coefficient for exchange between water and air.
While the first factor could not explain the observed
decrease of CO2 in the cave, it remained possible that the
other two factors were more important.
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term implications of such feedback mechanisms on cave
morphology. The details of this study are presented in
Covington et al. (in press).

Covington MD, Luhmann AJ, Wicks CM, Saar MO, 2012. Process
length scales and longitudinal damping in karst. Journal of
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Hedin L, 1990. Factors controlling sediment community respriration
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A METHODOLOGY TO ESTIMATE THE AGE OF CAVES IN NORTHERN
LATITUDES, USING TOERFJELLHOLA IN NORWAY AS AN EXAMPLE
Trevor Faulkner
Limestone Research Group, Geography, Earth and Environmental Sciences, University of Birmingham, Edgbaston,
Birmingham, B15 2TT, UK, trevor@marblecaves.org.uk

The minimum ages of cave passages are commonly reported by dating their chemical or clastic deposits. Few studies have
attempted to provide detailed timescales for the evolution of caves without such deposits. This paper addresses this issue
for complex caves formed in glaciated regions, especially those in northern latitudes that were covered by extensive
icesheets during the Pleistocene. Toerfjellhola in Norway is chosen as an example to illustrate a methodology by which
its cave development history can be deduced by considering probable entrenchment and dissolution rates and local
geomorphological changes, whilst working backwards in time and upwards in elevation. Such a method suggests that
Toerfjellhola initially comprised two separate palaeocaves whose present highest level passages were formed during the
Elsterian deglaciation at the transition from MIS12 to MIS11c. The two caves probably became connected by a common
flow route during the Eemian Interglacial at MIS5e.

1. Introduction

Faulkner 2005). The caves tend to cluster along marble
outcrops and remain within 50 m of the overlying surface
or less than one-eighth of the depth of the local glaciated
valley (Faulkner 2007a). About a third are “combination”
caves (Faulkner 2009a) that contain relict phreatic passages
commonly above a single mainly vadose streamway, as in
Toerfjellhola. Local cave development probably follows a
repeating four-stage process (Faulkner 2005; 2010):
tectonic inception; deglacial speleogenesis beneath an icedammed lake (IDL) or a subglacial reservoir; interglacial
speleogenesis; and glacial removal. These processes lead
to an internal Top-Down, Middle-Outwards (TDMO) model
of cave development (Faulkner 2007b). The combination
caves are mostly “single-cycle” caves that developed their
phreatic passages during the Weichselian deglaciation.
There are only about 25 that appear to be “multi-cycle”
caves that have experienced several Pleistocene glaciations.
Of these, Toerfjellhola is one of the most complex, with
passages at nine levels. Its sump is c. 50 m below the
surface, which is more than the amount of local bedrock
removed at each glaciation. It is therefore a good candidate
to have developed over several glacial–interglacial cycles.
This paper deduces its possible history, despite its lack of
datable stalagmite and it having clastic deposits and a few
straw stalactites that likely derive from, or were formed
after, the last deglaciation.

A universal problem in karst geomorphology is to derive a
speleogenetic history for caves in a karst area (Ford and
Williams 2007). Although phases of cave development may
be deduced from studies of cave surveys and cave
elevations, these are commonly correlated with external
geological and geomorphological events only if supported
by the dating of speleothems and / or other internal deposits.
Such deposits can provide minimum existence ages for the
containing cave passages, but it is problematic to derive
speleogenetic timetables without them. However, the
interglacial hydrological flow routes from sinks to risings
for caves formed in glaciated valleys can change
significantly after rejuvenation caused by each cycle of
glacial erosion (e.g., Häuselmann et al. 2007). Glacial cycles
had a period of c. 100,000 years during the last one million
years. If previous surface flows and underground vadose
and phreatic flows can be correlated to glacial events, this
should provide an estimated timetable for speleogenesis.
This paper considers situations in the repeatedly-glaciated
mountainous Caledonides in northern latitudes by using
Toerfjellhola in Central Scandinavia as an example of
multi-cycle speleogenesis. Large glaciations started the
excavation of local U-shaped valleys and fjords from
2.8–2.5 Ma, and full-scale continental glaciations started
from 0.9 Ma (Fredin 2002). Toerfjellhola is formed in
amphibolite grade marble that was created by intense
folding and metamorphism in the Cambrian to Silurian
Caledonide orogeny. Hence, any karst structures in its
previous sedimentary limestone lithology have been lost.
Its tectonic inception is assumed to be derived from open
fractures created as late as the Pleistocene by deglacial
uplift and seismicity at the culminations of Scandinavian
glaciations (Faulkner 2006a). The cave development history
for Toerfjellhola is thus likely to be shorter, simpler and
easier to derive than the histories of caves in sedimentary
limestones that experienced similar glacial environments:
inception in those caves may have started soon after
diagenesis (Lowe and Gunn 1997).

Toerfjellhola is the longest cave in the Helgeland Nappe
Complex (HNC). The marble is well-banded in grey and
white colours, commonly with a vertical foliation. The
dominant country rock is mica schist, supplemented by
outcrops of granite, gneiss and amphibolites, with
commonly linear stripe karst marble outcrops (Gustavson
1988). The cave is one of only five known in vertical stripe
karst in the HNC that also contain steeply-sloping relict
passages. It lies 5 km NE of Tosenfjord on the SW flank of
Toerfjell (1,000 m) in Brønnøy commune, Norway
(Faulkner and Newton 1995: Fig. 15). The Main Entrance
sink is at WGS84 UTM coordinates VN06504927 at an
altitude of 485 m a.s.l. The cave has a surveyed length of
1,896 m and a depth of 101 m. It is situated on a bench
within an unmapped marble outcrop measuring perhaps
1,000 m by 200 m above the upper, dry, part of

Central Scandinavia has nearly 1,000 recorded caves
between 64°30’N and 66°20’N (Engh and Sjöberg 1981;
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Overengbakkdal (Figure 1). The sides of this valley consist
of large areas of jumbled rocks several metres in size and a
block stream occupies the valley floor (Figure 2). The cave’s
catchment area is c. 1.1 km2, mainly comprising large
snowfields on Toerfjell that melt throughout each summer.

turbulent water at 10 °C flows continuously from a
vegetated catchment area, if that raises PCO to 1 % (Palmer
1991). Calcite concentrations remained well below
saturation in both deglacial and interglacial environments
in Central Scandinavia. Hence, most chemical phreatic
enlargement took place at rates that were maximal for the
prevailing conditions. Dissolution can thus be regarded as
either “on” or “off” within applicable timescales, depending
on the geometry of the flow path. It follows that the
diameters of the phreatic passages and the entrenchment
depths of vadose passages can commonly be used to
represent linear timescales of enlargement, despite these
enlargements taking place under varying flow regimes.
Even during deglacial conditions at 0 °C and low PCO ,
the chemical wall retreat rate limit remains significant at
~0.35 mm per year, to which can be added high-flow
mechanical erosion that might raise the rate to1mm per year
(Faulkner 2006b). In the case of Toerfjellhola, it has a
present sink to resurgence path length of c. 350 m and a
corresponding depth of 150 m, giving a hydraulic ratio
(head / length2) of 1.2×10-3m-1. A minimum tectonic fracture
aperture of only 2 mm is needed to maintain phreatic
dissolution at a maximum rate here (Faulkner 2006a;
2006b: Fig. 3). Earlier, higher, fractures were shorter and
therefore even more likely to enlarge at maximum rates
from the outset. Thus, slow pre-breakthrough chemical
inception probably does not need to be considered here.
2

2

Figure 1. Dry Overengbakk canyon beside the limestone bench
containing Toerfjellhola. Tosenfjord is in the distance.

The Toerfjellhola stream enters White Water Passage
(Figure 3) and passes beneath relict 8 m and 12 m entrance
shafts that appear to have been inactive in the Holocene.
Beyond here, the passage seems to end where the water
sinks in the floor. However, an upward climb leads to the
JoKe Exit, probably a relict resurgence. Small holes down
also lead to a junction with a small keyhole-shaped tributary
inlet at the head of a steeply-entrenched streamway. This
passes many powerful waterfalls (Figure 4) before reaching
the sump. It lies below several sub-horizontal strike-aligned
relict mainly phreatic passages, which interconnect by jointaligned shafts and rifts. At its lower end, the Ultimate Roof
Series leads to the large abandoned Trunk Passage and
upwards to the relict Lower Entrance. From the cave survey
plan, section and cross-sections, it appears as if much of the
early cave development was phreatic, because the Ultimate
Roof Series contains the descending parts of several
interconnected phreatic loops that are all blocked at boulder
chokes beneath surface dry valleys, as is the sump. This is
100 m from the resurgence in Overengbakkdal (Figure 2)
and it seems likely that the final 50 m descent to the
resurgence is mainly within the valley block stream.

2. Methodology

Figure 2. Toerfjellhola resurgence below the blockfield at the
lower end of the Overengbakk canyon.

Karst caves have a “museum” property to preserve evidence
of palaeo-environments, from their location, morphology,
hydrology, dimensions and contents. By studying these
attributes in the more complex caves, it should be possible
to explain local speleogenesis, the evolution of the external
landscape, and the varying climatic regimes that the caves
and their host regions have experienced. Fortunately, the
laws of the physics and chemistry of limestone dissolution
have now been derived (Palmer 1991). Dissolution rates are
almost immeasurably low during the inception phase in
sedimentary limestones and in narrow tectonic inception
fractures in marbles, prior to reaching the chemical
“breakthrough point” (Dreybrodt 1990). The rates only
become significant during the later phases of phreatic
and any vadose enlargement. They typically reaching
a wall retreat rate limit of ~1 mm per year when unsaturated

In this methodology, caves and local landscapes are
discussed by working backwards in time and upwards in
elevation, by applying the TDMO model (Faulkner 2007b)
in the reverse order. Hence, by raising the floor levels of
surface streams and vadose passages by the amounts
estimated to have been entrenched during the Holocene
interglacial, the local Eemian topography and hydrological
drainage systems can be visualised. This assumes that there
was little flow of water during the whole of the Weichselian
(MIS5d–2), when the Norwegian mountain chain probably
remained continuously glaciated. Active vadose streamways
are considered first, followed by any relict vadose elements,
and phreatic passages are treated upwards in turn, from
active to relict. The deglacial IDL that first enlarged the
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3. Vadose entrenchment

highest relict phreatic passage then constrains the time when
deglacial uplift produced the tectonic fractures that led to the
oldest existing passages. An important factor is the glacial
and interglacial erosion of the land surface above the cave.
Dowdeswell et al. (2010) showed that an average of 230 m
of local bedrock was eroded in the last 600 ka, an average
of 38 m per glacial cycle. Other data showed that glacial
valleys in Norwegian mountains can deepen by > 60 m
during each 100ka glacial cycle, whilst, at the same time,
glacial erosion can be negligible in areas of low relief.
Faulkner (2010) deduced that at Tosenfjord at least, the
more-recent glacial erosion has been >>20 m per 100 ka
glacial cycle. Grønlie (1975) noted that glacial scouring was
intense at Durmålstind, only six km from Toerfjellhola.
Sollid and Sørbel (1979) suggested from the general absence
of heavily weathered summits, rock pinnacles and
autochthonous blockfields that much of this area was lastcovered by a fast-flowing warm-based icesheet. However,
Overengbakkdal is a side valley to the larger Godvassdal,
making its glacial erosion less than average. If the maximum
50 m depth of fractures and conduits of the present cave
passages remained roughly constant during its development,
the total surface lowering to the highest and presumed oldest
parts of Toerfjellhola was also equal to 50 m during that
period. This is assumed to cover the glaciations at MIS10,
8, 6 and 5d–2. Dates below commonly refer to 14C years
Before Present, with conversions to calendar years from
Stuiver et al. (1998: Figs. A7 and A8).

Vadose entrenchment only occurs during interglacial (and
possibly interstadial) flow regimes. Hydraulic gradients
increased dramatically after the Weichselian valley erosion
and deglaciation, promoting the growth of vadose passages
by entrenchment of existing phreatic passages or by
enlargement of lower inception fractures. The vertical
extents of vadose entrenchments and waterfalls below any
upper phreatic levels were measured by Faulkner (2009a)
from cave surveys for Central Scandinavia: they are nearly
all ≤ 10 m, including in Toerfjellhola. Hence, most local
active vadose streamways probably developed within the
Holocene, if the continuous rate of limestone dissolution is
1mm per year. None of the cross-sections in Figure 3 have
a “double vadose” profile, suggesting that the present
streamway and the tributary were not active in any
interglacials prior to the Holocene. The Holocene
exploitation of inception fractures is shown on Figure 3 by
several inaccessible captures along the streamway. Such
fractures probably formed neotectonically during the
Holocene, giving insufficient time for much enlargement.

Figure 4. Toerfjellhola stream. Photo by M. Smith.

4. Headward recession of waterfalls
Figure 3. Toerfjellhola This figure is shown at a larger scale by
Faulkner and Newton (1995) and Faulkner (2007).

Another method to quantify the development timescale of
active stream passages is to measure the amount of
headward erosion at waterfalls (Faulkner 2009a). Results
showed that recessions in most local active caves vary from
2–10 m, again suggesting a Holocene timescale from the
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8. Weichselian deglaciation speleogenesis

maximum erosion rate of 1.2 mm per year, estimated by
White (1990, p170). This also applies to Toerfjellhola,
which shows two successive headward erosions of only 5 m
each beyond the Dry Pitches (Figure 3). Thus, the main
stream appears to be a powerful summer overfit (Figure 4),
because the entrenchments and recessions along the length
of its streamway have dimensions applicable to normal
Holocene erosion.

The relict phreatic passages must have enlarged during one
or more prior deglaciations or interglacials. Enlargement
within a static subglacial lake beneath a warm-based ice
sheet over limestone is unlikely, because such a lake would
saturate with calcite. However, dissolution within a
subglacial waterway leading from a moulin or an IDL to the
ice front during deglaciation is also possible. The rather
consistent mean diameter of all the local relict phreatic
caves is c. 2.0 m, including those at valley floors (Faulkner
2009a). This suggests that these caves, and probably many
relict phreatic passages in combination caves, enlarged over
similar deglaciation timescales. However, the mean crosssection of Toerfjellhola is 6 m2, giving an equivalent mean
diameter of 2.8 m, suggesting its larger passages pre-date
the Weichselian.

5. Active sump passages
Weichselian deglacial phreatic enlargement likely
accounted for passage width increases in the range 1–2 m,
when submerged by a flowing IDL that caused chemical
and mechanical erosion for up to 1,000 years (Faulkner
2009a). The sump in Toerfjellhola, with a width c. 3 m, is
therefore likely to have formed primarily in the Holocene.

The local Weichselian deglaciation was modelled by
Faulkner (2005), based on a formula devised by Grønlie
(1975). From this model, Toerfjellhola was inundated by a
westward-flowing IDL and high pressure subglacial
reservoir on the west side of Toerfjell from 10850 BP, when
the surface of the icesheet had lowered to the present
altitude of 950 m. The Main Entrance at 485 m altitude was
submerged to a water depth of 465 m. During the many falls
of IDLs on the other (east) side of Toerfjell, their surface
levels were controlled by about 17 passes along a 70 kmlong, north–south mountain ridge. Pass heights ranged from
950 m down to 810 m, reached at 10400 BP. Nine of these
passes have a significant gorge on the western (coastal) side
of the ridge, strongly suggestive of a jökulhlaup at the
change in lake level. The stable lake levels between
collapses caused westward flows through these passes into
the falling and expanding Toerfjell IDL. A 100 km2 lake
suddenly fell 10 m as the ice collapsed at the 830 m passpoint above a deep canyon at the head of Overengbakkdal.
About 1,000 million tonnes of water flowed out before the
eastern lake stabilised again. This may account for the
valley floor block stream, although glacial erosion and
paraglacial processes may also apply.

6. Relict phreatic and vadose passages
All the relict passages in Toerfjellhola probably drained
near the start of the Holocene, and then remained largely
unchanged. Those without vadose trenches drained
rapidly. The Second Roof Series and East–West Passage
(Figure 3: cross-sections 7, 8, 9, 17 and 18) have small,
1 m-scale, relict vadose entrenchments at altitudes from
450–425 m that indicate short-lived vadose flows for a few
hundred years. From their elevations, these are unlikely to
be caused by present Holocene floods. They probably acted
as early Holocene overflow routes before the main
streamway was enlarged to its present size. Several relict
vadose passages and shafts immediately above the
streamway may have been captured earlier in the Holocene,
but some are also discussed below as possible Eemian
vadose flow routes. Relict possible vadose features in the
Ultimate Roof Series may have developed in earlier
interglacials, including the wide sloping floors of Union
Passage and Lower Union Passage.

The final jökulhlaup from the eastern IDL into the Toerfjell
IDL flowed through the lowest pass at 700 m altitude at
10200 BP. After that, the eastern IDL had lowered too far
to feed the large Toerfjell IDL that still submerged
Toerfjellhola and now surrounded the north end of a glacier
in Tosenfjord. During these events, the ice margin retreated
inland as isostatically-depressed low-lying land became
inundated by the sea. The sea finally collapsed the
Tosenfjord glacier and the Toerfjell IDL at 9840±90 BP
(Faulkner and Hunt, 2009), when the water surface above
Toerfjellhola was at the present altitude of 445 m, and the
cave suddenly drained. Parts of Toerfjellhola had thus
remained submerged by glacial meltwater from 10850 BP
until 9840 BP, a duration of 101014C years or c. 1700 cal.
years.

7. Early Holocene
Because all the vadose entrenchments, headward erosions
and the size of the sump are within expected limits, it is
likely that all active parts of the Toerfjellhola system
enlarged to their present sizes during the final stages of
deglaciation and during the Holocene. The main flow route
for the Toerfjellhola stream at the start of the Holocene was
probably via the Main Entrance, the Second Roof Series
and the Third Roof Series, to a conduit along the roof of
The Hall, a route comprising both sumped phreatic and
open vadose sections. The present streamway and the inlet
passage that joins it near JoKe Exit then existed only as a
series of interconnected fractures created by Weichselian
deglacial seismicity. As these fractures enlarged, they
captured the flows early in the Holocene, which abandoned
the higher passages and entrenched the stream passage
along its entire length.

Phreatic enlargement by chemical and mechanical erosion
is only possible if the water is flowing, and this may not
have occurred here below the Plastic Behaviour Limit
(Badino 2001). Below this limit, which commonly lies up
to 200 m below the ice surface, conduits are unlikely to
survive, because they are closed in winter by the pressure
of ice. Thus, the passages may only have enlarged in direct
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10. Earlier speleogenesis

englacial flows to a lower part of the icesheet when within
200 m of the IDL surface. The highest passages in
Toerfjellhola could then have enlarged as the ice lowered
from 685–485 m, over the period 10300–9900 BP, a
duration of 775 cal. years. The lowest passages could only
have enlarged as the ice lowered from 584–445 m, over the
period 10100–9840 BP, for 500 cal. years. Thus, at a
maximum dissolution rate of 1 mma-1, the diameter
enlargements could have varied from 1.0–1.6 m in these
timescales. These are insufficient to account for the sizes of
several passages below the Lower Entrance. Hence, their
enlargement probably started prior to the Weichselian
deglaciation. Cross-sections 11, 12 and 13 (Figure 3) appear
to have “double phreatic” profiles, hinting at enlargements
of Trunk Passage at two different times, and there is
probable enlargement upwards of relict phreatic elements
from The Hall, Trunk Passage / Lower Union Passage to
Union Passage, suggesting that higher passages experienced
more than one deglaciation. The final (Weichselian)
deglacial IDL likely created a phreatic conduit along the
roof of the present stream passage that led to Trunk Passage,
which grew larger than its pre-Weichselian size. The fact
that some of the larger passages were already enlarged
before they became drained at the start of the Holocene is
shown by the occurrence of unweathered slabs of limestone
on their floors, which probably fell there during deglacial
seismicity. Moreover, the presence of clay on fallen blocks
(presumably deposited in static subglacial lake conditions)
suggests that the containing passage already existed before
that time.

The above reasoning can be continued backwards in time
to deduce one possible scenario for the cave’s history, as
summarised in Table 1. Prior to MIS12, two separate
palaeocaves existed within the subsequently eroded 50 m
of marble bedrock. Deglacial seismicity caused by rapid
uplift at the end of this large Elsterian glaciation created
fractures at the bases of these caves, whose present
manifestations link the 12 m Shaft to JoKe Exit and link an
aven above the 10 m Pitch to the Lower Entrance. These
fractures enlarged beneath a deglacial IDL, with water
emerging via conduits and upper cave systems since
removed. During the MIS11, 9 and 7 interglacials, recharges
into the two caves were from sinks of the palaeo
Toerfjellhola stream and the palaeo Overengbakk, which
commonly migrated upstream after each glaciation.
During the MIS11 interglacial, the palaeo Toerfjellhola
stream enlarged the 12 m Shaft at the base of the “upper
cave” (perhaps partly as a vadose waterfall shaft), with the
flow continuing to rise from JoKe Exit. The palaeo
Overengbakk enlarged the 10 m Pitch similarly and its
water left the known cave via the west end of East–West
Passage. The process repeated at the MIS10 deglaciation,
with the creation of a longer loop from the 8 m Shaft along
the roof of White Water Passage to JoKe Exit and a longer
loop via an aven NE of the 10 m Pitch base to the passage
below the west end of E–W Passage. The 8m Shaft enlarged
during the MIS9 interglacial, and the E–W Passage route
enlarged the drop below E–W Passage under a vadose
regime, before creating another exit route down the Sloping
Chimney to the “dig” passage. The “upper cave” loop was
extended back to a fracture at the Main Entrance by the
MIS8 deglaciation, and a connection was made in the
“lower cave” from E–W Passage via Union View to the roof
of Union Passage directly into the “dig” passage. These
routes were then enlarged partly under vadose conditions
during the MIS 7 interglacial when the floor of Union
Passage was widened (cross-section 15). An MIS 6 Late
Saalian deglacial IDL flooded and enlarged all the passages
then existing and created an exit from the south end of
Union Passage. Uplift created new fractures that initiated
connections from Union Passage to Trunk Passage via The
Ramp and also from Lower Union Passage to Trunk
Passage. At the same time, new fractures along the 2nd and
3rd Roof Series connected the two caves.

9. Speleogenesis during the Eemian interglacial
It is assumed that Toerfjellhola was basically unchanged
when covered by ice or in periglacial conditions throughout
MIS 5d–2. The Eemian interglacial at MIS5e (and the
early parts of previous interglacials at MIS9e and MIS11c)
probably experienced mid-latitude mean summer
temperatures that were warmer than today. There was
little, if any, remnant ice, and the mountain summits
supported alpine vegetation (Mangerud et al. 1979).
Reduced winter precipitation, reduced ablation and
increased evapotranspiration probably reduced summer
flow rates and durations. Additionally, the relatively high
temperatures appear to have lasted for less time during
MIS9c, 7e and 5e than in the Holocene, allowing less time
for vadose development. This may account for the observed
scarcity of relict vadose passages in Central Scandinavia
(Faulkner 2009a). In Toerfjellhola, captures of the palaeoOverengbakk at unknown sinks sent water directly into
Union Passage and Lower Union Passage and on via Trunk
Passage to an outlet slightly farther down the Overengbakk
valley. At least the lower parts of this route were sumped.
Most of the passages directly above Union Passage
probably remained dry by the end of MIS5e. The main
Toerfjellhola stream flowed to Trunk Passage along small
passages in the 2nd and 3rd Roof Series, with vadose and
phreatic elements.

11. Conclusions
Few cave passages in Central Scandinavia contain multiple
phreatic loops in series (Faulkner 2005). Toerfjellhola is
distinctive in apparently having one palaeo loop along the
roof of White Water Passage that rises into JoKe Exit and
another that starts at the adjacent capture point and follows
the 2nd and 3rd Roof Series into Trunk Passage, suggesting
this cave previously existed as two separate caves. Many
local caves also do not consist of fully-symmetrical phreatic
loops, but contain instead a tiered series of “incomplete
loops”, which are choked at their down-valley rising limbs.
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Toerfjellhola is concluded to be a multi-cycle cave
developed from two separate palaeocaves since MIS12. It
may contain the oldest surviving cave passages in Central
Scandinavia, despite Isacsson (1999) suggesting that the
complex Swedish cave Korallgrottan was fully-formed in
the Pliocene. The oldest well-dated speleothem in north
Norway appears to be from Hammernesgrotta (500 ka:
Lauritzen et al. 1994), indicating growth in MIS13.
Faulkner (2009b) briefly surmised that Rågge Javre-Raige
may have passages that have survived for ~1 Ma, and
discussed why some caves in northern Scandinavia may be
older than those in any other Caledonide terrane. It is argued
here that passages in Toerfjellhola commonly developed
phreatically prior to their vadose entrenchment, giving them
“upside-down” morphology, in contrast to that of many
cave systems in sedimentary limestones. This methodology
has relied only on karst and local geomorphological
information to derive a scenario for speleogenesis. It may
also apply for the Quaternary history of caves in
sedimentary limestones in glaciated regions. If any dating
information from internal chemical and clastic deposits
becomes available, that should at least confirm the
minimum ages of the containing passages.

These give the appearance of subsequent truncation by
removal of upward cave loops by glacial valley deepening
and widening. However, another possibility is that such
phreatic passages only developed as incomplete half-loops
during deglaciation, when the cave hydrology was
integrated with that of an ice-dammed lake and the
continuing icesheet. For both possibilities, any continuing
“passages” are now “virtual”, having been removed either
by glacial truncation or by the disappearance of englacial
conduits with the melting of the ice sheet. For Toerfjellhola,
at least, the possibility that complete phreatic loops
developed before being removed by glacial erosion seems
unlikely, because the limestone outcrop does not seem to
continue in the required direction. Also, if the valley floor
was much higher than at present, then the lowest level
passage formed at a distance greater than 50 m from the
surface, which would be exceptional for local caves. Thus,
it seems likely that the phreatic half-loop passages
developed to their present sizes under one or more Toerfjell
IDLs. The common lack of vadose entrenchment at the
down-valley ends of phreatic loop passages (Faulkner
2005), as applies in Toerfjellhola, also confirms that a
sudden collapse in the level of the IDL was the normal
outcome. A gradual lowering would instead have permitted
vadose flows through each tiered passage in sequence.
Table 1. Possible development stages for Toerfjellhola.
MIS
Stage

Age
ka

Description

Main upper flow route

Main lower flow route

Comments

12 /
11c

427

Elsterian
deglaciation

12 m Shaft to JoKe Exit

Aven above 10 m Pitch to
Lower Entrance

Two separate caves existed within c. 50 m of
removed bedrock, with phreatic dissolution along
these lowest fractures.

11c–
11a

427–
362

Interglacial

12 m Shaft to JoKe Exit

10 m Pitch to E–W Passage
end

Two separate caves. Mostly phreatic dissolution.

10 /
9e

336

Early Saalian
deglaciation

8 m Shaft to JoKe Exit

Aven NE of 10 m Pitch to
upper & lower SW ends

Two separate caves. All phreatic dissolution.

Interglacial

8 m Shaft to JoKe Exit

Aven and E–W Passage via
Sloping Chimney to “dig”

Two separate caves. Upper cave: mostly phreatic
dissolution below shafts. Lower cave: vadose and
phreatic dissolution.

Mid Saalian
deglaciation

Main Entrance to JoKe
Exit

Aven and E–W Passage via
Union Passage roof to exits

Two separate caves. All phreatic dissolution

Interglacial

Main Entrance to JoKe
Exit

Aven via Union View to
passage before “dig”

Two separate caves. Upper cave: mostly phreatic
dissolution below shafts. Lower cave: vadose and
phreatic dissolution.

9e–9a 336–
303
8 / 7e

243

7e–7a 243–
186
6 / 5e

129

Late Saalian
deglaciation

Main Entrance to JoKe
Exit

Aven via Union View to exit
beyond The Ramp

Two separate caves. All phreatic dissolution

5e

129–
115

Eemian
Interglacial

Main Entrance via 2nd
& 3rd Roof Series to an
exit from Trunk
Passage

Inlets to Union Passage via
The Ramp and via Lower
Union Passage to an exit
from Trunk Passage

The two caves are now connected. Upper part:
mainly vadose to the small 2nd and 3rd Roof Series,
which vary vadose and phreatic. Lower part:
mainly vadose. Trunk Passage: phreatic.

2/1

c. 12

Weichselian
deglaciation

Most of the whole cave above the present stream route,
including an inlet via Lower Union Passage to Trunk
Passage

All phreatic dissolution

1

c. 9

Early Holocene
Interglacial

Main Entrance and the present tributary via 2nd & 3rd
Roof Series and roof of present streamway to a small
exit from The Hall

Mixed vadose and phreatic elements

1

0

Late Holocene
Interglacial

Main Entrance and the present tributary to the sump

Mainly vadose, with inaccessible partly flooded
lower captures
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HOW DO APERTURE SIZES IN LIMESTONE VARY FOR THE ONSETS OF
TURBULENT FLOW AND FIRST-ORDER DISSOLUTION KINETICS?
Trevor Faulkner
Limestone Research Group, Geography, Earth and Environmental Sciences, University of Birmingham, Edgbaston,
Birmingham, B15 2TT, UK, trevor@marblecaves.org.uk

It is commonly stated in the literature that the “breakthrough” point at the transition from slow high-order to fast firstorder dissolution kinetics in limestone occurs at an exit aperture of about one centimetre, and that this coincides with the
transition from a wholly laminar flow to a turbulent flow. These relationships are approximately true for a range of conduit
geometries in sub-horizontally bedded strata. However, the exit aperture for the onset of turbulence varies with the hydraulic
gradient whereas the exit aperture for the onset of first-order kinetics varies with the hydraulic ratio, which is the hydraulic
gradient divided by the path length. These transitions only occur at the same exit aperture for planar fissures and cylindrical
tubes of lengths 290 m and 452 m. Breakthrough can occur before or after the onset of turbulence. Aperture sizes for
breakthrough and turbulence can be over a metre for long and shallow conduits but sub millimetre for short and steep
conduits. This paper analyses these relationships for many conduits in natural and artificial conditions and discusses their
relevance to the multitude of possible karst situations, where hydraulic ratios can be considered over 17 orders of
magnitude.

1. Introduction

trigger” (White 1977) and dissolution then occurs at the
applicable maximum first-order rate over the whole length
of the flow path, to create a conduit with a near-uniform
cross-section. This important event in karst evolution is
called the “breakthrough point” (Dreybrodt 1990). If
limestone comprised pure calcite, the penetration length
might not increase and caves would then only form if initial
fracture geometries allowed immediate first-order
dissolution kinetics, i.e. “tectonic inception” (Faulkner 2006a;
2006b). When C/Cs becomes < c. 60 %, “breakthrough
behaviour” dominates and mixing corrosion is unimportant
(Romanov et al. 2003). At 10 °C and with the inflowing
water containing 1 % CO2, Smax ≈ 1 mm per year (Palmer
1991), although even faster dissolution rates seem possible
in water that is extremely unsaturated (e.g., Palmer 1991:
Fig. 8). Wall retreat rates may also be increased by
mechanical erosion, which is lithology dependent and
amplified in turbulent flow. White (1977) pointed out that
the kinetic trigger can occur at an exit aperture of 1–10 mm,
a range that has been widely quoted. He also stated that this
coincides approximately with the size at which wholly
laminar flow starts to become turbulent (without there being
a causal relationship), and this “coincidence” has also been
widely assumed. This paper analyses these relationships and
discusses their relevance to the multitude of possible karst
situations.

The physics and chemistry of limestone dissolution along
planar fissures and cylindrical conduits were derived in two
key papers over twenty years ago by Dreybrodt (1990) and
Palmer (1991). These built on important earlier works,
including those by Weyl (1958), Bögli (1964), White (1977)
and Palmer (1981). A later treatise to present detailed (and
animated) models of speleogenesis based on the principles
of the Palmer / Dreybrodt model is that by Dreybrodt et al.
(2005). Palmer (1991: Eq. 6) showed that when water flows
past any point in a conduit in natural limestone, the rate of
solutional wall retreat (S) is:
S = 31.56kn(1/ρ)(1 – C/Cs)n cm per year,
where kn mg-cm L-1 s-1 is the appropriate reaction
coefficient, ρ gm cm-3 is the density of the limestone, C gm
cm-3 is the point concentration of calcite in solution, Cs gm
cm-3 is the appropriate saturation concentration of calcite
and n is the reaction order. kn, C and Cs vary with
temperature and PCO2 levels. kn>1 also varies with C/Cs, and
C also varies with the geometrical and hydrological
parameters of the conduit. Dissolution when the solution is
well below saturation occurs at a fast “first-order kinetics”
rate, where n = 1. At the beginning of the conduit, C is at a
minimum, and may be close to zero for an allogenic stream
running from non-carbonate rocks. In this case, dissolution
at the entrance is at the appropriate maximum rate of
Smax = 31.56k1/ρ cm a-1. The calcite concentration increases
downstream from the entry point. If C approaches Cs, the
dissolution rate becomes small and the reaction proceeds with
“higher-order kinetics” as the flow continues. The change
occurs near a point along the conduit that Weyl (1958)
called the “penetration length”, where 0.6 < C/CS < 0.9,
dependent on temperature and PCO2. Beyond here, n ≥ 4,
governed by non-calcitic impurities, and “mixing
corrosion” (Bögli 1964) can be important if sustained over
long geological timescales. The Palmer/Dreybrodt model
quantifies the gradual conduit enlargement under slow highorder kinetics as the penetration length slowly increases.
When it reaches to the exit of the aperture, there is a “kinetic

Flow rates, water velocities and the transition to turbulent
flow in conduits are controlled by the hydraulic gradient
(HG; Head / path length = H/L), among other variables. The
main parameters at the chemical breakthrough point are
controlled by a geometrical variable called the “hydraulic
ratio”, which equals the hydraulic gradient divided by the
path length (HR; H/L2; Dreybrodt 1990). The necessity for
the extra divisor can be understood, because dissolution
always proceeds along the whole path length. Based on the
work of Palmer (1991), which itself was based on the
Hagen-Poiseuille Equations for laminar flow, these
relationships were plotted graphically by Faulkner (2006a:
Fig. 3). Those curves illustrated the linear relationships
among the logarithms of hydraulic conductivity, water
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velocity, flow rate, hydraulic ratio and the exit apertures at
the breakthrough point for both wide planar fissures and
circular tubes of lengths 1–1,000 m. Also shown were the
applicable Reynolds numbers (see below) for each flow
regime. Some of these relationships are presented in Table 1
and illustrated in a modified format in Figure 1. This plots
the minimum fissure exit aperture or tube radius in
centimetres for the establishment of first-order kinetics, plus
the minimum conduit size for the onset of turbulent flow,

against the hydraulic gradient of the conduit. Logarithmic
scales are used in Figure 1, with the axes values chosen to
exceed the extreme ranges likely to apply in natural and
artificial karst systems. The minimum conduit sizes for the
onset of turbulent flow vary with cross-section shape, but
are independent of conduit length for uniform conduits.
Those for the chemical breakthrough point vary with
conduit shape as well, but also vary with length; they are
shown for five set lengths from 1–10,000 m.

Table 1. Fissure and tube sizes for the onsets of turbulence and first-order kinetics for various lengths and hydraulic gradients.
Length
L

Hydraulic
gradient
H/L

Aperture
wt = 0.1663*
HG-⅓

Radius
rt = 0.1153*
HG-⅓

Hydraulic
Ratio (HR)
H/L2

m

HG

cm

cm

m-1

1.00E-09
1.00E-08
1.00E-07
1.00E-06
1.00E-05
1.00E-08
1.00E-07
1.00E-06
1.00E-05
1.00E-04
1.00E-07
1.00E-06
1.00E-05
1.00E-04
1.00E-03
1.00E-06
1.00E-05
1.00E-04
1.00E-03
1.00E-02
1.00E-05
1.00E-04
1.00E-03
1.00E-02
1.00E-01
1.00E-04
1.00E-03
1.00E-02
1.00E-01
1.00E+00
1.00E-03
1.00E-02
1.00E-01
1.00E+00
1.00E+01
1.00E-02
1.00E-01
1.00E+00
1.00E+01
1.00E+02
1.00E-01
1.00E+00
1.00E+01
1.00E+02
1.00E+03
1.00E+00
1.00E+01
1.00E+02
1.00E+03
1.00E+04

166.1907
77.1448
35.8102
16.6229
7.7163
77.1448
35.8102
16.6229
7.7163
3.5818
35.8102
16.6229
7.7163
3.5818
1.6627
16.6229
7.7163
3.5818
1.6627
0.7718
7.7163
3.5818
1.6627
0.7718
0.3583
3.5818
1.6627
0.7718
0.3583
0.1663
1.6627
0.7718
0.3583
0.1663
0.0772
0.7718
0.3583
0.1663
0.0772
0.0358
0.3583
0.1663
0.0772
0.0358
0.0166
0.1663
0.0772
0.0358
0.0166
0.0077

115.2344
53.4912
24.8303
11.5261
5.3503
53.4912
24.8303
11.5261
5.3503
2.4836
24.8303
11.5261
5.3503
2.4836
1.1529
11.5261
5.3503
2.4836
1.1529
0.5352
5.3503
2.4836
1.1529
0.5352
0.2484
2.4836
1.1529
0.5352
0.2484
0.1153
1.1529
0.5352
0.2484
0.1153
0.0535
0.5352
0.2484
0.1153
0.0535
0.0248
0.2484
0.1153
0.0535
0.0248
0.0115
0.1153
0.0535
0.0248
0.0115
0.0054

1.00E-13
1.00E-11
1.00E-09
1.00E-07
1.00E-05
1.00E-12
1.00E-10
1.00E-08
1.00E-06
1.00E-04
1.00E-11
1.00E-09
1.00E-07
1.00E-05
1.00E-03
1.00E-10
1.00E-08
1.00E-06
1.00E-04
1.00E-02
1.00E-09
1.00E-07
1.00E-05
1.00E-03
1.00E-01
1.00E-08
1.00E-06
1.00E-04
1.00E-02
1.00E+00
1.00E-07
1.00E-05
1.00E-03
1.00E-01
1.00E+01
1.00E-06
1.00E-04
1.00E-02
1.00E+00
1.00E+02
1.00E-05
1.00E-03
1.00E-01
1.00E+01
1.00E+03
1.00E-04
1.00E-02
1.00E+00
1.00E+02
1.00E+04

10,000
1,000
100
10
1
10,000
1,000
100
10
1
10,000
1,000
100
10
1
10,000
1,000
100
10
1
10,000
1,000
100
10
1
10,000
1,000
100
10
1
10,000
1,000
100
10
1
10,000
1,000
100
10
1
10,000
1,000
100
10
1
10,000
1,000
100
10
1
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log wfo =
-(4.80 +
logHR)/3

Aperture
wfo

2.7333
2.0667
1.4000
0.7333
0.0667
2.4000
1.7333
1.0667
0.4000
-0.2667
2.0667
1.4000
0.7333
0.0667
-0.6000
1.7333
1.0667
0.4000
-0.2667
-0.9333
1.4000
0.7333
0.0667
-0.6000
-1.2667
1.0667
0.4000
-0.2667
-0.9333
-1.6000
0.7333
0.0667
-0.6000
-1.2667
-1.9333
0.4000
-0.2667
-0.9333
-1.6000
-2.2667
0.0667
-0.6000
-1.2667
-1.9333
-2.6000
-0.2667
-0.9333
-1.6000
-2.2667
-2.9333

541.1695
116.5914
25.1189
5.4117
1.1659
251.1886
54.1170
11.6591
2.5119
0.5412
116.5914
25.1189
5.4117
1.1659
0.2512
54.1170
11.6591
2.5119
0.5412
0.1166
25.1189
5.4117
1.1659
0.2512
0.0541
11.6591
2.5119
0.5412
0.1166
0.0251
5.4117
1.1659
0.2512
0.0541
0.0117
2.5119
0.5412
0.1166
0.0251
0.0054
1.1659
0.2512
0.0541
0.0117
0.0025
0.5412
0.1166
0.0251
0.0054
0.0012

log rfo =
-(5.47 +
logHR)/3

Radius
rfo

2.5100
1.8433
1.1767
0.5100
-0.1567
2.1767
1.5100
0.8433
0.1767
-0.4900
1.8433
1.1767
0.5100
-0.1567
-0.8233
1.5100
0.8433
0.1767
-0.4900
-1.1567
1.1767
0.5100
-0.1567
-0.8233
-1.4900
0.8433
0.1767
-0.4900
-1.1567
-1.8233
0.5100
-0.1567
-0.8233
-1.4900
-2.1567
0.1767
-0.4900
-1.1567
-1.8233
-2.4900
-0.1567
-0.8233
-1.4900
-2.1567
-2.8233
-0.4900
-1.1567
-1.8233
-2.4900
-3.1567

323.5937
69.7161
15.0199
3.2359
0.6972
150.1989
32.3594
6.9716
1.5020
0.3236
69.7161
15.0199
3.2359
0.6972
0.1502
32.3594
6.9716
1.5020
0.3236
0.0697
15.0199
3.2359
0.6972
0.1502
0.0324
6.9716
1.5020
0.3236
0.0697
0.0150
3.2359
0.6972
0.1502
0.0324
0.0070
1.5020
0.3236
0.0697
0.0150
0.0032
0.6972
0.1502
0.0324
0.0070
0.0015
0.3236
0.0697
0.0150
0.0032
0.0007

cm

cm
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2. Onset of turbulent flow

log rt = log[0.1153(HG)-⅓] = -(5.47 + logHR)/3.

By convention, dimensionless Reynolds Numbers (Re) are
used to characterise flow regimes in fissures and pipes.
These are commonly defined as: Re = wρV/μ (fissure) and
Re = 2rρV/μ (tube), where w cm = aperture width of a
fissure, r cm = radius of a cylindrical tube, ρ = the density
of the water = 1gm cm-3, V cm sec-1 = its mean velocity and
μ = its dynamic viscosity = 0.01307 gm cm-1 sec-1 at 10 °C
(Ford and Williams 2007: p112).

Noting that HR = HG/L, these relationships simplify at
coincidence to L = 290 m (fissures) and L = 452 m (tubes),
for any hydraulic gradient and its related conduit size.
Because 100 m-long fissures have a similar aperture at
breakthrough as the radius of a 100 m-long tube at the onset
of turbulence for each HG, and 1,000 m-long fissures have
a similar aperture at the onset of turbulence as the radius of
a 1,000 m-long tube at breakthrough, these two pairs of
curves almost coincide on Figure 1.

Laminar flows in fissures and tubes obey the HagenPoiseuille Equations: V = w2ρg*HG/12μ (fissure) and
V = r2ρg*HG/8μ (tube), by re-arrangement of Palmer
(1991: Eq. 3), where g = 981 cm sec-2 is the gravitational
acceleration, HG = Hydraulic Gradient. Normally, 0 ≤ HG ≤1,
which is the normal maximum for vertical flow paths under
subaerial conditions. HG > 1 is possible for inlets submerged
beneath a reservoir or lake.

5. Discussion
Karst hydrologists state that hydraulic gradients commonly
occur in the range 10-2 to 10-4 for karst aquifers in subhorizontal sedimentary limestones (e.g., White 1988: p165).
From Figure 1, the breakthrough point in a 100 m-long
fissure or tube occurs when the aperture or radius reaches
0.54–2.51 cm or 0.32–1.50 cm over this HG range. For
1,000 m- and 10,000 m-long flow routes, the required sizes
increase to 1.17–5.41 cm or 0.70–3.24 cm and 2.51–11.66 cm
or 1.50–6.97 cm. However, for long flow paths with
HG ≤ 10-4, they can increase up to several metres. For steep
flows with 10-2 ≤ HG ≤ 100, they can reduce to < 1 mm. For
fissures or tubes that are < 290 m or < 452 m long at any
HG, the onset of turbulent flow occurs after their exit widths
or radii reach their breakthrough sizes, but will be gained
under fast first-order kinetics. For conduits longer than
those lengths, turbulence starts before breakthrough is
achieved. The Palmer/Dreybrodt analysis applies only for
laminar flow. For each conduit size, turbulence reduces the
mean velocity and discharge rate. Hence, for these longer
conduits, the onset of first-order dissolution is delayed and
might only be achieved at larger aperture sizes than shown.
Beyond the “central” ranges of HG from 10-2 to 10-4 and L
from 100–1,000 m, Figure 1 illustrates the applicable
breakthrough points and onsets of turbulence at the extreme
limits of both natural and artificial practical situations, as
discussed below.

The above equations can be re-arranged to state the
applicable aperture and radius in terms of the Reynolds
Number:
w = [12μ2Re/(ρ2g*HG)]⅓ cm (fissure) and
r = [4μ2Re/(ρ2g*HG)]⅓ cm (tube).
The value of Re at which flows in karst conduits start to
become turbulent is assumed to be 2,200 (Kaufmann and
Braun 1999). Substituting this value and the other given
constants into these equations gives: wt = 0.1663(HG)-⅓ cm
(fissure) and rt = 0.1153(HG)-⅓ cm (tube), where wt and rt
are the minimum aperture or radius for the onset of
turbulent flow in fissures or tubes in limestone. Two plots
in Figure 1 show how these vary from 166 cm or 115 cm at
HG = 10-9 via 0.018 cm or 0.012 cm at HG = 100 to
0.008 cm or 0.005 cm at HG = 104.

3. Onset of first-order kinetics
The approximate fissure aperture (wfo) and tube radius (rfo)
at the breakthrough point at 10 °C with 1 % PCO2 for an
unsaturated input stream (i.e. C0 = 0 gm CaCO3 cm-3) were
derived by Faulkner (2006a) from the discussion by
Palmer (1991: p8 and Figs. 12a and 12b). These gave:
log wfo = log rfo = -(5 + logHR)/3, where HR m-1 = the
hydraulic ratio and the path length L is measured in
metres. However, more accurate derivations are:
log wfo = -(4.80 + logHR)/3 and log rfo = -(5.47 + logHR)/3,
which are used to generate five length plots in Figure 1 for
both fissures and tubes. These show how the aperture or
radius required vary from 541 cm or 324 cm for a 10 km
flow route with HG = 10-9 and HR = 10-13 m-1 via 0.12 cm or
0.08 cm for a 100 m length with HG = 100 and HR = 10-2 m-1
to 0.0012 cm or 0.0007 cm for a 1 m length with HG = 104
and HR = 104 m-1.

6. Breakthrough time
Dreybrodt (1990) and Palmer (1991) presented similar
equations to represent TB, the time taken for a planar fissure
with an initial aperture of w0 to achieve breakthrough.
A simplified form of Palmer (1991: Eq. 8) is: TB =
constant*w0-3.12*(HR)-1.37 years, where the constant varies
with temperature and the PCO2 of the input stream. Palmer
(1991: Fig. 13) plotted TB against HR for various w0 from
0.001–0.1 cm for 1,000,000 ≥ TB ≥ 100 years. For TB <100
years, the linear relationships on log-log scales breakdown,
reaching TB = 0 for conditions at tectonic inception
(Faulkner 2006a: Fig. 5). Hence, there is a wide range of
breakthrough times in natural karst systems that vary with
hydraulic gradient, conduit length and initial aperture.

4. Coincidence of turbulence and breakthrough
The onsets of turbulent flow and first-order
kinetics coincide at the same conduit sizes if:
wt = wfo (fissures) or rt = rfo (tubes), i.e. if:
log wt = log[0.1663(HG)-⅓] = -(4.80 + logHR)/3 or if:

7. Diagenesis
Limestone is commonly formed by carbonate deposition in
shallow tropical or deep marine environments, followed by
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/%

Figure 1. Minimum fissure aperture (wt or wfo) and tube radius (rt or rfo) in cm for the onset of turbulent flow or first order dissolution
kinetics at 10 °C and 1 % PCO2, plotted against hydraulic gradient (HG). wt (dashed lines) and rt (dotted lines) are independent of path
length. wfo and rfo (solid lines) are shown for path lengths of 1 m, 10 m, 100 m, 1,000 m and 10,000 m. The vertical line indicates the
maximum HG of 1, for vertical flow paths under normal subaerial conditions. For karst submerged by a reservoir or lake, HG can be >1.
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compaction, lithification, and diagenesis in partly meteoric
waters. During diagenesis, apertures are at the scale of the
pores between crystals, orders of magnitude below values
in Figure 1, so that chemical breakthrough does not apply.

processes. Hence, breakthrough is reached quickly here, or
even immediately on the opening of a joint, if it is large
enough for tectonic inception. This explains the epikarst
phenomenon, where cave entrance passages can be
showered with water during heavy rain. Similarly, new
dolines can form rapidly in abandoned limestone quarries
(Gunn and Gagen 1987). Vertical grikes ≤ 1 m deep are
common in limestone pavements. They achieve fast
dissolution with apertures of 0.025 cm, making tectonic
inception even more likely here. Smooth pavements under
continuous rainfall would lower up to 0.5 mm per year by
dissolution, best exemplified by 1.5 m of marble erosion in
the Holocene at Madre de Dios, Chile (Faulkner 2009).

8. Long drainage basins
Following exhumation and uplift, initial flows in
homogeneous non-fractured limestone would be along
inception horizons, perhaps in an adjacent more permeable
lithology (Lowe and Gunn 1997). Apertures commonly
remain at the pore scale, so that breakthrough is still not
possible, even with short vertical flow paths, until highorder dissolution eventually creates conduits with w >
0.001 cm. For example, for long “shallow” karst aquifers,
i.e. those ≥ 1 km in length with HG ≤ 10-2, chemical
breakthrough does not occur until the conduit reaches over
1 cm in size. From Palmer (1991: Fig. 13), this would take
over one million years, if the initial aperture was 0.01 cm.

12. Speleothem dripwaters
Speleothem deposition occurs when dissolved calcite
precipitates by CO2 vigorously degassing in cave air, where
the dripwater flow reaches an open passage roof or wall. If
autogenic water at 10 °C seeps through a non-carbonate
rock with PCO2 of 1 % derived from overlying soils, it will
contain little dissolved calcite before entering the limestone,
but will then reach calcite saturation in closed conditions at
50 mg L-1 (Palmer 1991: Fig. 7). Similar autogenic water
flowing through calcareous soils with 1 % PCO2 continuously
maintained in open conditions could saturate at 212 mg L-1
before entering the lime-stone. The PCO2 of cave air does
not normally fall below the level of the surface atmospheric,
presently 0.04 %. Water under such conditions saturates at
12 or 68 mg L-1 in closed or open conditions, respectively.
Assuming degassing occurs under open conditions, drips
may thus become aggress-ive, with no deposition, or
deposit a maximum of 144 mg of speleothem from each
litre of water. Water flowing from a passage via fissures in
its floor that drips into a lower passage may experience
“prior calcite precipitation” (Fairchild and Baker, 2012,
p. 26). It will then become aggressive or deposit speleothem
again, depending on the relative PCO2 of the cave air in the
two passages.

For long fractured limestone aquifers, the flow route might
reach deep below the surface and even pass through noncalcitic lithologies before rising to the resurgence. Because
natural fractures tend to reduce in size with depth and the
rock temperature increases, the flow would follow a path
through apertures of varying initial size at varying temperatures, with the possible addition of strong acid dissolution. The effect on breakthrough times is much more
complex. This is the realm of hypogene speleogenesis
(Klimchouk 2007), where this new science still requires
considerable analysis and quantification (Faulkner 2007a).

9. Shorter drainage routes
The initial apertures of shorter fracture networks probably
lie in the range 0.001–0.1 cm. From Figure 1, only those
short flow paths with L < 10 m, w > 0.01 cm and HG > 10-2
could exhibit breakthrough behaviour. However, fractures
in the “common” HG range 10-2 – 10-4 with 1.0 cm > w >
0.1 cm (which may apply close to the surface) could be at
breakthrough for L < 1,000 m.

It seems conceivable that dripwaters could achieve
chemical breakthrough and then enlarge bedding planes and
joints along their flow path, to create explorable passages
and shafts. However, the presence of large and old
speleothems in many caves suggests that dripwaters enter
the limestone nearly saturated and/or flow in long tiny
fissures, remaining near saturation for >> 100,000 years. In
the competition between the slow enlargement of the
dripwater flow path and the lower PCO2 level of cave air,
degassing should help retain the chemical regime before the
drip exit in a pre-breakthrough condition and prolong
deposition.

10. Tall vertical fractures
It is conceivable that limestone cliffs, including any ≥ 1 km
high, could have vertical fracture systems that reach from
the cliff top to the cliff base. Water percolating down such
fractures at HG = 1 would reach the breakthrough point at
an aperture of 0.25 cm, if there is enough recharge to keep
the fissure filled with water. For shorter cliffs, the required
apertures are smaller. This explains the numerous marble
cave entrances located near valley shoulders in Central
Scandinavia (Faulkner 2005).

The geometry of dripwater flow paths is never known, and
has rarely, if ever, been modelled. Cave air PCO2 can vary
from dangerous levels of ~5 %, when degassing and deposition are unlikely, to atmospheric levels at cave entrances,
where speleothems are commonly located. Nevertheless,
dripwaters from cave roofs that follow a vertical path down
short joints from a bare limestone surface are more likely
to be aggressive and less likely to deposit speleothem,
in contrast to those that flow from calcareous soils
along longer flow paths with small hydraulic gradients.

11. Epikarst joints and limestone pavements
In the epikarst, water-filled vertical joints ≤ 10 m high that
transmit water into a lower vadose zone would need
apertures of only 0.05 cm to achieve first-order kinetic
dissolution. This is the place where joint openings are
naturally the largest, from surface stress relief and other
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upstream and resurgences find lower outlets. Clearly, these
effects may make significant changes to hydraulic gradients
and hydraulic ratios, depending on the local topography.
They provide opportunities for new fractures at lower levels
to carry some of the drainage. These may in turn eventually
achieve breakthrough and then grow large enough to be
explored by diving.

Under intermediate conditions, dripwater might become
aggressive during floods that raise hydraulic gradients,
thereby causing dissolution of speleothem.
During winter, interesting and complex competitions arise
among the effects of lower temperature and its
consequential reduction of biological activity and therefore
of PCO2 in dripwaters. Reduced temperature increases the
amount of calcite that can be held in solution, thereby
increasing penetration lengths and significantly reducing
breakthrough times. (However, dissolution rates are
significantly reduced after breakthrough). Reduced PCO2
levels reduce the calcite saturation level, thereby reducing
penetration lengths and increasing breakthrough times
(post-breakthrough dissolution rates are also somewhat
reduced for applicable ranges of PCO2). Because the
temperature change is likely to be damped when the
dripwater reaches open cave passage, the change in PCO2 is
likely to have the major influence. Thus, assuming the
dripwater flow always operates with high-order kinetics,
i.e. it remains pre-breakthrough, its solute load is reduced
and therefore winter precipitation of speleothem should be
reduced, at the same flow rate. However, the PCO2 of winter
cave air may also reduce, increasing precipitation.

15. Conclusions
The onset of turbulence in a uniform conduit is controlled
by two main variables: the aperture (i.e. fissure width or
tube radius) and the hydraulic gradient, whereas the onset
of first-order kinetics after breakthrough is also controlled
by the length of the conduit. Mathematically, hydraulic
gradient and length are usefully combined into a single
variable, the hydraulic ratio. The two onsets only coincide
at the same aperture for planar fissures of length 290 m and
for cylindrical tubes of length 452 m, the actual aperture
depending on the hydraulic gradient. Thus, breakthrough
may occur before or after flow becomes turbulent,
depending on conduit length. The time to reach it also
depends on three main variables: initial aperture, hydraulic
gradient, and conduit length. For many karst aquifers,
breakthrough occurs at an aperture of about 1cm for 10 mlong conduits at a hydraulic gradient of 10-4 and for longer
and steeper conduits up to 1,000 m long at 10-2. However,
there are many different karstic situations governed by the
same laws. In practice, the breakthrough aperture may vary
from the sub-millimetre to several metres and hydraulic
ratios can be considered over 17 orders of magnitude.

13. Speleogenesis below reservoirs and lakes
If the entry to the karst is itself under a head of water, this
head needs to be added to the head within the karst to give
the applicable hydraulic gradient. Such increased HGs can
cause rapid breakthrough by enlargement of karst fractures
beneath a reservoir, as studied by Dreybrodt (1996). Thus,
a reservoir dam can be bypassed by an underlying conduit,
causing significant leakage of the reservoir. Close to the
wall of the dam, the HG can exceed unity. For example,
from Figure 1, if the leakage is 900 m away and down the
valley from a fracture system that leads 100 m below the
base of a dam that holds back water 100 m deep, L =
1,000 m and HG = 200/1,000 = 0.2, giving a breakthrough
aperture of 0.4 cm. For a 10 m-long sub-horizontal fracture
directly beneath the same dam, HG = 10, giving a required
aperture of 0.025 cm, so that immediate tectonic inception
is likely here. Similar conditions can arise during the
deglaciation of continental ice sheets in mountainous areas,
if the fractures become submerged by an ice-dammed lake
(Faulkner 2005). In this case, the flow path is from the lake
and via the fractures back into the lake and then into
englacial conduits within the continuing ice sheet, or
directly from the fractures into Nye channels at the base of
a warm-based ice sheet. Despite the water being at 0 °C,
with a PCO2 then of only 0.02 %, such situations can also
cause tectonic inception and fairly rapid first-order
dissolution (Faulkner 2006b).
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This manuscript offers preliminary geochemical evidence that investigates the potential for hypogene speleogenesis in
the Cumberland Plateau of southeastern Kentucky, U.S.A. The region was traditionally considered a classic example of
epigenic karst, but new insights have uncovered tantalizing observations that suggest alternatives to simple carbonic acid
speleogenesis. Such first-order observations have included natural petroleum seeps at the surface and in caves, occasional
cave morphologies consistent with action of hypogene fluids, and prolific gypsum within cave passages. To this point,
geochemical data from caves and springs verify carbonic acid as the primary dissolutional agent; however, these same
analyses cannot rule out sulfuric acid as a secondary source of dissolution. In this paper, Principal Component Analysis
of ionic data reveals two components that coordinate with parameters associated with “karst water” and shallow brine. In
contrast, molar ratios of Ca+ and Mg+ as compared to HCO3- and SO42- closely follow the reaction pathway stipulated by
the carbonate equilibria reactions. Despite these data, the role, if any, of hypogene speleogenesis in the karst of the
Cumberland Plateau remains inconclusive. It is very likely that carbonic acid dominates speleogenesis; however,
contributions from sulfuric acid may influence our understanding of “inception” and carbon flux within these aquifers.

1. Introduction

assuming equal contributions from the two acids, only 25 %
of the DIC will originate from the soil/atmosphere. This
testifies to the relative strength of the two acids.

The chemistry of groundwater in karst aquifers reflects
contributions from the dissolution of carbonate bedrock
where the sources of acid come primarily from the reactions
between water and dissolved carbon dioxide, which
produces carbonic acid, or between dissolved oxygen and
sulfide, which produces sulfuric acid. In the case of
carbonic acid, the net chemical reaction yields equal
contributions of dissolved inorganic carbon (DIC) from
both soil/atmosphere and bedrock:

The first of the above equations represents the “carbonic
acid speleogenesis”, or CAS, model of cave development,
where carbon-dioxide-enriched waters from percolating,
epigenetic recharge react with the carbonate bedrock (Ford
and Williams 2007; White 1988). Caves in southeastern
Kentucky, U.S.A. serve in the literature as classic examples
of epigenic karst (e.g., Simpson and Florea 2009). In these
systems the chemical products of carbonate dissolution,
Ca2+, Mg2+, and HCO3- (and as a result pH) are generally
inversely correlated to discharge – as discharge goes up, the
concentration of these ions (and therefore specific
conductance – SpC) goes down due to, in part, dilution.
This notwithstanding pulses of storage water pushed
through at the beginning of storm events.

Note that the above reaction yields a 1:2 molar ratio of
cations to bicarbonate in the products. Contrast this with
the case of sulfuric acid, where the net reaction with the
carbonate bedrock limestone reveals DIC derived solely
from the bedrock:

The second equation, in contrast, represents the “sulfuric
acid speleogenesis” (Jagnow et al. 2000), or SAS, model of
cave development. This model is used to explain, for
example, the caves from the Guadalupe Mountains of New
Mexico (Hill 1990) where sources of acidity arise from
below – a “hypogene” model. Modern examples of SAS
have been identified in Cueva de Villa Luz in Mexico (Hose
et al. 2000), Grotte di Frasassi in Italy (Galdenzi and
Menchetti 1995), the hydrothermal springs and caves in the
Cerna River Valley (Wynn et al. 2010; Onac et al. 2011) in
Romania, and Lower Kane Cave in Wyoming (Engel et al.
2004), among others. Re-appraisal of hypogenic theories
based on hydrogeological definition has been done in
Klimchouk (2007). Recent investigations in the Edwards
aquifer in central Texas (e.g., Schindel et al. 2008) are an
example of a region specific approach to understanding
hypogene speleogenesis.

In this reaction, note that the molar ratio between the cations
and bicarbonate and between the cations and anions in the
products is 1:1 and 2:3, respectively.
Finally, if we combine the two reactions above into a net
reaction assuming equal contributions from carbonic and
sulfuric acids, we arrive at the following:

that reveals a 3:4 molar ratio between the cations in solution
and bicarbonate or a 3:5 ratio between the cations and
anions in solution. It is important to mention that, when

This brief paper explores the relationship between ions in
solution and field chemistry in spring water from southeast
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Sinkholes and other closed drainage features prevail within
incised valleys. Vertical solution shafts occur in stress
release fractures along the hillsides (Ferguson 1967) near
the contact with overlying siliciclastics and capture
allogenic recharge from the plateau surface (Brucker et al.
1972). In the classic epigenic model applied to this region,
vadose drainage through caves follows a stair-step pattern
through the strata of the plateau margin (Crawford 1984)
and coalesces into sinuous base-level conduits that
generally parallel the surface valley and topographic
contours (Sasowsky and White 1994). Tiers of these
horizontal passages formed in response to episodic changes
of base level controlled by the advance and retreat of the
Laurentide ice sheet (Anthony and Granger 2004). Aquifer
storage is concentrated in the rock matrix; however, the
low permeability of these carbonates ensures that the
communication between the matrix and the cave passages
is low. Therefore, springflow hydrographs are “flashy”
(White 1988; Florea and Vacher 2006) with most accessible
storage lingering within the epikarst.

Kentucky. These data are analysed using two methods,
Principal Component Analysis (PCA) and molar ratios to
investigate the reletave importance of the two reaction
pathways, CAS and SAS, as they currently contribute to the
development of cavernous porosity.
While there can be no doubt, a priori, that CAS dominates
the current karst aquifers of southeast Kentucky, closer
inspection of caves in these aquifers reveal features
noted by Ewers (1985) where he popularized the term
“paragenesis”, in which the bottom of the cave passage was
the inception horizon and the dissolution progressed
upward. Recent research on hypogene speleogenesis, in
which rising fluids dissolve limestone, raises a question of
whether the observed paragenetic features are in fact
hypogene features.
For example, Florea et al. (2011a) document passage
geometries within caves in southeast Kentucky located near
shallow oil reservoirs in Mississippian strata that contain
diagnostic features that are concordant with a SAS
interpretation, such as rising half-tubes leading toward
cupolas, blind passages, and possible bubble tracks
(Klimchouk 2007). Some of these caves have identified
petroleum seeps and curious passage names such as “sewer
room”, “gasoline alley”, and “oil cave”. In fact, “dead oil”
is clearly visible within cross-lamina of the Ste. Genevieve
limestone of Redmond Creek Cave (Walden et al. 2007).

2.2. Spring Chemistry in Southeast Kentucky
Preliminary geochemical investigations by Dugan et al.
(2012) provide a geochemical “snapshot” of water
chemistry from fifteen karst springs distributed within the
Otter Creek watershed southern Wayne County, Kentucky,
USA – a tributary of the Cumberland River that contains
sinking streams, sulfur seeps, integrated cave systems, and
Kentucky’s largest sinkhole. The results cluster into three
groups of springs, traditional karst springs, tufa springs, and
sulfur seeps, that are in part spatially controlled by the
Sunnybrook Anticline (Fig. 1). This anticline has an
amplitude of approximately 30 m, is oriented N-NE, and is
parallel to the trend of the Cumberland Escarpment.

2. Physical Setting
Data come from the Cumberland Escarpment in southeast
Kentucky along the east flank of the Cincinnati Arch, a
broad saddle-shaped uplift aligned north-south in northcentral Tennessee and south-central Kentucky. Erosion on
the structural highs located in the Nashville Dome of
Tennessee and the Jessamine Dome of central Kentucky
have exposed Ordovician carbonates at the core of those
domes. Progressively younger strata are revealed away
from the center of those structural highs. The topography
of the study area is split equally between uplands of the
Cumberland Plateau and deeply incised valleys that drain
those uplands. The terrain of the escarpment is rugged, with
upper slopes lined with vertical cliffs of Pennsylvanian
sandstones and conglomerates of the Lee Formation, a
“bench” of gentle slopes marking the exposure of
transitional-marine calcareous shale that comprise the
upper-Mississippian Paragon Formation, and lower slopes
and sinkhole floors underlain by the relatively pure
carbonates of the middle-Mississippian Slade Formation
(Ettensohn et al. 1984). Relief in the study area exceeds
230 m with ridge tops above 530 m and valley floors below
300 m elevation above sea level.

Tufa springs represent the “most evolved” calciumbicarbonate water on a geochemical pathway that connects
meteoric water, recharge, traditional karst springs, and tufa
springs Florea et al. (2011b). Waters at these tufa springs
are supersaturated with respect to calcite and where they
emerge, calcite precipitates. These springs probably resurge
from long, strike-parallel flowpaths on the west flank of the
anticline.
Sulfur seeps, with higher average SpC and temperatures
(13.3 °C compared to 11.7 °C) are largely concentrated on
the east flank of the anticline in the direction of the
Appalachian Basin. The presence of these seeps is a
manifestation of shallow petroleum reservoirs in lower
Mississippian strata, particularly the Stray Sand pay zone,
which consists of 3 to 10 m of cherty, geode-bearing
limestone near the top of the Fort Payne 50 to 65 m above
the Chattanooga shale (McFarlan 1943). These shallow
reserves were exploited between the 1880s and the 1920s.
Even though initial production in some wells was intense
(upwards of 2,000 barrels of oil per day), production was
generally short lived.

2.1. Karst Geology and Hydrology
The Slade Formation, regionally divided into the St. Louis,
the Ste. Genevieve, and Kidder Limestone members, is
significantly modified by solution activity, and karst
landscapes dominate the area of carbonate exposure
(Simpson and Florea 2009). Less soluble cross-bedded
siltstones of the Salem-Warsaw Formations locally act as a
base for conduit development below the Slade Formation.

Sulfate/sulfide concentrations in the seeps are elevated and
microbial-mediated sulfur redox is apparent as mats of
microbial “slimes” at these seeps. Geologically, this setting
is similar to that of Lower Kane Cave in the Mississippianage Madison Limestone on the east flank of the Little Sheep
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All data were compiled in a spreadsheet for analysis
including computation of the molar ratios of species in
solution. Of specific interest were those ratios outlined in
the introduction that reveal the relative magnitudes of
reaction pathways consistent with CAS and SAS.
Secondarily, the time-series data for each parameter
collected at Sandy Springs were input into SPSS software.
Factor analysis was applied to these data and resulting
eigenvalues were weighted toward each input parameter.

Mountain anticline in the Bighorn Basin of north-central
Wyoming where sulfide-rich brines from nearby oil
reservoirs are oxidized by bacterial-mats to induce SAS
(Engle et al. 2004).

4. Results and Discussion
4.1. Molar Ratios
Figure 2 is a cross plot of the molar concentration of Ca+ and
Mg+ compared to the molar concentration of HCO3-. Two
trends are clear. The first is that all data from the traditional
karst springs and from tufa springs generally fall along the
1:2 molar ratio line, clearly demonstrating the role of CAS
in these systems. Sulfur springs, on the other hand, cluster
closer to the 2:1 molar ratio line, which suggests enrichment
in Ca+ and Mg+ without contemporaneous addition of HCO3. Such a trend is possible with entrainment of shallow brines.
A cross plot between the Mg+/Ca+ ratio as compared to Mg+
helps provide further context (Figure 3). In this plot, data
from Stream Cave, near the aquifer input and low in Mg+,
have wide range in Mg+/Ca+ ratios. Sandy Springs and the
tufa springs, have near consistent Mg+ concentrations and a
stable Mg+/Ca+ ratio between 0.16 and 0.2. This is consistent
with dolomite abundance in the neighborhood of 12 % to
15 %. Sulfur seeps, with influence of shallow brines, have a
wider span of Mg+/Ca+ ratios and an increasing abundance
of Mg+ in solution.

Figure 1. Study areas in Wayne County, KY, U.S.A. Index map of
Kentucky illustrates the location of Wayne County. The Field
House that serves as a base of operations is shown as an open
square. The light gray is the Otter Creek Watershed with the
Redmond Creek karst aquifer outlined in black. Sandy Springs and
Stream Cave and indicated by SS and SC, respectively. The axis
of the Sunnybrook Anticline is indicated as a black line. Principal
communities are indicated in text. Groundwater flow paths are
inferred by dye tracing and known cave survey. Oil reservoirs in
shallow Mississippian-age strata identified by Abbott (1921) are
denoted by gray ovals.

3. Methods
Samples come 15 springs in the Otter Creek watershed of
southeast Kentucky, U.S.A. Two springs, Stream Cave and
Sandy Springs, are one input to and the primary output from
the Redmond Creek Karst Aquifer. Remaining sites
comprise traditional karst springs, tufa springs, and sulfur
seeps. Sixteen sets of bi-montly samples were collected
from Stream Cave and Sandy Springs during a detailed
investigation in 2010–2011. The remaining sites comprise
one or two samples collected between 2010 and 2012. Each
sample was collected in two 250-mL HDPE bottles – an unpreserved sample for anions and a sample preserved with
2 mL of 6N HNO3 for cations. All water samples were
refrigerated at 4 °C until the time of analysis. Samples were
analysed using Ion Chromatography and Inductively
Coupled Plasma-Optical Omission Spectrospcopy at the
Waters Lab at Western Kentucky University. All results
were reported in mg/L and converterd to molar equivalents.

Figure 2. Molar ratios of Ca2+ +Mg2+ as compared against
HCO3-. Open squares are from Stream Cave, open diamonds are
from Sandy Springs, open triangles are from tufa springs, and
open circles are from sulfur seeps. Also shown are linear
regressions that demonstrate molar ratios of 1:2, 1:1, and 2:1.
The 1:2 and 1:1 linear regressions are an indication of dissolution
of carbonate from carbonic acid and sulfuiric acid, respectively.

In the field, values of pH, SpC, Temperature, and Dissolved
Oxygen were collected on site using an YSI multiparameter
sonde. Alkalinity titrations were conducted onsite using a
HACH ditigal titrator and converted to molar equivalents
of HCO3-. Using the Debye-Hückle relationships the
saturation state of the water with respect to calcite (C/CS)
and the partial pressure of carbon dioxide (pCO2).
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4.2. Principal Component Analysis of Karst Groundwater
in Southeast Kentucky
Using PCA, a form of factor analysis in SPSS software,
eigenvalues were derived that comprise the maximum
amount of data variation (Florea 2012). In contrast to the
method of molar ratios, the potential for SAS is revealed
using PCA for the time series data of ion chemistry and field
data for Sandy Springs. For example, when considering
spring discharge (Q), dissolved ion concentrations, and the
isotopic composition of DIC and rainwater, one PCA
calculates that 48 % of the variance can be explained by Q,
Ca2+, Mg2+, K+, NO3-, and HCO3-. A second component,
including Na+, Cl-, SO42-, and total organic carbon (TOC)
explains 31 % of the variance. A final third component,
comprising solely the isotopic composition of rainwater
includes 10 % of the remaining variance.
In a second, more restricted PCA, a first component
comprises 48 % of the variance and includes Ca2+, Mg2+, the
isotopes of DIC, and HCO3-, and a second component
comprises 31 % of the variance and includes SO42-, the
isotopes of DIC, and pH. Finally, a third PCA results in two
components: a first incuding HCO3-, Ca2+, total dissolved
solids (TDS) and Q for 53 % of the variance, and a second
with pH and SO42- including 24 % of the remaining
variance. Component loading diagrams for these three PCA
are included in (Figure 5).

Figure 3. Cross plot of the molar ratio of Mg2+/ Ca2+ as
compared against Mg2+. Open squares are from Stream Cave,
open diamonds are from Sandy Springs, open triangles are from
tufa springs, and open circles are from sulfur seeps.

Figure 4 is a cross plot of the molar concentration of Ca+
and Mg+ compared to the molar concentration of HCO3- and
SO42-. Again, the sulfur springs cluster in a different locus
than traditional karst springs or tufa springs, which still lay
near the 1:2 molar ratio line, despite the addition of SO42-.
Interestingly, the data from the sulfur seeps, once corrected
for the molar concentration of H2S, cluster near the 1:1
molar ratio line.

Comparing these results to the original time-series data, the
first component in each PCA corresponds to parameters that
are inversely proportional to discharge; they vary according
to interaction time with bedrock, namely limestone
dissolution by CAS. In generaly, when discharge goes up,
TDS, including NO3- from agricultural runoff, decreases
because of dilution. The second component in these PCA
incudes paratmeters generally associated with brines and
appears to be somewhat independent of discharge and
perhaps directly related to pH. TOC is inversely
proportional to these parameters suggesting that these
brines have low organic content. The composition of DIC
has complex loading on both components, suggesting that
the isotopic composition of DIC may result in part from a
blend of sources. Finally, the third component includes only
the isotopic composition of rainwater, and as such suggests
that rainfall composition is modulated external to the
aquifer, a subject of a forthcoming publication (Florea, in
review).

5. Summary Points
The available data presented in this paper reinforce our
scientific understanding of the dominance of carbonic acid
in the development of karst in southeast Kentucky, U.S.A.
Molar fractions of cations and anions in groundwater
samples from karst springs and tufa springs are consistent
with the stoichiometry of the carbonate equilibria reactions.
Results from PCA consistently reveal an eigenvalue
comprised of variables associated with CAS in shallow
groundwater that is anit-correlated to discharge. These
results are neither revealing nor unexpected. However, the
presence of sulfur seeps within caves and along base-level
streams combined with morphologic features in caves
associated with SAS evokes questions.

Figure 4. Molar ratios of Ca2+ +Mg2+ as compared against HCO3+SO42-. Open squares are from Stream Cave, open diamonds are
from Sandy Springs, open triangles are from tufa springs, and
open circles are from sulfur seeps. Filled circles are sulfur seeps
with the addition of H2S. Also shown are linear regressions that
demonstrate molar ratios of 1:2, 2:3, and 1:1. The 1:2 linear
regression is a indication of dissolution of carbonate from
carbonic acid. The 2:3 linear regression is the expected molar
ratio from dissolution sulfuric acid.
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Molar ratios clearly identify the sulfur seeps are being from
shallow brines associated with shallow reservoirs of
petroleum. Enriched in H2S, these sites are likely
experiencing SAS. The question remains as to how
prevelant this process is (e.g., what is the relative magnitude
of CAS and SAS). Such an investigation may influence our
understanding of the “inception” period in these karst
aquifers – the earliest stages of secondary permeability
development – and the magnitude of carbon flux from these
aquifers – specifically, the volume of inorganic carbon
sequestered from the atmosphere and rhizosphere.
The data from Sandy Springs may lend some additional
insight. For example, in each PCA, variables commonly
associated with brines co-vary and account for a significant
percent of the variance in the data. These data seem to vary
independent of discharge and are anti-correlated to TOC.
This could be a result of entrainment of shallow brines that
are depleted in organic carbon within the karst aquifer. The
isotopes of carbon in DIC within these samples exhibit
complex loading on each eigenvalue. This suggests that
contributions to DIC may come from both shallow
groundwater where CAS dominates and from the entrained
shallow brines where dissolved sulfides are oxidized
creating the conditions for SAS on a limited scope. It is
worth noting that at least one small sulfur seep has been
identified within the cave that feeds Sandy Springs.
Corroded bedrock in the vicinity of this seep is a clear
indication of SAS on at least the scale of individual seeps.
Recent measurements of isotopes of DIC from sulfur seeps
in the Otter Creek watershed (Florea, et al. 2011c)
demonstrate an enrichment of lithospheric carbon as would
be expected from the stoichiometry of the SAS reaction
presented in this manuscript.
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Vertical organization of karst network or “speleogenesis in
the dimension of length and depth” has been in research
focus for more than a century. Different models have been
proposed, each focusing the speleogenesis to: a) the vadose
zone, where the solution is most aggressive b) the water
table, where the density of flow is highest and c) to the
phreatic zone, referring to the deep Darcyan flow paths.

and triggers the evolution of new pathways along some
deeper levels below the master conduit. While master
conduit also incises into an underground canyon, the deep
pathways evolve toward maturity and capture increasing
portion of flow. The question arises what will happen first:
a) an underground – water table cave connecting both levels
or b) all the flow will be diverted along the lower pathway.

Different models were unified into a single concept, the four
state model of Ford and Ewers (1978). The model relates
geometry of caves to the frequency of penetrable fissures.
It has been successfully applied to numerous speleogenetic
settings.

The incision of the master conduit is a result of a
combination of chemical and mechanical erosion. We make
a rather crude (but reasonable for the purpose) assumption
that it is constant in time.
The development of deep pathway is treated with the
approach given in detail in several sources (Dreybrodt et al.
2005). The model couples flow and dissolution along a
pathway (single fracture) through mass balance assuming
that within each segment of the fracture, the dissolved mass
contributes to the saturation ratio of the solution. Analytical
solution is based on the approximation that the entire
pathway is widened uniformly, defined by minimum
dissolution rates at the exit (Gabrovšek and Dreybrodt
2000). This way dissolution and widening rates of the
fracture is calculated. When the head difference between
both ends of the pathway is constant, such coupling results
in increasing flow rate, which in turn enhances dissolution
rates and vice versa. The feedback mechanism ends with an
abrupt increase of both, flow and dissolution rates, called
the breakthrough. After the breakthrough, the dissolution
rate along the pathway is constant and maximal and the
flow rate increases at the maximal rate. Soon the pathway
can capture all available flow.

In the last decade these conceptual models have been also
verified with the numerical ones. Gabrovšek and Dreybrodt
(2001) modelled 2D unconfined fracture network in
constant boundary conditions. The model showed the
importance of flow focusing at the water table which is
dropping in time due to the increasing permeability. Most
simulations resulted in the formation of a water table cave
at the base level. Deeper phreatic loops were more an
exception than a rule, limited to the cases with the absence
of flow paths in the vicinity of the base level. Similar results
were obtained by Kaufmann (2003) who modelled a
vertical fracture network embedded in a porous matrix.
Base level changes have been also considered (Dreybrodt
et al. 2005), demonstrating that valley incision and back
filling can result in deep phreatic loops.
Carbonate massifs of young orogenes are normally heavily
fractured due to the intense tectonic activity. According to
the four state model, one would expect that water table
caves would be common, but several studies reveal that
they are more an exception than a rule. The looping caves
with soutirages connecting different cave levels, are more
common than the water table caves (Jeannin et al. 2000).

In our model the evolution of deep pathway is driven by a
variable hydraulic head. It initially increases in time as the
valley incises faster than the master conduit. When valley
passes the elevation of deep pathway, the head is maximal,
latter the head drops with incision of the an underground.

Speleogenesis in Alpine environments is influenced by high
uplift and valley incision rate and irregular recharge.

The analytical solution for the evolution of a pathway under
varying hydraulic head as given above, divides the
parameter space into a region where the breakthrough of
the lower pathway is possible (formation of a loop) and a
region where the master conduit develops into a an
underground.

Several works have stressed the potential importance of
recharge variation in vertical development of karst network
(e.g., Häuselmann et al. 2003) based on field observations.
In this work we adopt some of these conceptual approaches
and translate them into a simple mathematical model based
on basic principles of flow, dissolution and transport. The
full paper described in this extended abstract has been
submitted to publication (Häuselmann et al. 2012).

We introduce the Loop-to-Canyon-Ratio (LCR), a
parameter predicting which of the two outcomes is more
likely to occur in certain settings.

The conceptual model is fairly simple: Initially we assume
a master conduit discharging part of the karst massif to a
spring at the base level. The incision of the base level starts

Generally an initial master conduit is not straight, but
undulates in both planes. One can also assume several sub-
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vertical fractures (proto soutirages) connecting the level of
the master conduit and the deep pathway. In case of a
transient recharge, composed of floods and dry periods, the
event water is stored in the depression of the (undulating)
master conduit after the flood recession. This water seeps
along the proto soutirages towards the deep pathway and
enlarges them. Therefore, deep pathways evolve also when
the master conduit does not. This mechanism considerably
increases the LCR. Therefore, the loops evolve more likely
in transient recharge conditions.

Dreybrodt W, Gabrovsek F, Romanov D, 2005. Processes of
speleogenesis: a modeling approach. Zalozba ZRC, Ljubljana.
Ford DC, Ewers RO, 1978. The development of limestone cave
systems in the dimensions of length and depth. Can J Earth Sci,
15, 1783–1798.
Gabrovsek F, Dreybrodt W, 2001. A model of the early evolution
of karst aquifers in limestone in the dimensions of length and
depth. Journal of Hydrology, 240(3–4), 206–224.
Häuselmann Ph, Gabrovšek F, Audra Ph, 2012. “Looping caves”
versus “watertable caves”: The role of base level changes and
recharge variations in the dimensions of length and depth.
Submitted to GSA.

Although the model includes several approximations, it
presents a step forward by assessing the relative importance
of some basic parameters related to specific speleogenetic
settings.

Häuselmann Ph, Jeannin P-Y, Monbaron M, 2003. Role of
epiphreatic flow and soutirages in conduit morphogenesis: the
Bärenschacht example (BE, Switzerland). Zeitschrift für
Geomorphologie, 47(2), 171–190.
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HYPOGENIC SPELEOGENESIS IN THE CRIMEAN FORE-MOUNTAINS
(THE BLACK SEA REGION, SOUTH UKRAINE) AND ITS ROLE IN THE
REGIONAL GEOMORPHOLOGY
Alexander B. Klimchouk, Gennadiy N. Amelichev, Elizaveta I. Tymokhina, Sergiy V. Tokarev
Ukrainian Institute of Speleology and Karstology, 4 Vernadsky Prospect, Simferopol, Ukraine, klim@speleogenesis.info
The leading role in the geomorphic development of the Crimean fore-mountain region is played by the processes of
dismemberment of “shielding” limestone layers of the monoclinal stratified structure through valley entrenchment, and
by further retreat of vertical rocky outcrops via block-toppling mechanism. These processes are guided by the presense of
hypogene karst structures, whose formation preceded the modern relief. Karstified fracture-karst zones, 100 to 400 m
wide, in the Cretaceous-Paleogene strata controlled the entrenchment of valleys in the limestone layers. The basic elements
of hypogenic karst structures, which form their spatial framework, are sub-vertical fracture-karst conduits (karst “rifts”).
Denudational opening of vertical fracture-karst rift conduits in limestone layers set the cliff-like shape of valleys slopes,
and presence of such rift conduits in the rear of cliffs of already incised valleys determines the block-toppling mechanisms
of slope retreat. This maintains the verticality of cliff segments in the cuesta ridge and controls their position.
Hypogenic sculptural morphology is extensively displayed in the exposed walls of cliffs (former conduit walls), which
determines the originality and nomenclature of morphology of limestone cliffs of the Inner Ridge. In those areas of slopes
where position of cliffs has stabilized for considerable time due to absence of new lines of block detachment in the rear,
weathering becomes a significant process in the morphogenesis of surfaces. The abundance, outstanding expression,
preservation and accessibility of relict hypogene karst features in the extensive cuesta cliffs of the Inner Ridge makes the
region the foremost one for studying regularities of hypogene solution porosity development, the process currently ongoing
in the adjacent artesian basin of the Plain Crimea.
The Crimean fore-mountain region stretches as an arch
along the tectonic suture junction zone between the above
two structures. It is composed by two cuesta-like ridges (the
Outer Ridge and Inner Ridge) whose structural slopes are
formed by limestone beds of Paleocene and Eocene (the
Inner Ridge), and of Neogene (the Outer Ridge).

The Crimean Mountains in the south of the Crimean
Peninsula (the Black Sea region, south Ukraine), with its
Main Ridge composed by Jurassic limestones, are a part of
the Alpine fold-thrust belt. Adjacent to north, lays the
Prichernomorsky artesian basin resting on the basement of
the Scythian Plate within the Crimea Peninsula (Figure 1).

Figure 1. Schematic geological cross-section across the Crimean fold-thrust region and its junction with the Scythian Plate
(simplification based on Yudin 2011), showing modern and paleo flow systems and localization of hypogene speleogenesis.

development in the region, which occurred before the
monoclinal layered structure had been dissected by erosion.
Upwelling of deep fluids across the layered aquifer system
of the monoclinal slope was likely linked with the
geodynamic activity along the suture zone (Figure 1).

In the south-east-faced cuesta cliffs of the Inner Ridge, as
well as in the canyon-like transverse valleys that cut the
ridge, extensive vertical outcrops of the Upper Cretaceous
marls and Paleocene and Eocene limestones display a rich
array of features indicative of wide-spread hypogenic karst
364

Speleogenesis – oral

2013 ICS Proceedings

Erosional valleys that transected the area and formed cuesta
main escarps followed a linear pattern of hypogenic karst
structures developed along fault zones and fracture
corridors. The basic elements of these structures, which
formed their spatial framework, are sub-vertical rift-like
conduits (Figure 2). Elements of such karstified corridors
are still present along the edges of massifs, in the rear parts
of cliffs, causing the dominant block-toppling mechanism
of the slope retreat processes (Figure 3). This maintains the
verticality of limestone escarps and exposes “fresh”
hypogenic karst morphology of former rift-like conduits.
The suit of hypogenic karst features displayed in exposed
walls includes variously sculptured surfaces, honeycomb,
boxwork and spongework surfaces, metasomatic alteration
halo, and a rich array of forms composing a cavernous
“fringe” of the principal rift-like conduits. The features of
the “fringe” are now displayed in the exposed walls as
grottoes, niches, large vugs, and zones of smaller vuggy
porosity. Caves in the region are fracture-controlled, linear,
or crude mazes (the longest one is 500 m long),
demonstrating the complete suite of speleogens indicative
of the hypogenic origin. Caves are, in fact, those “branches”
of former karst systems that are oriented normal or oblique
to the present escarps, and hence retain their integrity, in
contrast to those former caves that had been utilized by
valleys. U/Th dating of phreatic calcite (rising spring
“facies”; 260–350 ka) and stalagmite bases (ca. 130 ka)
permitted to establish age constrains for the period of
termination of the hypogenic development of karst systems
in the south-west sector of the range, geomorphologic
expression of the modern Paleocene segment of the cuesta
in the relief, and respective transition to vadose conditions.

accessibility of relict hypogene karst features in the
extensive cuesta exposures of the Inner Ridge makes it the
foremost region for studying regularities of hypogene
solution porosity development, the process currently
ongoing in the adjacent artesian basin of the Plain Crimea.

Figure 3. Cartoons illustrating transverse hypogene speleogenesis
(A) and its control over slope processes in the Inner Ridge of the
Crimean fore-mountains.

References

Figure 2. Conditions of the formation (A) and the current
geomorphic situation (B) of caves and other karst features in the
Inner Ridge of the Crimean fore-mountains.

Yudin VV, 2011. Geodynamics of Crimea. Diaypi, Simferopol.

The main speleogenetic process, clearly discerned from
hydrostratigraphic/structural relations and morphology of
caves and features at cliffs, is the renewal of aggressiveness
due to mixing of deep rising flow (along cross-formational
fracture conduits) and shallow stratiform flow in the layered
aquifer system (Figure 1). Dissolution by rising thermal
waters and by sulfuric acid (due to oxidation of H2S) is also
likely to play a role, at least locally.
We conclude that hypogenic karst was one of the primary
factors of regional geomorphic development, as it
determined locations and specific morphology of valleys and
cuesta cliffs, as well as further landform development in the
adjacent areas of the structural surfaces (blind valleys). The
abundance, outstanding expression, preservation and
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PARAGENESIS: THE “ROYAL MARK” OF SUBGLACIAL SPELEOGENESIS
Stein-Erik Lauritzen
Department of Earth Science, Bergen University, Allegaten 41, N-5007 Bergen, Norway, Stein.lauritzen@geo.uib.no

Paragenesis results in characteristic speleogens that are found in caves developed under most climatic regimes. However,
being a result of sediment excess in the karst conveyor system, it is also a characteristic of the glacier ice-contact (i.e. subglacial) regime. In this case, paragenetic galleries and passage half-tubes may be regarded as a continuation of subglacial
esker systems. A unique feature of subglacial speleogenesis – and subglacial paragenesis – is topographically reversed
flow from englacial hydraulic gradients superimposed onto adjacent karst.

1. Introduction

into. A vadose canyon incised from a first order tube is then
second order. Paragenetic half-tubes, canyons and pendant
fields are related in the same way, see Figure 2.

Paragensesis (Renault 1968), or antigravitative erosion
(Pasini 1975; Pasini 2009), is a speleogenetic mode that
occurs in cases where there is a sediment excess in the karst
transport system (Farrant and Smart, 2011, Farrant, 2004).
Sedimentation in phreatic passages causes corrosion to be
directed vertically, or sometimes sideways, onto soluble
surfaces not covered in sediment (Lauritzen and Lundberg
2000), Figure 1. The result is either inverted canyons of a
similar dimension as the host passage (Ford and Ewers
1978), incised halftubes of a distinctly smaller dimension
than the host passage, or a pattern of anastomosing halftubes leaving a pattern of “rock pendants” between them
(Bretz 1942). This process can be simulated on small-scale
analogue plaster models (Lauritzen, 1981b) where halftubes and pendants only form when cave walls and ceiling
are in contact with a sediment fill, se also Slabe (1995).
Half-tubes and pendant fields are strong indicators of
previous sediment fills, and of phreatic or epi-phreatic
conditions. The ambiguity of inverted canyons versus
normal vadose incisions in relation to the water-table can
be solved uniquely (Lauritzen and Lauritsen 1995), thus
providing a valuable tool for speleogenetic analysis.

2. Morphological characteristics
A characteristic of paragenetic evolution is asymmetric
development around a gently dipping guiding fracture that
has identical litology on either side, Figure 1a. In extreme
cases, a perfectly circular or elliptical conduit may have
formed entirely above its guiding fracture. In principle,
first-order proto-conduits may be regarded as paragenetic,
as insoluble clay may occupy the floor during the laminar,
inception regime, resulting in an asymmetric development
around the guiding fracture or bedding plane. Paragenesis
may occur through several phases or “stages” as revealed
in passage cross-sections where half-tubes and channels are
superimposed into each other, Figure 1c. Therefore, a
system of passage order may be a useful nomenclature in
distinguishing and keeping track of the various stages of
passage development (Lauritzen 2010). This is somewhat
similar to the nomenclature of “channel order” in the
Hortonian system. A primary conduit (proto-conduit) is then
a first order conduit, and may remain so if it continues to
develop symmetrically through its entire post-breakthrough
stage. However, any change in the cross-sectional profile is
of one higher order than the speleogen it is superimposed

Figure 1. Various expressions of paragenetic passasge crosssections. From Lauritzen & Lundberg (2000).

3. The sub-glacial regime
In the sub-glacial environment, eskers and sub-glacial
tunnels are, in essence, paragenetic, where an ice conduit,
or R-channel (Hooke et al. 1990), is maintained above a
phreatic streambed of gravel and boulders. Eskers display
sinuous “meandering” and are often found in elevated
positions relative to the valley floor. In this situation,
paragenetic development of caves adjacent to wet-based
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glaciers may be regarded as a continuation of its esker
systems into the karst. Examples of large amplitude,
inverted canyons as well as systems of half-tube and
pendant development will be discussed in the presentation.
Subglacial water flow is dictated by the glacier surface and
may override local topography. In fortuous cases, this effect
is preserved in some phreatic caves where scallop flow
direction reveal reversed flow, i.e. “up-hill”, relative to the
present topography (Lauritzen 1981a, 1981b, 1984, 1983).
Often, such reversed flow is associated with paragenetic
half-tubes and rock pendants. Although not unique to the
sub-glacial ice-contact regime, paragensesis appears to be
a characteristic feature of it and a valuable resource in
speleogenetic analysis.
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GLACIER ICE-CONTACT SPELEOGENESIS

1

Stein-Erik Lauritzen1, Rannveig Øvrevik Skoglund2
Department of Earth Science, Bergen University, Allegaten 41, N-5007 Bergen, Norway, Stein.lauritzen@geo.uib.no
2
Department of Geography, University of Bergen, Fosswinckelsgt. 6, N-5007, Bergen, Norway,
rannveig.skoglund@geog.uib.no

The classic hypothesis of G. Horn’s (1935) subglacial speleogenesis as an explanation of the relatively small diameter
cave conduits in the Scandinavian marble stripe karst is reviewed. Recent work, including accurate cave mapping and
morphological analysis, radiometric dating of cave deposits, chemical kinetics experiments and computer simulations
have challenged the old theory. Scandinavia has relatively small caves that often have surprisingly high ages, going beyond
the limit of Th/U dating. The high ages are apparently compensated by correspondingly slow wall retreat rates in the icecontact regime, and longer periods when the caves were inactive. Ice-contact speleogenesis varied in time and space, in
pace with waxing and waning of wet-based ice. Maze or labyrinth morphology appears as a characteristic feature of caves
ascribed to these processes.

1. Subglacial speleogenesis

3. Flow regimes and labyrinth morphology

Between WW1 and WW2, the Norwegian geologist and
speleologist Gunnar Horn (1894–1946) studied caves in the
marble karst of North Norway. Horn published his results
in German and Norwegian periodicals (Horn 1935, 1937,
1945, 1947). These ideas were new and radical for their
time, resulting from a remarkable train of original
observations and thoughts. Horn’s main thesis was that
phreatic speleogenesis under subglacial conditions was a
simple and feasible explanation for the formation of
numerous relict and truncated phreatic caves that are
located in hanging position within the walls of glacially
sculptured valleys. In modern terminology, the ice-contact
regime beneath wet-based glaciers and ice-sheets
was a sufficient speleogenetic agent. Presently, more than
2,000 karst caves have been recorded in the country, with
maximum lengths and depths of 25 km and 580 m,
respectively. However, most of them are relatively small
(passage diameter) compared to caves in other countries,
and – from the viewpoint that size is a measure of (active
growth) age – one may infer that the caves are relatively
young. Horn suggested that the last glacial cycle would
have been sufficient to account for the development of these
relatively small cave passages. Horn was also the first to
name the characteristic stripe-karst morphology (Horn
1937; Lauritzen 2001) in the marble-mica schist setting.

Through accurate cave mapping and scallop morphometry,
we have been able to demonstrate that the corrosive flow
that caused wall retreat was quite slow, corresponding to
average groundwater velocities in non-glacial karst
(Lauritzen et al. 2011), and that “levels” or tiers in vertical
maze caves did not operate independently, but were part of
a flow network that involved the whole (known) cave
(Lauritzen 1982). Many relict labyrinths which slope into
the hillside, like the Grønli system (Lauritzen et al. 2005)
and the Nonshaugen system (Skoglund Øvrevik and
Lauritzen 2011) were effluent (discharge areas) when
active. Other caves display terrain-reversed phreatic flow
(Lauritzen 1984). These features are best explained by icecontact under hydraulic gradients superimposed from a
surrounding glacier or ice-sheet. Modelling experiments
suggest that when in contact with a wet-based glacier, karst
aquifers tend to develop maze or labyrinth morphology
(Skoglund et al., 2010).

4. Subglacial wall retreat rates
Due to the chemical conditions in subglacial waters and the
general high content of alkaline rock flour with a large
specific area, speleogenetic wall retreat rates are up to
50 times less effective under subglacial conditions than
under non-glacial (interglacial) conditions. All these effects,
and field observations, provides a good explanation why we
have relatively small caves of a comparably high age
(Lauritzen and Skoglund 2013).

2. Chronology
Our investigations, since the mid-1970’ies, have focussed
on morphological analysis, studies of cave sediments and
radiometric dating of speleothems which made it possible
to test Horn’s hypothesis. First, we have shown that many
caves, also relatively small ones, consist of labyrinths or
mazes, either horizontally or vertically, depending on the
attitude of the host rock in the marble stripes. Second, many
caves, even quite small ones, contain speleothems that date
beyond the last glacial cycle, some also exceed the present
limit of the method (Th/U: 750,000 yr.). These caves may,
in principle, even be older than the Quaternary ice-ages,
although direct proof of pre-glacial deposits in them has yet
to be found.

5. The “car-wash” analogy
Speleothem (stalagmite) dates represent periods when the
cave was inactive (drained). Likewise, the periods of
formation for calcareous concretions (Höhlenkrapfen, Kyrle
(1923), “doles” in French), reveal periods when the cave
was filled with sediments having pore-water that was
super-saturated with respect to carbonate, which by
inference mean that speleogenesis was stagnant. Many
Höhlenkrapfen which we to-day find cemented onto clean368
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washed passages date beyond the last glacial maximum, yet
they do not stay proud of the surrounding marble wall.
Hence, no effective wall retreat has occurred since the
concretion was formed, even during the deglaciation, when
water availability and presumably chemical aggressiveness
was optimal. If we plot all available data of speleothems
and Höhlenkrapfen ages in the same diagram, together with
the time-distance diagram of glacial cover during the last
glacial-interglacial cycle, an interesting picture appears
(Figure 1). If all these observations came from the same
cave (they do not), there would hardly be any time-windows
available for wall retreat (active speleogenesis). Since we
also have positive evidence that speleogenesis did occur
during this period, for instance through the Kvithola
Mechanism, i.e. phreatic ice-contact speleogenesis under
thin ice cover (Lauritzen 1986) and through interglacial
speleothems that have become part of a scalloped wall, we
must conclude that ice-contact speleogenesis was relatively
slow, and sporadic in time and space, in pace with waxing
and waning of wet-based ice in the local topography.
Therefore, the so-called “car-wash analogy” (Lauritzen
2010) offers a feasible concept of this process, Figure 2. In
this situation, we consider two caves, 1) and 2) situated in
valley floor and wall, respectively. According to the position
of the ice-sheet/glacier front at any time, the two caves are
either activated or stagnant. Scenario a) represents a
continental, mainly dry-based ice-sheet with the margin on
the continental edge. At b) the ice front is closer, so that
both caves are within the ablation area and can receive
supraglacial and subglacial water. At c) the ice front is at
the caves, which both experience maximum hydraulic
gradient, water flow and CO2 supply. At d) the glacier front
is proximal to the caves and only the valley floor cave can
receive water.
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Figure 1. Time-distance diagram for glaciations on the Norwegian
mainland during the last 80 kyr (purple areas). The black curve
represents atmospheric CO2 content based on Antarctic ice.
Dots with error bars: radiometrically dated speleothems and
Höhlenkrapfen. Horisontal bars: periods with paleomagnetically
dated cave sedimentation. From Lauritzen & Skoglund (2013).

Skoglund Øvrevik R, Lauritzen SE, 2011. Subglacial maze origin
in low-dip marble stripe karst: examples from Norway. Journal
of Cave and Karst Studies, 73, 31–43.

Figure 2. The car-wash analogy of speleogenesis, where glacier
contact may be likened to a car-wash moving through the
landscape with stationary caves. From Lauritzen (2010).
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GROUNDWATER / SURFACE WATER MIXING IN THE UNDERGROUND
HYDROLOGIC SYSTEM OF THE DEMÄNOVSKÁ DOLINA VALLEY
(SLOVAKIA)
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In the Demänovská dolina Cave system (Slovakia) and its vicinity, discharge of water courses on the surface and in the
underground hydrologic system on 49 places were measured by current meter in 7 series of discharge measurements. These
measurements included discharges of the surface streams, waters of the underground hydrological system as well as the
springs in the vicinity of streams. Together with discharge measurements, water temperature and specific electric conductivity
(EC) records were taken on the same place. EC values of the surface streams waters, running from the northern slopes of the
Nízke Tatry Mts., formed by crystalline rocks, allochtonous to the underground hydrological system (~30 to 80 μS·cm-1),
substantially differ from the EC values of the autochtonous surface water streams (formed in the cave system or within the
side valleys of the main karstic canyon; ~270 to 350 μS·cm-1). Water temperature of the surface streams is quite variable
throughout the year (~0.0 to 15.0 °C), while that of underground streams is pretty stable (~5.0 to 7.0 °C). Discharge
measurements, performed both on the surface and in the cave system enabled the estimation of hidden surpluses or discharge
losses between measurement points in different hydrologic situation (high / low water stages). Using the mixing equation
with known hidden surplus, we could also calculate the supposed water temperature and EC value of the “new” water entering
the system. Its EC value and seasonally-dependent (or independent) temperature helped us to decide on its connection to the
surface water input from the crystalline slopes or its affinity to waters recharged directly through the karstic structure. Results
of the seven series of measurements had revealed that only autochonous water is recharging the upper part of the Demänovská
dolina Cave system, and water losses of the surface stream of Demänovka have no direct connection to the underground
cave river unless it reaches its lowest few hundred meters near its terminating point of “Vyvieranie”.

1. Introduction
Demänovský Cave System is up to now the longest
speleologically interconnected karst system in Slovakia. Its
position is within the northern slopes of the Nízke Tatry
Mts. (northern part of Central Slovakia), just beneath the
highest peaks of this range (directly 5.8 km north from
Chopok with 2,024.0 m a.s.l., and 8.5 km NW from the
Ďumbier Mt. of 2,043.4 m a.s.l.). Two show caves are
opened in the system, with position of their entrances of
N48.998135°/E19.585230° (Demänovská jaskyňa Slobody
/ Cave of Liberty) and N49.016383°/E19.580893°
(Demänovská ľadová jaskyňa / Demänovská Ice Cave).
The length of the system is 35,358 km, the system was
formed by the Demänovka River under the eastern slopes
(right side) of the Demänovská dolina Valley in the Middle
Triassic dark-grey Guttenstein limestones of the Fatricum
tectonic unit (Krížna nappe; Biely et al. 1997). It represents
a large and complicated complex of cave passages, domes
and abysses developed in 9 evolution levels with an active
allochthonous stream. Altogether 10 speleologically
interconnected caves form the system as known today – the
most important are: Demänovská jaskyňa Slobody / Cave
of Liberty (8,336 m) and Demänovská ľadová jaskyňa /
Demänovská Ice Cave (2,445 m), which are open to the
public. The other ones are Demänovská jaskyňa mieru /
Cave of Peace (16,174 m), Vyvieranie Cave (1,437 m),
Demänovská medvedia jaskyňa / Bear Cave (1,447 m),
Pustá Cave (4,663 m) and another five smaller caves
(Údolná Cave, Cave Pod útesom, Pavúčia Cave, Jaskyňa
trosiek Cave and Cave No. 15).

Figure 1. Position of the Demänovský Cave System (Nízke Tatry
Mts., Slovakia, Europe).
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Other interesting caves, present within the Demänovská
dolina valley like Štefanová Cave (10,047 m), Okno Cave
(2,570 m), and Suchá Cave (780 m) are genetically related
(Bella et al. 2007). We can expect speleological connection
of these caves with the system in the future, but also further
discoveries. Hydrologic system in the central part of the
Demänovská dolina valley can be divided into its surface
part (surface stream of Demänovka) and underground part
flowing through the cave system (underground stream of
Demänovka).

environmental threat (not only) to the whole underground
karst system.

2. Natural settings of the Demänovská jaskyňa
Slobody / Cave of Liberty
Demänovská jaskyňa Slobody / Cave of Liberty is considered
to be the most beautiful cave in the system, as it represents
morphologically the most variegated part of the
Demänovský Cave System, developed in six levels by the
ancient ponor inflows of Demänovka River and its side
hanging ponor tributaries. The length is reported to be 8,336
m with elevation distance of 120 m. The underground part
of the Demänovka water-course flows through the lowest
floor of the Cave of Liberty. Demänovka River springs in
the non-karstic granitic territory of the main ridge of the
Nízke Tatry Mts., and on its northward flow it partly sinks
into underground in the area of Lúčky. The underground
part of the river reappears again on the ground surface in
the form of a massive karst stemming point, called
Vyvieranie / Springing, through the Vyvieranie Cave
northerly from the Cave of Liberty. Air temperature here
ranges from 6.1 to 7.0 °C, relative humidity is between 94
and 99 %. Apart from running water, several lakes are found
within the system – with the most interesting Veľké jazero
“Těsnohlídko” / Great Lake of “Těsnohlídko” is 52 m long,
5 to 12 m wide and more than 7 m deep. Demänovská
jaskyňa Slobody / Cave of Liberty is unique with quantity
and variety of stalactite formations of all types (Droppa
1957). Apart from white stalactites, we can find here also
yellow, pink, red and even purple stalactites, and sometimes
grey, dark-green up to black coloration. In addition to the
Veľké jazero “Těsnohlídko”, several little sinter lakes with
various stalactite and stalagmite formations are found at the
bottom (lakes of Zlaté / Golden, Koralové / Atoll, Leknové
/ Water Lily, Perlové / Pearl’s, Hroznové / Grape’s). Cave
pearls in the form of pea balls in the Veľký dóm / Big Dome,
frost stalactites, Stony Sun in Klenotnica / Treasury House
and water lily lakes with rococo style dolls in the Ružový
dóm / Pink Dome are considered as the cave’s rarity. All
stalactite and stalagmite formations are still growing, with
high gloss in comparison to other caves of the system.

Figure 2. Geological settings of the Demänovský Cave System (in
black) surroundings (after Biely et al. 1992).

3. Methods
To extend existing knowledge on hydrogeological and
hydrological settings of the Demänovský Cave System,
which seem to play key role for its protection, and that
should serve as technical arguments for management
measures aimed at maintaining favourable status of the site
in professional positions of the Slovak Cave’s
Administration in planning and building procedures
associated with this site, a large project of hydrogeological
prospection started here in 2009 (Haviarová et al. 2011).

Discovered by A. Král and A. Mišura in the dry period of
1921 through the swallow hole, lead the Demänovská
jaskyňa Slobody / Cave of Liberty was opened for the
public in 1927, after pathways and electric lights were
completed. Later, current entrance was digged in 1930. It
is situated in the western slope of the Točište hill at the
altitude of 870 m a.s.l. (50 m above the bottom of the
valley). Attractive for domestic and foreign visitors, with
100,000–180,000 visits annually, it is the most visited cave
in Slovakia and deserves relevant degree of its protection.
However, the surrounding area, known as popular ski resort
of Jasná, is developing quickly thus creating a constant

Several specific hydrogeological activities were planned
and realized within the framework of this project. They
include geophysical measurements – magnetometry and
geoelectric methods in symmetrical modifications of
resistance profiling and vertical electrical soundings in the
area of Lúčky (a contact zone between crystalline rocks and
karstified Mesozoic carbonates) from where the
development of the Demänovský Cave System begins.
Hydrogeological settings of this part of the Demänovská
dolina valley have not been thoroughly investigated yet.
Therefore, in this part also drilling of 3 boreholes and
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Figure 3. Position of the discharge measurement points on the surface streams and on the underground streams.
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karstic spring of Vyvieranie (Figure 3).

following hydrodynamic tests was performed and
subsequent groundwater level gauging was set here. In
addition, a monitoring network of so-called environmental
isotopes (δ18O; δ2H and tritium) counting 32 sampling
places for regular observation (in 2-months interval) of in
water was established. This type of analysis – in contrast to
the relatively large number of classical analyzes, providing
the basic physicochemical parameters of water – in
Demänovská dolina valley has not been realized. Within the
project, also 12 tracer tests using a biological tracer were
realized in the whole Demänovský Cave System. Discharge
gauging started since the beginning of November 2009 on
5 profiles of the Demänovka river or its tributaries on the
ground surface, and long-term monitoring of discharges in
its underground part was set up in the same time. Finally,
continuous discharge measurements on these gauging
objects were supplemented by denser network of current
meter measurements in seven different climatic periods.
These were performed mainly in these parts of water
courses, where the existence of active river sinks was
proven. To identify directions of groundwater flow,
hidden karstic flow connection and possible interaction
between low mineralized surface water and groundwater
with 3–4 times higher TDS content.

Table 1. Algorithms used for calculation of the hidden surpluses
or hidden losses of discharge between the measured profiles.
Reference
profile

Profiles of
the stream
interval

Algorithm of hidden surplus /
water loss calculation

Surface stream of Demänovka
P2
P3
P5
P6
P11
P13*
P17

P2 / P1
P3 / P2
P5 / P3
P6 / P5
P11 / P6
P13 / P11
P17 / P13

P25

P25 / P17

P27

P27 / P25

P2 - P1
P3 - P2
P5 - P4 - P28 - P3
P6 - P5
P11 - P9 - Z6 - P6
P13 - P12 - P11
P17 - (P14 + P15 + P16 +
P32ABCDE) - P13"
P25 - (P21_P + P22 + P23 +
P24ABC) - P17"
P27 - P29 - P26 - P25

Underground stream of Demänovka
J2
J7
J6
J5
J4
P21

J2 / J1
J7 / J2
J6 / J7
J5 / J6
J4 / J5
P21 / J4

J2 - J3 - J1
J7 - J6B - J2
J6 - J7
J5 - J6
J4 - J6C + (P13 - P12 - P11)* - J5
P21 - P20 - J4 + VZ**

Stream in the Zadná voda side valley

Discharge of water courses on the surface and in the
underground hydrologic system on 49 places were
measured by current meter in 7 series of discharge
measurements. These measurements included discharges of
the surface streams, waters of the underground hydrological
system as well as the springs in the vicinity of streams.
Together with discharge measurements, water temperature
and specific electric conductivity (EC) records were taken
on the same place. EC values of the surface streams waters,
running from the northern slopes of the Nízke Tatry
Mts., formed by crystalline rocks, allochtonous to the
underground hydrological system (~30 to 80 μS·cm-1),
substantially differ from the EC values of the autochtonous
surface water streams (formed in the cave system or within
the side valleys of the main karstic canyon; ~270 to
350 μS·cm-1). Water temperature of the surface streams is
quite variable throughout the year (~0.0 to 15.0 °C), while
that of underground streams is pretty stable (~5.0 to 7.0 °C).
Discharge measurements, performed both on the surface
and in the cave system enabled the estimation of hidden
surpluses or discharge losses between measurement points
in different hydrologic situation (high / low water stages).

P9

P9 / P7

P9 - P10 - P8 - P7

Stream in the Vyvieranie side valley
P20

P20 / P18

P20 - P19 - P18

Stream in the Okno side valley
P29

P29 / P33

P29 - P33

Notes:
* visible surplus through the original “Discovery swallow hole”
** water abstraction by waterworks (Vyvieranie source)

Together with discharge measurements, water temperature
and specific electric conductivity (EC) records were taken
on the same place using the WTW tools (LF 215 and Cond
3310).
Typical EC and water temperature properties of both basic
water types (allochtonous and autochnonous) can be applied
in the search for origin of unknown waters in the system,
even if they can be considered as a mixture of both types.
Here, a mixing equation is used for determining of EC and
water temperature of a hidden surplus of discharge. Specific
electric conductivity EC1 of the discharge Q1 can be
changed when mixed with additional discharge Q2 with
specific electric conductivity EC2 to final specific electric
conductivity EC of discharge Q. If Q = Q1 + Q2 (and both
mixing discharges are known), then Q1·EC1 + Q2·EC2 =
Q·EC, and eventually unknown value of specific electric
conductivity EC2 of the known hidden discharge surplus Q2
can be calculated as EC2 = (Q·EC – Q1·EC1) / Q2. If between
the two measured profiles of the main (evaluated) stream
also other registered water side inputs are measured and
their discharges are known (Q3, Q4…Qn) as well as their
EC values of EC3, EC4…ECn, we can add more members
to the mixing equation and unknown value of EC2 can be
calculated as EC2 = (Q·EC – Q1·EC1 – Q3·EC3 – Q4·EC4 –
… – Qn·ECn) / Q2, if Q = Q1 + Q2 + Q3 + Q4 + … + Qn. The
same procedure can be applied to water temperatures. Main
sources of error here can be found in changes of water
chemistry by mixing and by the use of differently adjusted

Discharge measurements were performed mostly by current
meter (OTT, C2 type), and sometimes when possible – in
the case of smaller streams or streams – method of dish &
stop watch was applied. Measurements of discharge in the
Demänovka watershed were repeatedly performed during
field work campaigns in 2011–2012 in various water stages
to enable respective comparison of different water
exchange. These were performed in the days of 20.–22. 01.
2011 (series 1); 03.–05. 03. 2011 (series 2); 05.–07. 05.
2011 (series 3); 27.–29. 06. 2011 (series 4); 08.–09. 09.
2011 (series 5); 01.–03. 12. 2011 (series 6); and 10.–12. 05.
2012 (series 7). Measurements were concentrated on
the surface part of the Demänovka stream and its
tributaries between the sites of Lúčky and Kamenná chata,
and underground Demänovka between Achátový dóm
Dome in the Pustá Cave and its terminating point on the
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Table 3. Average and median values of hidden discharge surpluses (+) or losses (-) in l·s-1; EC (in μS·cm-1) and water temperature
(°C) average and median values calculated by mixing equations from 7 series of measurement. If discharge surplus was identified,
also water temperature and EC are conventionally marked by (+); for water temperature and EC of discharge losses conventional
marking of (-) was applied.
Reference
profile

number
of
measurements

hidden surplus (+) or
discharge loss (-)
average

Surface stream of Demänovka
P2
7
+ 13.1
P3
7
- 25.4
P5
7
- 22.6
P6
7
- 30.2
P11
7
- 203.7
P13
7
- 11.9
P17
7
- 75.4
P25
7
+ 93.4
P27
7
+ 47.6
Underground stream of Demänovka
J2
7
+ 41.3
J7
7
- 24.5
J6
7
+ 97.6
J5
7
- 18.8
J4
7
+ 71.9
P21 rep.
4
- 163.4
P21
7
- 128.9
Stream in the Zadná voda side valley
P9
7
- 47.0
P9 rep.
3
- 49.2
Stream in the Vyvieranie side valley
P20
7
- 11.1
Stream in the Okno side valley
P29
7
- 0.8

calculated water temp. of hidden
surplus (+) or discharge loss (-)

median

average

median

calculated EC of hidden surplus
(+) or discharge loss (-)
average

median

- 8.1
- 14.7
- 22.9
- 31.0
- 131.3
- 4.6
- 54.7
+ 58.7
+ 50.8

(+) 1.7
(-) 4.0
(-) 4.5
(-) 4.1
(-) 4.0
(+) 1.4
(-) 4.1
(+) 16.3
(-) 9.5

(-) 0.8
(-) 3.0
(-) 3.2
(-) 2.9
(-) 5.0
0.0
(-) 3.6
(+) 8.5
(+) 2.9

(-) 2
(-) 40
(-) 54
(-) 36
(-) 39
(-) 28
(-) 47
(+) 261
(+) 274

(-) 34
(-) 42
(-) 47
(-) 43
(-) 44
(-) 44
(-) 47
(+) 234
(+) 183

+ 47.3
- 21.1
+ 85.8
+ 1.4
+ 70.4
- 159.5
- 123.4

(+) 7.4
(-) 5.7
(+) 5.6
(+) 5.2
(+) 4.7
(-) 4.9
(-) 5.3

(+) 6.4
(-) 5.6
(+) 5.6
(+) 5.3
(+) 6.2
(-) 4.2
(-) 4.8

(+) 465
(-) 253
(+) 251
(+) 57
(+) 178
(-) 200
(-) 200

(+) 355
(-) 262
(+) 259
(+) 259
(+) 81
(-) 213
(-) 201

- 41.0
- 46.8

(-) 1.6
(-) 2.0

(-) 1.9
(-) 1.5

(-) 31
(-) 59

(-) 42
(-) 65

- 11.1

(-) 4.4

(-) 4.5

(-) 276

(-) 322

- 0.8

(-) 4.9

(-) 4.0

(-) 343

(-) 345

measuring devices at different places. However, existing
extremely contrast of both characteristics in local conditions
of the Demänovská dolina valley prevails over the
aforementioned influences.

losses, calculated EC and water temperature values (mixing
equations) are found.

5. Discussion and Conclusions

Results of all the discharge, water temperature and specific
electric conductivity (EC) measurements on 49 profiles in
7 different series are shown in the Table 2. Repeated
measurements that were performed at some of the profiles
are also shown here; in lines bellow the “main”
measurements. Repeated measurements were mostly taken
on the other day after the “main” measurement, in the same
filed work campaign, to confirm the previous day results
for the next day and to understand the current hydrologic
situation (raising or falling water stage). For calculation of
the hidden surpluses or hidden losses of discharge between
the measured profiles on the surface and underground
Demänovka stream, algorithms shown in Table 1 were used.
For calculation of the unknown values of EC and water
temperature of water appearing in the hidden surpluses of
discharge, the data from the same points were applied. The
discharge, specific electric conductivity and water
temperature results are referenced to the lowermost profile
(measuring point), appearing in the first column of the
Table 1. Position of the profiles (measuring points) is clear
from the Figure 3.

Typical properties of the two basic water types in the area
of the Demänovská dolina valley (allochtonous water
typical for the surface streams running from the upper
crystalline slopes of the mountain range and autochtonous
waters recharged directly in the karstified carbonate rock
masses) were used in the discussion on the origin of
unknown hidden water surpluses in the Demänovský Cave
System (based on the knowledge of their specific electric
conductivity, water temperature and known discharge of the
supposed water mixture). By knowing the discharge of
supposed mixture, supposed EC or water temperature value
were determined by mixing equation as other end members
were known. Typical values of the specific electric
conductivity for allochtonous (crystalline) waters were
found between 30 to 80 μS·cm-1 (waters running in the
surface streams of Demänovka and its tributaries of Zadná
voda and Priečny potok streams above the level of the site
of Lúčky), while autochtonous waters (e.g., smaller
tributaries of surface stream Demänovka from the valleys
of Machnaté, Pustá, Vyvieranie, Okno or groundwater of
springs from the Triassic carbonates of the fatricum tectonic
unit) have their EC values in the interval from 270 to 350
μS·cm-1.

In the case when a loss of water amount was identified by
discharge measurement, its properties (water temperature
and specific electric conductivity) were linked to those
which were measured on the upper profile delineating the
considered stream interval. Finally, in Table 3, average and
median values of calculated hidden discharge surpluses or

Because in the upper part of the surface Demänovka
watershed mostly discharge losses were identified (with
very few exceptions), we can link water quality of these
hidden losses to the properties of the feeding surface stream
(≈ 30 to 80 μS·cm-1). In the stream interval of P25 / P17 the
hydrologic situation changes, as here an intensive drainage

4. Results
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function is evident (gaining river), and autochtonous waters
(waters of the Demänovská dolina underground hydrologic
system) are feeding the surface stream in this part. Average
EC value of the hidden surpluses that were calculated by
the mixing equation was 261 μS·cm-1 and its median value
was 234 μS·cm-1 (hidden surpluses average was 93.4 l·s-1,
and their median was 58.7 l·s-1). Similar situation was found
on the last stream interval of the surface Demänovka
(P27 / P25; hidden surpluses in average of 47.6 l·s-1 and
median of 50.8 l·s-1). Average value of the calculated
specific electric conductivity according to the mixing
equation should be of 274 μS·cm-1 and EC median from the
seven series of measurements was 183 μS·cm-1. The
lowermost tested stream interval – according to wider range
of calculated values – is probably characterised by mixing
of different water types with variable EC value, probably
more connected to the same or other (i.e. tributaries of
Demänovka) surface streams.

these values calculated by mixing equations was also
5.6 °C. Calculated water temperatures were found within
the range of 4.6–6.8 °C. Also in this case, it is evident that
autochnous waters, recharged and circulating within the
Triassic limestones and dolomites of the Demänovská
dolina fatricum unit hydrogeological structure are
participating on feeding of the underground stream here.
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In the underground hydrologic system of the Demänovská
dolina valley, between the profiles of J1 (Achátový dóm
Dome of the Pustá jaskyňa Cave) and J2 (Pekelný dóm
Dome of the Demänovská jaskyňa slobody Cave) an
average EC value of hidden water surplus according to the
mixing equation was found as 465 μS·cm-1 and median
value of 7 series of measurements was 355 μS·cm-1.
Similarly calculated average value of the supposed water
temperature was 7.4 °C (median of 6.4 °C). This means that
in the area between those two profiles apart from the
tributary stream from the Jazerný dóm Dome of the
Štefanová Cave (registered on the J3 profile) also another
surplus of water of several tens of l·s-1 of autochtonous
origin, i. e. waters circulating vôd within the hydrogeologic
structure of Triassic carbonates of the fatricum tectonic unit
(with average of 41.3 l·s-1 and median of 47.3 l·s-1).
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KARST PROCESSES AND CARBON FLUX
IN THE FRASASSI CAVES, ITALY
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Hypogean speleogenesis is the main cave formation process in the Frasassi area. The carbon flux represents an important
proxy for the evalution of the different speleogenetic processes. The main sources of CO2 in the underground karst system
are related to endogenic fluid emissions due to crustal regional degassing. Another important CO2 source is hydrogen
sulfide oxidation. A small amount of CO2 is also contributed by visitors to the parts of the cave open to the public.

1. Introduction

and are developed over at least four main altimetric levels,
related to the evolution of an external hydrographic
network. The lowest parts of the caves reach the phreatic
zone where H2S-sodium-chloride mineralized groundwaters combine with CO2-rich meteoric circulation (Fig. 1).
The carbonate waters originate from the infiltration and
seepage from the surface and have total dissolved solids
(TDS) contents of 500 mg/L. Mineralized waters with a
temperature of about 14 °C and more than 1,500 mg/L TDS
rise from depth into a complex regional underground
drainage system. Here, the H2S can reach concentrations of

The Frasassi area is located in the eastern side of the
Apennines chain of Central Italy and consists of a 500 mdeep gorge formed by the West-East running Sentino River
(Fig. 1). More than 100 caves with karst passages that
occupy a volume of over 2 million cubic meters stretch over
a distance of tens of kilometres at different altitudes in both
banks of the gorge.
The main karst system in the area is the Grotta del FiumeGrotta Grande del Vento that develops over more than

Figure 1. Schematic geological cross-section through the Frasassi Gorge showing the groundwater pathways.

20 km, about 1 km of which is open to the public and is
visited by about 200,000 tourists each year. The caves are
hosted in Jurassic carbonate banks with a well developed
syngenetic porosity. The groundwater drainage is controlled
by N-S trending fault systems and a network of conjugate
joint sets distribuited in the NE-SW and NW-SE directions.

up to 0.5 mmol/L and the endogenic CO2 in the water can
have values close to 100 mg/L.
The Frasassi karst system is mainly horizontal and has a
ramiform pattern; several big rooms with wide ceilings end
abruptly in narrow passages or fissures; phreatic passages
(1–10 m size), often anastomotic, also spread over large
parts of the cave where they form some network zones. The

The caves consist of a maze system of solutional passages,
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prevailing underground morphology is 3D-mazes with
cupolas, bubble trails, roof pendants, and knife edges also
rather common.

through carbonate rocks found in correlation with several
travertine outcrops are well known in Central Italy
(Menichetti, 2009). In the study region, groundwater PCO
values range from 0.03 to 0.1 atm.
2

Various types of gypsum deposits fill the cave passages. At
present, gypsum formation only occurs on the cave walls
above the watertable, owing to H2S oxidation (Menichetti
et al., 2008).

The rate of sulfuric acid speleogenesis was tested over a
five year period using calibrated limestone tablets located
in the deep sulfidic branch of the Grotta del Fiume
containing a fast flowing sulfidic stream. The tablet surfaces
where replaced with gypsum at a limestone corrosion rate
of about 0.05mm/y. The weight loss was strongly
influenced by the location of each tablet within the cave
chamber and by the concentration of hydrogen sulfide in
the cave atmosphere (Menichetti et al. 2008).
Calcium carbonate deposition occurs in many parts of the
caves, and the experimental values obtained are especially
important for the cave branch open to the public, where in
the vicinity of the underground tourist pathway coins and
dust are incorporated into the thin carbonate flowstones.

3. Carbon flux

Figure 2. A record of the CO2 air values near the sulfuric lake
from March 1st through May 10th, 2005. The CO2 values are
corrected for altitude. The thick line is the moving average. In the
inset graph shows the CO2 bimodal frequency distribution.

Measurements of CO2 in the air were carried out over many
years using various techniques, with both spot and
automated sample aquisition. The measurement density is
higher close to the branch of the cave open to the public
where electric power is available; measurements were
also taken close to the sulfuric lakes and streams. Spot
measurements were acquired using vials through wich a
calibrated air sample was drawn with a pump. Continuos
measurements were recorded with infrared sensors (accuracy
of ± 5ppm) connected to a datalogger. The carbon dioxide
concentration in the deep branch of the cave varies from 600
to 4000 ppm and is related to the discharge of rising sulfidic
water and to the seasonal biological cycles (Fig. 2).

2. Karst processes
The hypogenic origin of the Frasassi cave, as well as other
karst systems in the Central Italy, is well known and studied
(Menichetti 2009). Hypogean speleogenesis is related to the
circulation of hydrogen sulfide rich groundwater through
lower Jurassic limestone (Galdenzi and Menichetti 1989,
1995; Menichetti et al. 2008). The same speleogenic
mechanisms were also suggested for caves with similar
morphologies in other parts of the world (Egemeier 1981;
Ford and Williams 2007; Palmer 2007).
The main karst processes in Frasassi occur close the water
table where most of the H2S-rich groundwater is circulated.
The oxidation of hydrogen sulfide to sulfate [1] happens in
the upper phreatic zone, near the watertable, in the presence
of oxygen from dripping waters and from the cave
atmosphere. Limestone dissolution [2] takes place both in
phreatic and vadose conditions.
[1] H2S + 2O2 ↔ 2H+ + SO42[2] 2H+ + SO42- + CaCO3 + H2O ↔ CaSO4. 2 H2O + CO2
Carbonate corrosion produces sulfate ions in the phreatic
zone and replacement of limestone in the walls of the vadose
sectors of the caves with gypsum (Menichetti et al. 2008).

Figure 3. A record of the CO2 air values in the branch of the Grotta
Grande del Vento open to the public. A total of 250,000 visitors
entered the cave from February 1st through October 15th, 1993.
The CO2 values are corrected for altitude.

The cave’s sulfuric streams contain much floating organic
matter. Sulfur-oxidizing bacterial communities that use H2S
as an energy source and are part of a chemoautotropic
aphotic ecosystem supporting invertebrate life are known
in the Frasassi caves (Sarbu et al. 2001). The role played by
this organic matter in limestone corrosion has not been well
defined. The chemical process described in [2] releases
fresh CO2 into the upper portion of the groundwater, as well
as into the cave atmosphere, augmenting the aggressivity
of the environment toward carbonates. Endogenic CO2
sources resulting from the significant groundwater flow

In the part of the cave open to the public, the natural
background CO2 concentration in the air is augmented by
an anthropogenic component. Tourists’ breath, as well the
opening of the air-tight doors, contributes significantly to
the variations in carbon dioxide concentration in the cave
atmosphere. The carbon dioxide levels recorded close to the
tourist pathway in 1993 show seasonal variations with a
summer maximum that exceeds 1,000 ppm and a winter
minimum of about 400 ppm. Daily and hourly fluctuations
of up to 1,100 ppm can be correlated to the number of
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visitors (Fig. 3). In the summer, the drop of the CO2
concentrations back to background values may take a few
days, especially after a severe increase caused by a
combination of natural and anthropogenic factors
(Menichetti et al. 1994). The CO2 records close the cave
entrance in the Frasassi Gorge show a variation between 350
and 450 ppm that can be related to weather conditions and
seasonal vegetation production (Fig. 4).

the cave open to the public but is minor at the scale of the
entire karst system.

From July to November of 1997 the CO2 record above the
sulfidic lake shows different cycles that can be correlated
with the tectonic activity affecting the area (Fig. 4). CO2
values reaching 1,400 ppm in August are most likely due to
seasonal cycles, while the lower values in September may
be related to seismic activity with the occurance of a few
earthquakes of M > 5 and epicenters at a distance of 40 km
from Frasassi. A frequency distribution diagram of the CO2
concentrations in the underground sulfuric stream shows an
asymmetric distribution (Fig. 4a), while the distribution of
epigenic CO2 concentrations is much more symmetrical.
Removing the seasonal trend places the endogenic CO2
release, which could be related to pre/co-seismic crustal

Figure 5. [HCO3] vs. [Ca++] (mg ⁄ L) binary diagram for the
Frasassi waters. Solid line represents the [HCO3-] ⁄ [Ca2+] values
expected for calcite and dolomite dissolution based on a
heterogeneous equilibrium: CaMg(CO3)2 + 2CO2 + 2H2O = Ca++
+ Mg++ + 4HCO3. Dashed curves represent equilibrium conditions
at different PCO2. Open circles: runoff waters; fill circles:
mineralized waters; fill diamonds: dripping waters (from
Menichetti et al., 2008).
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MIOCENE – PLIOCENE AGE OF CAVE SNEŽNA JAMA NA RADUHI,
SOUTHERN ALPS, SLOVENIA
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Stanislav Čermák3, Jan Wagner3, Pavel Bosák1, 3
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Snežna jama cave is 1,600 m long horizontal cave at about 1,500 m a.s.l. in Raduha Massif (Kamnik-Savinja Alps) rich
in cave deposits (both allogenic sediments and massive flowstones). The cave size, shape and deposits show (1) formation
of the cave in different conditions, and (2) its substantial age. A 4.8 m deep pit was excavated in allogenic sediments.
Samples were taken both for palaeomagnetic analysis and palaeontological screening. Sediments consist of rhythmically
arranged layers deposited in phreatic conditions. Fragments of rodent teeth and a well-preserved molar of genus Baranomys
were identified. Fossil remains indicate mammalian zone MN 16 and MN 14. A high-resolution palaeomagnetic analysis
revealed total of 3 principal normal polarized and 2 principal reverse polarized magnetozones. If we accept the
palaeontologic calibration, the deposition took place within Gauss and Gilbert chrons, from about 2.6 to more than 5 Ma.
Long sedimentation period is in concordance with the cave rocky relief that shows phreatic and epiphreatic morphology
and predates the main uplift of the area for about 900 m.

Figure 1. Kamnik-Savinja Alps and location (red dot) of the cave on Raduha Mountain. Potočka zijalka cave on the Olševa Mountain
is also marked.
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1. Introduction

The cave entrance is situated in steep southern slopes of the
Raduha (46°23’55.94”N; 14°44’29.78”E) at 1,556 m a.s.l.
about 900 m above the Savinja river bed (Fig 2). The cave
was formed in massive and thick-bedded limestone (Mioć
and Žnidarčič 1983).

The Kamnik-Savinja Alps are up to 2,500 m high mountain
group in N-central part of Slovenia (Fig. 1), which belongs
to Southern Calcareous Alps. Most of the mountains consist
of Triassic and Jurassic well-karstified limestones and
dolomites in which caves with mostly narrow passages and
vadose shafts prevail. In the eastern part of the mountain
group, on the Raduha Massif, there are some caves which
differ from the rest by large horizontal passages, allogenic
sediments and massive flowstone deposits. The size,
sediments and especially massive flowstone deposits in
these caves show different conditions and older age of the
cave formation. The largest of them is the cave Snežna
jama.

The main part of the cave consists of a large and mostly
horizontal gallery at 1,470 to 1,520 m a.s.l., some narrow
side passages and shafts (Fig. 3). Main passage is about 10
m wide and in some places over 15 m high. On several
places, wall notches and large scallops indicate formation
in epiphreatic, phreatic and paragenetic conditions.

Snežna jama was explored by cavers after 1980, when the
ice blocking the entrance melted (Naraglav and Ramšak
1990). From the morphology and position of the cave, cave
sediments and relation to the cave Potočka zijalka on the
Olševa Massif, Mihevc (2001) presumed, that the cave
predates the uplift of that part of the Alps and that it can
serve well for palaeogeographic reconstruction of the area.
Paleontological research of samples (Sigé et al. 2003),
collected in shallow depth of sediments gave no good
results, since the faunal remains of bats and rodents found
were sub-Recent. Detailed study of the sediments that
followed in the Snežna jama (Bosák et al. 2002; Zupan
Hajna et al. 2008) gave some minimum ages of the
sediment. Th/U ages of seven analysed speleothems were
all over the limit of the method (i.e. >350 ka), but the
uranium isotopic equilibrium indicated age of samples over
1.2 Ma. Magnetostratigraphic analyses of the 2.4 m high
flowstone profile showed the minimum age 1.77 Ma, but
indicated possible correlation with the Gauss and Gilbert
Chrons (about 2.6 to 5 Ma; Bosák et al. 2002).

Figure 2. Schematic cross-section of the Savinja river valley and
Raduha Massif with the cave.

In some places more than 10 m thick allogenic fluvial
sediments have filled the main gallery of the cave.
Sediments vary from clayey to pebbly, with particles up to
30 cm. Pebbles of Upper Oligocene andesite tuffs prevail,
while poorly-rounded autochthonous limestone pebbles are
less frequent.
Speleothems and flowstones deposited over the allogenic
sediments and covered large part of the cave floor. At
present climatic conditions, there is no deposition of
flowstone in this or in other caves located at the same
altitude in the region.

Figure 3. Schematic cross section of the cave Snežna jama. After Naraglav and Ramšak (1990).

2. Geology, position and morphology of the
cave

The main cave passage is penetrated by four large invasion
vadose shafts. Their morphology is comparable to vadose
shafts in this part of the Southern Alps. One of them was
transformed into the entrance to the Snežna jama. Between
the entrance and one of the shafts that brings cold air into
the cave permanent ice exists. In the freezing zone all
speleothems are broken away and together with other
sediments displaced by cryoturbation. Today in the inner
part of the cave temperature is 4 to 5 °C all year round.
Cryogenic damage on speleothems and cave walls indicates
that there existed a period, when two cave entrances
permitted air movements and freezing of the whole cave.

The Raduha Massif (2,062 m a.s.l.) is built of Triassic
limestone. It is separated from the main massif of the
Kamnik-Savinja Alps by the deeply incised valley of the
Savinja River and its tributaries. Towards east and
southeast, it is surrounded by Oligocene volcanic and
volcanoclastic rocks of Smrekovec Mountain (1,637 m
a.s.l.), and by noncarbonate Carboniferous and Permian
rocks on the north. At present relief, noncarbonate rocks
form lower relief level than the Raduha Massif and the
Snežna jama.
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Sediment profile generally consists of 2 to 4 cm thick layers
of rhythmically arranged clays and silts with medium-to
coarse-grained sandy admixture. Cross-bedded sets occur
locally. The content of clay component increases in upper
parts of rhythms (flyshoid style of sequences). The strata
dip is uniform from 38° to 42°. The strata inclination is
synsedimentary feature reflecting the deposition in a sump
pool.

Figure 5. Well preserved enamel of molar of Lower Pliocene
rodent that corresponds to genus Baranomys.

A well-preserved rodent molar was found in lower part of
the profile. It corresponds to the genus Baranomys (Fig. 5),
which presents an index genus of the Lower Pliocene.
Several fragments of enamel from incissors and molars of
small rodents were also found in poor state of preservation
not allowing precise identification. Besides mammalian
fossils, several rests of teeth of cf. Chondrichthyes fish were
found in several layers most likely represent re-deposited
fossils from Upper Oligocene source rocks.
A complex high-resolution palaeomagnetic analysis revealed
total of 3 principal normal polarized and 2 principal reverse
polarized zones. All magnetozones contain one or more
short magnetozones of opposite npolarities (Fig. 6). The
matching of obtained magmetostratigraphy with the GPTS
(Cande and Kent 1992) is calibrated by the fauna remains
(especially of the Baranomyinae). Fauna indicate age
of mammalian zones MN 16 to MN 14. If we accept the
most probable age corresponding to the MN 16 zone,
magnetostratigraphy can be easily correlated with the Gauss
and Gilbert Chrons, i.e. from about 2.6 to more than 5 Ma.

Figure 4. Sampling in 4.8 m deep excavated pit in allogenic fluvial
sediments in Snežna jama in year 2010.

3. Methods and results
Two profiles were excavated into sediment in a central part
of the main passage named Jedilnica about 460 m from the
entrance. Main passage here is 8 to 15 m wide and about
15 m high. Passage rises towards NW for about 20 m in the
distance of 50 m. The present passage bottom is on
sedimentary fill. Gravel interbeds occur in the lower part of
the slope, while finer siliciclastic sediments prevail in the
upper part of the slope. Wall notches in the passage dip
parallel to sediment floor and indicate phreatic conditions
during sediment deposition (probably sump) in this part of
the cave.

4. Discussion and Conclusions
The study of new sediment profile brought new information
on the age of allogenic sediments and especially about the
duration of their deposition. The data correspond to the
geomorphology of the cave and the adjacent karst regions.

Lower profile (natural outcrop) at the slope foot is 2 m high.
It is attached to cave wall and consists of disturbed
sediments. The upper profile was excavated near the top
of rather steep slope. Following the 5 deep hand drill,
which did not reached the cave bottom, we excavated
4.8 m deep pit (Fig. 4). Profile was documented by usual
sedimentological methods. Samples for palaeontological
analysis were taken in intervals of 30 cm, 20 to 25 kg each.
Totally 89 samples for the palaeomagnetic analyses were
taken as well.

Fluvial sediments were deposited in the cave by a sinking
river, which eroded highly weathered Upper Oligocene
submarine volcanics and volcaniclastics of the Smrekovec
area. They were also the source of marine fauna rests (shark
teeth) found in cave sediments (Bosák et al. 2012).
The main part of the known cave was formed as an
epiphreatic cave containing some phreatic elements. Both
the dimensions and shape of the main cave gallery indicate
the stabilization of the karst water level for a prolonged time
period which caused slow sedimentation and paragenetic
re-shaping of the cave. This stable period, dated by fauna
and magnetostratigraphy, lasted from about 6 Ma to 2.6 Ma.
This period was probably even longer, since the studied
profile didn’t reach the bottom of sediment fill. This results

Excavated profile consists of two sequences separated by
erosion horizon. Both sequences are composed of
redeposited weathered Upper Oligocene volcanic and
volcaniclastic rocks deposited in the cave by a sinking river
with the chatchment area inside the Smrekovec (1,637 m)
to the E of cave.
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Figure 6. Basic magnetic and paleomagnetic properties of sediment profile from Snežna jama; preliminary results. Polarity scale:
black = normal, white = reverse, grey = transient. F = location of the fossil tooth in the profile.

are concordant with the age determined by cosmogenic
Al/Be nuclides on quartz pebbles from the same sediment
fill by P. Häuselmann, A. Mihevc, D. Sahy and M. Fiebig
(in preparation).

was related to mountain uplift causing the river entrenchment
and cut off the subterranean karst drainage.
The deposition of flowstone started in passages abandoned
by subterranean river. Massive speleothems indicate warm
and wet climate, and a low altitude position of the cave. The

The termination of sedimentation in a cave at about 2.6 Ma,
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massive speleothem deposition later ceased due to climate
change following the mountain uplift. During the Upper
Pleistocene, the denudation of mountain slopes uncovered
the cave and created, most probably, two entrances. Cold
Pleistocene climates or simply two entrances with strong air
circulation caused freezing throughout the entire cave.
Recently these processes have been limited to the entrance
part only.

Grant Agency of the Academy of Sciences of the Czech
Republic Nos. IAA3013201 (Magnetomineralogical and
magnetostratigraphic research of cave and fluvial sediments
in the Central European region), and IAA30013001
(Palaeomagnetic research of karst sediments: palaeotectonic
and geomorphological implications). Research in Slovenia
was financed by research programs of the Ministry of
Science of Slovenia and Slovenian Research Agency Nos.
P6–0119–0618 and P0–0119 (Karst Research), and projects
Nos. J6–3035–0618–01 (Origin and development of karst
caves) and J6–6345–0618–04 (Development and function of
caves in different speleological settings).

The altitude differences of the relief at the time of cave
formation at Miocene/Pliocene boundary can be estimated to
600 m at least, but the hydraulic head in the karst was small.
There were several sinking rivers flowing from noncarbonate
rocks, sinking and creating caves penetrating limestone
ridges and plateaus. Allogenic sediments and Miocene
limestone pebbles, fragments of Turitella shells and pebbles
of metamorphic rocks and are mixed with local Triassic
limestone gravel in cave Potočka zijalka (located at the
similar altitude and only about 10 km to the north of the
Raduha Massif with the Snežna jama). The possibility that
both caves were formed in the same prolonged stable period
is great. But the catchment areas of sinking rivers were
different. Potočka zijalka received sediments from the north
and Snežna jama from the east. They were both discharging
to Savinja River, which had only shallow valley at that time
(Mihevc 2001; Mihevc et al. 2010).
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MORPHODYNAMIC RECONSTITUTION OF THE JUNCTION CHAMBER
(KASSARAT CAVE, NABAY, LEBANON): A GEOMORPHOLOGICAL
APPROACH FOR PALAEOHYDROLOGICAL RECORDS ANALYSIS
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Several studies on karst systems and geomorphology has been initiated in Lebanon recently by EDYTEM laboratory UMR
5204-CNRS, France in collaboration with Saint Joseph University of Beirut and the Association Libanaise d’études
spéléologiques (ALES). One of these researches aims at reconstituting: i) speleogenic evolution based on geomorphologic
indicators, ii) karstogenesis reconstitution related with the downcutting of the Mediterranean hydrographic network
(Antelias and Kelb river), iii) paleogeographical reconstitution of these tow valleys.
Two caves have been chosen in each valley and a morphogenic analysis has been completed in each cave with a
geomorphological approach. One of the main caves studied, downstream Antelias valley, is Kessarat cave with its
underground river and its 4.6 km gallery development. A 6.45 m height section has been studied in the Junction gallery to
reconstitute the deposition process of the sector in response to a collapse process. Stratigraphy observations as well as
grain size and morphoscopic analysis on sand layers have helped us to reconstitute the deposit dynamics and the paleoflows
of the underground river such as velocity variations and flows directions. Four reconstitution stages are suggested to
describe the river deviation. U-Th datations on two stalagmites Kt12011 and Kt22011 suggest upper Pleistocene age to
the collapse and the deposition episode in the Junction Chamber. Both collapse and deposition processes are set in the
recent stage of Kessarat cave speleogenesis.

1. Introduction
In the framework of a PhD research study, Antelias
valley was chosen as a main study site to reconstitute
paleogeographical phases of the landscape based on
speleogenesis and sedimentary analysis conducted on caves
networks and sediments. One of the main caves studied is
Kessarat cave (Nabay) with its underground river, situated
in the downstream section of the Antelias valley. A
morphogenic analysis has been completed by using a
speleogenetic approach. Six speleogenetic stages have been
identified in Kassarat cave (Nehme et al. 2012):
• The first speleogenetic stage embraces initial development
of the cave. Phreatic forms (tubular galleries, semi tubular
channel and anastomosis ceiling, notches and dissolution
pockets) located along the canyon ceiling and in the upper
galleries of Kassarat cave were formed in the phreatic
zone of the Antelias karst system during a period of high
position of the base level.

initiated local hydrodynamic readjustments of the
underground river regime.
To better understand recent hydrodynamic modifications of
Kassarat Underground River in respond to a ceiling collapse,
the Junction Chamber was chosen for its morphology
aspects and for its well-preserved sediments. The chamber
contains a wide range of fluvial sediments (pebble, sand,
clay) up to 10 m height. This sector functioned as a sediment
trap due to the collapse. A sedimentary study was conducted
on these deposits. Stratigraphy analyses as well as grain-size
and morphoscopic analysis on sand layers helped us to
reconstitute the deposition dynamics of this site during and
after the collapse phenomena.

2. Geography and geology settings
Located in the central part of Mount-Lebanon chain, 10 km
north of Beirut city, Antelias area is mostly formed by
middle Jurassic dolomitic limestone (J4-J5) (Dubertret
1951; Walley 1998). This well karstified area is known for
its high concentration of caves (Abdul-Nour 2004) and
karstic networks (e.g., Kassarat, Nabaa el-Chataouieh, 22
April, Bear, el-Dahr, Kanaan) (Figure 3). The tectonic
setting (Hakim 1988; Walley 1998; Gédéon 1999) of
Antelias region indicates local and regional faults with a
NNE-SSW and E-W orientation.

• The second and third stages are the result of a water table
migration downstream of the valley. The Kassarat
Underground River entrenched a canyon below the initial
phreatic level.
• The fourth stage is a second erosion level characterized
by formation of a semi-phreatic tube at the base of the
Kassarat underground canyon. This indicates a probable
second erosional level with a long-term stabilization of
the water table level at the base of the canyon.

Antelias River has 20.4 km2 of catchment area and drains
directly to the Mediterranean Sea (Figure 1). Feeding the
Antelias river all over the year, the Fouar Antelias spring
catchment area is ten times greater (208 km2) than the
Antelias River catchment area (Hakim 1985; Labaky 2005)

• The fifth and the sixth stage resume processes occurred in
the vadose zone of the Antelias Karst after the water level
migration downstream: collapse of the canyon ceiling
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Kessarat cave is one of the largest subsurface networks with
4.6 km passages (Karanouh et al, 2004; Metni et al. 2005).
Two siphons, the northern and the main siphon, feed the
Kassarat Underground River (Figure 2). Dye coloration
campaigns (Hakim and Karakabi 1988; Labaky 2005)

showed hydrogeological connection between Kassarat river
and Fouar Antelias spring. The cave water is partially
collected by the National Water Office of Beirut and MountLebanon to supply Beirut area with drinking water.

Figure 1. Localization of Antelias river catchment area and the Kassarat map – Nabay (right) and its morphological aspects (left).

3. Methods

the first stage, 50 samples are extracted to characterize each
layer. Grain size analyses were conducted using MASTER
SIZER S 2.19. In the second stage, 11 U-Channels from the
upper part (1.25 m) of the sedimentary unit were extracted
and grain-size measurements were completed on 190
samples.

A geomorphological map and six detailed sections were
produced to identify the main morphogenesis scenario of
the Junction Chamber by using a relative chronology
approach (Nehme et al. 2012). A sediment section CSJK-I
of a 6.45 m in height is studied in the Junction chamber. In

Figure 2. The Junction gallery and the sand deposit showed on the left. Tow conduits are related to the junction Chamber. The first on
the left is the upper siphon and on the right, the southern siphon (Photo by S. Jaillet).

4. Results and discussion

upper unit is formed by nearly flatted bed layers structure.
The alternating sand/clay composition of levels is related
probably to a low energy flood.

4.1. Stratigraphy observation
Observations on layers structure and texture show three
sedimentary units (Nehme et al. 2011): Mostly sandy layers
with disturbed structure constitute the lower unit. The
middle unit is composed by pebbles conglomerate. Sandy
and clayey layers with a conserved sub-horizontal structure
mostly compose the third unit. Grain-size analysis shows
sedimentation processes related to a high-energy flood in
the lower unit. The middle unit composed by consolidated
pebbles shows a dramatic modification in flow velocity
related probably to an external environmental change. The

4.2. Grain-size analysis
Grain-size analysis identified some aspects of the flow
dynamics during deposition. The analyses of first 50
samples showed mainly two units with different flow
dynamic regime (Figure 3):
The lower unit is composed mostly by sandy deposits with
well sorted particles. The asymmetry index is positive and
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Figure 3. Grain-size analysis on the 50 samples extracted from the lower and the upper unit of the Junction Chamber CSJK-I unit.

sedimentary traps environments due to an obstruction of a
river passage or can be related to a low water discharge in
the cave system.

tends generally to medium particles. Lower unit deposits
are related to regular flows marked by flows with high
velocity rates. The upper unit of sequence shows different
aspects of the flow regime: variations in the composition of
deposits are much more significant in the upper levels of
the sequence. We observe well sorted particles in the silt
and clay levels and poorly sorted particles in the sand levels.
This alternation in the sorting index is in good agreement
with the modification of the mean size particles as well as
with the stratigraphy observation. The significant and rapid
modifications in grain size, sand/clay composition ratio and
sorting index indicate fluctuations in the hydrological
dynamics between regular flow regime and over flow
circulation. These water flows generate poorly sorted
particles due to reduction of the flow area, caused initially
by the collapse and the progressive deposition process in
the Junction chamber. Therefore, stratigraphy and grain-size
analyses identified some aspects of the site effect on the
sedimentation process in the Junction chamber, especially
in the upper unit.

4.3. Discussion
The grain-size and stratigraphy analysis combined with the
speleogenetic observations of the sector identify four
hydrodynamic stages (Figure 5). Each stage explains the
hydrodynamic reorganization of Kassarat river flow in the
Junction Chamber:
1) The ceiling collapse obstructed the normal passage of the
underground river. Fluvial deposits fill in the Junction
gallery as well as a part of the upper and southern siphon
conduits. Sediments deposition reaches up to 12 m height
and obstructs this part of the cave. Rivers flows circulate
in the upper part on the Junction Chamber and form
conduits at the same level of the river flow (Drain
annexe formed in the same direction of the southern
siphon conduit and filled with fine deposits).

The grain-size analysis of the upper unit, made in 1 cm
intervals, helped us to better identify the karst system effect
on the sedimentation process. The Figure 4 shows a general
decrease of the mean size of particles, despite the
composition of fine sand or silt particles. This tendency
indicates a hydrodynamic process related to a general
decline in the flow velocity. This process can occur in

2) The second stage is related to two major events: flows
coming from both siphons were separated due to the
sediment deposition in the Junction chamber. The
southern siphon flows form a new passage (Capture) to
evacuate most of the underground water and join the
main river gallery, downstream of Kassarat cave.
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Similarly, the upper siphon flows excavated a passage
through the Junction deposits. A temporary evacuation
of the flows occurred in the narrow tubular conduit.
However, the conduit diameter (capture and the tubular
passage) is not wide enough to drain all the flows during
floods. A flooding process occurs in this area.

3) The third stage describes the regularization of the capture
conduit diameter: the flooding process is still active in
the area because of the small size of the capture conduit.
Therefore, clay and silt sediments are progressively
deposited on the upper part of the sedimentary unit
CSJK-I. When the size of the capture conduit became
wide enough, the southern siphon flows were totally
evacuated during each flood episode. During flood
season, the southern siphon flows evacuated what left of
the deposits blocking the southern siphon passage. This
evacuation process causes a local lowering of the water
level. The southern siphon water level becomes lower
than both of the upper siphon flow and the tubular
conduit levels.
4) The last stage shows that the capture controls the local
water level on this area in Kassarat cave. The upper
siphon flows are then diverted from the initial direction
(NW) and joined the southern siphon flows (SE). The
tubular conduit becomes inactive and both southern and
upper siphon flow are evacuated from the capture
conduit.
4.4. Contribution of the U/Th datations
In order to constrain the sedimentary episodes of the
Junction Chamber in the general speleogenesis history of
Kassarat cave, an age should be suggested for both collapse
and fluvial deposition process. Collapsed blocks and fluvial
sediments are actually covered by flowstone and
speleothems. Two stalagmites were chosen in order to date
separately the collapse and the deposition process. The first
one is located at the top of the fluvial deposits. The second
was extracted from the collapse sector. Calcite sample were
extracted from the base of the stalagmites and dated by the
uranium/thorium method in the Geochemistry laboratory,
Earth Science department, University of Melbourne,
Australia (Table 1).
Stalagmite Kt2-2011 located in the collapse zone showed
an age around 33.921 ± 1.09 ka. The stalagmite Kt1-2011,
located at the top of the fluvial deposits, showed an age
around 37.590 ± 0.82 ka. Although 4ka difference is
observed between both stalagmites, we suggest that
stalagmite growth was set after the collapse and the
deposition process in the Junction Chamber. We could not
suggest an exact age for each process separately. However
both processes were completed prior to the late upper
Pleistocene epoch. The calcite deposition phase was long
enough after the disconnection of the Junction Chamber
from the active network of Kassarat cave. The development
of speleothems in this sector suggests wetter climate
conditions during the late upper Pleistocene.
U/Th dating records show that the ceiling collapse is set in
the upper Pleistocene epoch causing an important fluvial
deposition in the Junction Chamber. The final speleogenetic
stage (stage 5 and 6) of Kassarat cave is set during the upper
Pleistocene, while all other stages (e.g., Introduction: Stage
1 to 4) were prior to that age.

Figure 4. Grain-size analysis on the upper unit of the Junction
sediment CSJK-I unit.
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Figure 5. Speleogenesis of the Junction Chamber: successive phases of the Kassarat river deviation.

5. Conclusions

a new conduit is formed at the southern siphon. The capture
is not wide enough to evacuate the entire flow during flood
seasons. Overflow process occurs in the junction Chamber
and silt and clayey sediments are deposited in the upper
unit.

These results helped us to identify some aspects of the
geomorphological environments of the Junction chamber
and to understand the hydrology dynamic of the sediment
trap in respond to a collapse event. Both speleogenesis and
sediment analysis resume the history of the Junction
Chamber in three phases:

It is only when the size of the capture becomes large enough
to evacuate all flow from the southern siphon; the deposits
obstructing the southern siphon are then gradually
evacuated. Therefore, the level of flow becomes lower than
the upper siphon. The upper siphon flows are then diverted
to the capture conduit that controls the flow of both upper
and south siphons.

Phase 1: During the upper Pleistocene epoch, the collapse
of the ceiling blocked the river channel. Fluvial sediments
were deposited in the Junction Chamber leading eventually
to filling in almost all the area. The river flow circulates at
the upper part of the Junction Chamber.

Phase 3: During the late upper Pleistocene epoch, the
Junction chamber became no longer active and was
disconnected from the active network of Kassarat cave
system. Ceiling collapse occurs in the Junction Chamber
and stalagmite growth took place on collapsed block as well
as on the fluvial deposits.

Phase 2: The river flow level rejoins the initial flow level
before the deposition process in the phase 1. Two flow
adjustments process occurs simultaneously at the upper and
major siphons: The flow coming from the upper siphon
excavates a new passage in the deposits. The flows are
mostly evacuated through a new tubular conduit. Similarly,

Table 1. Corrected ages of calcite extracted from stalagmites Kt12011 and Kt22011.
Sample Name
Kt12011

Lab Number
UMD120325-213

Mass/g
0.0958

230

U/238U
0.2471

234

Th/238U
0.8469

232

U/238U
0.002581

Th/232Th
95.7

Kt22011

UMD120325-214

0.0939

0.2961

1.0838

0.005027

58.9
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230

Age (a)
37.590 ±
0.82
33.921 ±
1.09
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A GENETIC CLASSIFICATION OF CAVES IN LOWER AUSTRIA
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Caves evolve due to various geomorphological processes which can be used to develop a classification scheme. We adapted
existing genetic classifications and focused on the main genetic process which we defined as the one that was responsible
for most of the cave volume. This scheme was applied to the 4,849 known caves of Lower Austria and some neighbouring
areas. It turned out that more than half of the caves have developed due to weathering and erosion and only 45 % are
karstic ones.

1. Introduction
Besides the majority of karstic ones, caves can develop due
to various processes. Surprisingly there are only a few
comprehensive schemes to classify caves according to their
genesis like Trimmel (1968), White (2005), and Striebel
(2005). It is even more surprising that, to our knowledge,
these classifications have not been applied to extensive data
sets of caves yet.
As the classifications mentioned above all have their pros
and cons we combined them into a new classification. It is
based on the dominant genetic process of a cave. In order
to enable the classification of a huge number of caves it was
necessary that it is applicable by means of existing cave
maps, topographic maps, photographs and reports.
In the present paper we applied this classification to
4849 caves in Lower Austria which have been registered up
today.

Figure 1. Major tectonic units of Lower Austria and caves longer
than 50 m (dots).

2. Study Area
The area of investigation includes the Austrian province of
Lower Austria and some neighbouring areas in Upper
Austria, Styria, Burgenland, and Vienna (ca. 23,000 km²).
The caves of this area are registered in the cadastre of the
Spelaeologic Society of Vienna and Lower Austria.
This area comprises most major tectonic units of the Eastern
Alps (Fig. 1). These are from north to south:
• Bohemian Massive
• Flysch and Helvetic Unit
• Northern Calcareous Alps
• Grauwackenzone
• Austro-Alpine Crystalline (including Lower AustroAlpine)
• Molassezone and Vienna Basin

Figure 2. Spatial distribution of the caves in the study area.
Obviously the concentration of caves is very diverse as a function
of the geological and geomorphological settings. The highest cave
density is found in the Northern Calcareous Alps.

This results in a highly diverse landscape ranging from high
alpine karst plateaus (up to 2,079 m a.s.l.), low mountains
and hills to extended lowlands (e.g., Schnabel et al 2002).
By April 2012 a total of 4,849 caves longer than 5 m were
registered in the study area (Fig. 2). Even though the longest
system is 27 km long and the deepest is 756 m deep, most
of the caves are rather small. 50 % of the caves are only 5
to 11 m long and only 486 caves are longer than 50 m.
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3. Methods
3.1. The classification scheme
As some genetic processes are missing in the classification
schemes published by White (2005) and Striebel (2005)
they were combined and adopted to a new scheme. Further
we restricted it to the genetic processes that are active in the
caves of the area of investigation (Fig. 3).

Figure 4. Distribution of the main cave types in Lower Austria and
neighbouring areas. The dispositional caves are not labelled
because they are represented with much less than 1%.

Figure 3. Classification scheme based on the dominant genetic
process. The left column (grey) shows four main types, which are
differentiated into several sub types due to different processes.

The most surprising result of the classification was that the
majority of the classifiable caves (48 %) are not karstic
caves but have been formed by weathering and erosion
processes.

3.2. Classification of caves

However, if only caves bigger that 50 m (10 % of the dataset)
are considered 83 % are karstic caves and all caves longer
than 500 m are karstic ones.

Even though it is clear that each cave is polygenetic and a
couple of processes have been active to form the present
shape it was necessary to keep it simple in order to perform
static analyses. Therefore we classified according to the
most dominant process i.e. the process that was responsible
for the biggest gain in volume.

5. Discussion and Conclusions
The advantage of the presented classification scheme is that
it is well structured and based only on the main genetic
process. Overall the classification was easily applicable
even for that big amount of caves within a few weeks. This
was only possible because all the data were available in a
well-structured cave cadastre, in paper form as well as from
an online database.

In geomorphology it is a common approach to reconstruct
the process from morphologic observations (Dikau 2006).
Therefore we set up a key of characteristic attributes for
each cave type considering overall cave morphology and
pattern, micro morphologic features (scallops etc.), cave
sediments, and the relation of the cave to the surface and to
hydrology. Besides some direct field observations (some
hundred caves) these attributes were deduced from cave
maps, descriptions, photographs, topographic maps
(including a high resolution laser scan; NÖ-Atlas, 2012),
and discussion with speleologists.

During the classification it turned out that especially for
small caves (< 10 m) there are very few morphological
indicators that allow a clear distinction of the processes. A
further problem was the heterogeneous quality of the cave
maps and other documents used, which made a
classification impossible.

To enable more sophisticated statistical analyses each cave
was allocated (1) one of the four main types and (2) a sub
type specifying the main type (Fig. 3). In the following we
will present only the results of the main cave types.

Another difficulty for small caves was that the dominant
process responsible for most of volume is hard to determine.
For example especially in very small caves frost weathering
is active over the whole length. So if the cave has a karstic
origin but is blocked after a few meters by sediments frost
weathering will be responsible for more cave volume than
dissolution.

4. Results
4,849 caves were analysed. For 7 % of these caves the key
was not applicable as there was not enough data. This was
mainly the case for very small caves which results in
missing characteristic data on the cave maps. For 93 % of
the caves a classification was possible but for 15 % of them
classification is somewhat uncertain.

As expected, in tectonic units that are not dominated by
carbonate rocks like the Bohemian Massive or the
Flyschzone and Molasse Basins, the caves are mainly
formed by weathering and erosion processes. Surprisingly
also in the Northern Calcareous Alps which are dominated
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Where infiltration takes place into porous, non-carbonate rock (e.g., sandstone), and then encounters carbonate rock below,
carbonate dissolution takes place in a system nearly closed to CO2. The water approaches saturation at very low PCO2 and
carbonate content, and high pH. When it seeps into a cave, it rapidly absorbs CO2 from the cave air, causing wall corrosion
or white microcrystalline weathering rinds. Elsewhere it can cause gypsum replacement of carbonate in cave walls and
deposition of silica. Most of these effects are quantitatively small; but in ideal conditions, mixing that includes such lowCO2 water can be responsible for considerable cave enlargement.
L’infiltration à travers les rochers qui sont poreux et insolubles (par exemple, le grès), peut dissoudre le calcaire sousjacent, mais ne peut plus absorber le CO2 du sol. Le système chimique est pratiquement fermée, et quand l’eau approche
de la saturation avec du calcaire, la teneur en carbonate et 3 sera très faible, et le pH devient très élevée. Lorsque cette eau
s’infiltre dans les grottes, il absorbe rapidement beaucoup de CO2 de leurs atmosphères. Cela provoque la corrosion des
parois, ou des croûtes microcristallines blanches. De plus, elle peut permettre de remplacer le calcaire avec le gypse, ou
de déposer de petites quantités de silice. La plupart de ces effets sont faibles, mais dans des conditions idéales, lorsque
l’eau avec du CO2 faible est capable de se mélanger avec l’eau qui a des niveaux typiques de CO2, un élargissement
considérable de grottes peuvent se produire.

1. Introduction

water flow. As a result, the amount of carbonate rock that
can be dissolved is very small, and the water approaches
equilibrium at high pH and very low PCO2. The flow
system is outlined in Figure 1.

Vadose seepage through carbonate rock generally retains
most of its soil-derived CO2 as it descends. Most carbonate
dissolution takes place in the sub-soil epikarst where the
PCO2 is near equilibrium with that in the soil. When the
water emerges into a cave, where the PCO2 is usually far
smaller, much of the CO2 degasses into the cave
atmosphere, driving the water to supersaturation and
producing speleothems.

To simulate this reaction, add powdered calcite to a flask
of distilled water, then insert a pH probe and seal the
opening. The pH will soon rise above 9 or 10.
When this water emerges into a cave, it rapidly absorbs CO2
from the cave air and becomes solutionally aggressive
toward limestone and dolomite. Visible effects are usually
small and subtle, but widespread. They are most
recognizable as zones of deeply etched carbonate rock and
weathered zones in cave walls. In their greatest expression
they can account for major cave features, and even
significant (but rare) examples of cave origin.

However, if non-calcareous rock (e.g., quartz sandstone)
underlies the soil and overlies carbonate rock, water that
infiltrates through the sequence will dissolve the carbonate
rock while more or less closed to CO2. Downward diffusion
of CO2 is limited and cannot keep pace with the rate of

2. Field evidence
We first recognized closed-system vadose flow in Mammoth
Cave, Kentucky (USA) and surrounding regions. The
majority of these caves are overlain by sandstone-capped
plateaus. Most infiltration to the caves takes place along the
eroded plateau margins, and carbonate speleothems are
concentrated in those areas. However, beneath a thin
overlying sandstone cap-rock there are places where small
quantities of capillary water seep intermittently from
narrow fissures. Most of these fissures are very narrow, less
than the thickness of a sheet of paper, and have undergone
almost no solutional enlargement; but the walls around and
below them have been sharply etched by dissolution to
depths of 1–3 cm (Figure 2). It is evident that the water is
rapidly absorbing CO2 from the cave air. Oddly, the CO2 of
the cave air is some of the lowest ever documented – less
than 0.0008 atm (A Palmer and M Palmer, 1995), and it is
odd to see it absorbed so readily by vadose water. The sandy

Figure 1. Sketch of closed-system vadose seepage into a cave. A
= soil; B = porous insoluble rock; C = carbonate rock. The
chemistry evolves as follows: (1) Infiltrating water absorbs high
CO2 from soil. (2) It passes through insoluble rock. (3) In the
carbonate rock, dissolution consumes most of the CO2. The soil
cannot replenish it. (4) Water drains into the cave by gravity
and/or capillarity. (5) The water absorbs CO2 from the cave air
and becomes aggressive.
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error. Reconstructing the complex interactions between
water and gas is beyond the scope of this paper.
Figure 3 shows the result for the system described here for
Mammoth Cave. Note the sharp decrease in PCO2 and rise
of pH as calcite dissolves. The low PCO2 accounts for the
rapid uptake of CO2 from the cave air, even in Mammoth
Cave, where the CO2 level is so low. Table 1 shows the
effect of initial (soil) PCO2. A value of 0.005 atm is more
typical of soil moisture in the Mammoth Cave area (Miotke,
1973); and in nearby regions where soil directly overlies
limestone, PCO2 averages 0.012 atm. These calculations
assume perfectly closed systems, which are unlikely in the
field; but the rapid uptake of CO2 observed in Mammoth
Cave validates the overall process.

Figure 2. Renewed aggressiveness of capillary water emerging in
a wall in Mammoth Cave after infiltration through a sandstone
cap-rock. The shadow at top obscures some of the narrow input
fissure. Pen for scale.

soil above the cave has a PCO2 only slightly higher,
averaging 0.001 atm (from in situ measurements by Miotke,
1973). Before the water emerges into the cave, its dissolved
CO2 must be depleted by carbonate dissolution in a nearly
closed system. This process (or even its existence) is very
difficult to measure without disturbing the closed
conditions. It is easier to model the evolution of the water
chemistry with the appropriate chemical equilibria.

Figure 3. Chemical evolution of infiltrating water in limestone
after isolation from soil CO2, for initial PCO2 of 0.001 atm at
15 °C. SIc =calcite saturation index = log [(Ca 2+)(CO32-)/Kc],
where Kc = calcite equilibrium constant. Saturation is reached at
SIc = 0.The odd curvatures of pH and SIc are caused by the
complex equilibria of dissolved carbonate species.

3. Chemical modeling

Table 1. Final values for PCO2 and pH for closed-system
dissolution at various values of initial soil PCO2. In the field, the
final PCO2 is likely to be larger, and pH smaller. At low initial
PCO2, a 10 °C difference in temperature causes a roughly 40 %
difference (higher temperatures causing lower final PCO2 and
higher final pH), but the effect diminishes to less than 10 % at high
initial PCO2.

In a closed vadose system of this kind, dissolution of
carbonate rock consumes much of the available CO2, so the
amount of dissolution is diminished. Calculating the
equilibria is simple (overview in Garrels and Christ, 1965,
p. 86–88), but convergence requires multiple successive
approximations by computer. Professional software is
available, but the chemistry is easily programmed by hand
to offer personal insight. All relevant equilibria need to be
observed, along with the charge balance (electroneutrality),
and – since this is a closed system – the total mass of carbon
must remain equal to that from the initial CO2 in addition
to all dissolved carbonates. Concentrations are low enough
that the simple Debye-Hückel equation is sufficient to
evaluate activity coefficients.
For this exercise, equilibrium constants were those
recommended by Plummer and Busenburg (1982). Other
equilibrium constants were calculated from thermodynamic data in Faure (1998). The simplest routine is to
scan the full range of pH values back and forth at decreasing
intervals until all equations balance with an insignificant
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Initial PCO2
(atm)

Final PCO2
(atm)

Final pH

CaCO3 at
saturation
(mmoles/L)

0.001

<10-5

9.55

0.15

0.005

0.00018

8.46

0.48

0.01

0.0010

7.96

2.63

0.05

0.023

7.08

3.80

0.1

0.061

6.80

3.11
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4. Applications of concepts

4.3. Gypsum replacement of carbonate rock in caves

4.1. Localized corrosion of carbonate rock

Gypsum growth in dry caves is often produced by oxidation
of pyrite. In some carbonate rocks, the gypsum is carried in
solution from residual evaporite beds. Less commonly, the
outer edges of exposed cave walls are replaced by gypsum
(Figure 5). Palmer (1986) proposed that this process can be
facilitated by absorption of cave air by infiltrating water in
which much of the dissolved CO2 has been depleted by
closed-system vadose dissolution. Conversion of calcite to
gypsum can take place by the reaction

The example in Figure 2 is most significant because it is so
close to proof of closed-system vadose dissolution. The
rough, abrasive texture of the rock is common in many
caves. But quantitatively this is one of the least significant
results of the process.
4.2. Weathering rinds on cave walls

CaCO3 + SO42- + 2H2O  CaSO4.2H2O + CO32-

Much more extensive in the Mammoth Cave region, and in
similar geologic settings elsewhere, are white weathering
rinds on limestone cave walls (Figure 4). These can have a
variety of origins, but where they are uniform, widespread,
and in favorable geologic settings, the following origin is
most probable:

but only if the solution is supersaturated with gypsum, and,
at 15 °C, if (SO42-) / (CO32-) in the solution is greater than
about 4900 (determined with free-energy and enthalpy data;
see Faure, 1998). Consider the following example, which
is appropriate for sandstone-capped cavernous plateaus like
those at Mammoth Cave:
1. Water at 15 °C and PCO2 = 0.005 atm (with resulting
pH ~5.03) infiltrates through sandstone and stays closed
to CO2 as it enters the underlying limestone. Calcite
dissolves toward saturation while PCO2 drops to
~0.00018 atm and pH rises to ~8.5.
2. Water encounters gypsum sometime during stage 1. As it
dissolves, it decreases the solubility of calcite by the
commonion effect and may force some calcite to
precipitate. At 15 °C, the saturation concentration of
gypsum is 0.014 mole/L (0.014 M). Calcite solubility is
~0.00048 M, but in combination with gypsum saturation
it is limited to ~0.0016 M. If both reach saturation,
SO42-/CO32- rises to ~6,700 at pH = 7.9. Calcite commonly
reaches saturation, but gypsum, if sparse, may not.
3. The moisture emerges into a relatively dry cave and
rapidly absorbs CO2 from the cave air. PCO2 rises to
~0.0008 atm, while pH drops to ~7.3. This causes an
abrupt decrease in CO32-, because most of these ions
convert to HCO3- as H+ increases. The SO42-/CO32- ratio
zooms to more than 105 but drops rapidly, but at
decreasing rates, as calcite dissolves toward equilibrium
with the cave PCO2.

Figure 4. Weathering rind in a collapse block of granular
Carboniferous limestone in Mammoth Cave, located 4 m below a
thin sandstone cap. Pencil for scale.

Closed-system seepage can also take place within the
intergranular pores of a carbonate rock. As the moisture
approaches a relatively dry cave wall, CO2 from the cave
air will be absorbed even before the water emerges from the
rock. The moisture becomes slightly aggressive toward
calcite or dolomite, and their grains are etched by
dissolution to produce an opaque white, microcrystalline
rind. Microscopic examination shows no other cause for the
white appearance. Isotopic values in the weathering rind
show a decrease in δ18O and δ13C of about –1‰ from those
in the unaltered bedrock (M Palmer and A Palmer, 2012).
The O shift is apparently caused by the reaction between
oxygen in the local bedrock (high δ18O) and that in the
meteoric water (low δ18O). The low water/rock oxygen ratio
limits the amount of shift. Likewise, the slight decrease in
δ13C is caused by the reaction between carbon in the
bedrock and that in the absorbed CO2 from the cave air
(mainly biogenic, with lower δ13C). Corrosion and isotopic
shifts can also be caused by condensation of moisture on
rock surfaces from rising evaporative water, but only in
areas of large vertical air circulation. The example in Figure
4 is near the floor of a low crawlway and unlikely to be
affected by condensation. This is another example of a
process with little quantitative impact, but which helps to
explain cave features.

4. As calcite dissolves, the SO42-/CO32- ratio remains higher
than the critical value of 4,900 as long as gypsum is more
than 75 % saturated. If gypsum is supersaturated, it can
replace calcite. Otherwise, evaporation at the cave wall
can drive gypsum to supersaturation at SO42-/CO32>6,700, which may allow it to replace calcite.
The validity of this model has been questioned by White and
White (2003), because the sulfate/carbonate ratios at
equilibrium do not seem high enough. Calculating carbonate
activity solely from carbonate equilibria can be a source of
the problem, because to maintain the charge balance, the
abundant dissolved sulfate must be considered as well. On
the other hand, the conclusions of Palmer (1986) were
unrealistically optimistic by not accounting for the instability
of the equilibria as the reactions took place. However, the
conclusions in this section address that fault and show that
the calcite-replacement process is valid. Gypsum
replacement of dolomite is also feasible, but the reactions
are more complex. Recognition of gypsum replacement in
samples generally requires microscopic analysis.
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under National Park Service management. They are located
in the confined Carboniferous Madison aquifer along zones
of mid-Carboniferous paleokarst (M Palmer and A Palmer,
1989). The Madison and related strata dip away from the
high mountains in the center of the Black Hills.
It appears that the present extent of the caves is the result of
mid-Cenozoic enlargement of paleokarst voids. The caves
are not undergoing active enlargement today. Their origin is
a topic of lively debate. Several water sources have been
present throughout most of the Cenozoic, but none shows a
clear relationship to cave origin (A. Palmer et al., 2009).
Most researchers consider the caves to have a thermal
origin, with water rising from depth and cooling as it
approaches the surface, to provide solutionally aggressive
recharge (e.g., Bakalowicz et al., 1987; Ford, 1989).
Evidence includes thick calcite wall crusts with thermal
isotopic signatures; high-temperature minerals (e.g., large
euhedral quartz crystals, etc.; White and Deike, 1962);
network pattern, irregular profiles with solution cupolas in
the ceilings, little relation to overlying topography, etc.

Figure 5. Partial replacement of limestone by gypsum in Mammoth
Cave (most visible in lower right). Elsewhere in the photo the
gypsum consists mainly of evaporative overgrowths. Width of
frame is roughly 12 cm.r.

4.4. Deposition of silica at cave walls
In rare situations, small amounts of quartz or amorphous
SiO2 (for example, chalcedony) can precipitate at and just
within cave walls. Identification usually requires laboratory
analysis.
Silica (e.g., SiO2) maintains a nearly uniform solubility
across most of the pH range; but above pH 8.5 its solubility
increases rapidly (Faure, 1998). The main form of dissolved
silica is silicic acid (H4SiO4), but this is such a weak acid
that it can dissociate only at high pH, where H+ migrates
away to leave H3SiO4-, H2SiO42-, etc. The combination of
the three or more Si-bearing ions raises the total silica in
solution.
Up to pH 8.5 the solubility of crystalline quartz is only
about 5 ppm at 15 °C (greater as temperature rises), but at
pH = 12 it is about 1,000 ppm. The solubility of amorphous
silica is considerably greater but follows the same trend.
(This pattern can be disrupted by organic complexes, etc.)

Figure 6. Map of Jewel Cave, Black Hills, South Dakota, USA
(courtesy of National Park Service).

The Madison is one of the most productive confined
aquifers in the USA, so cave origin as a result of artesian
confinement has also been suggested (e.g., Tullis and Gries,
1938; Deal, 1962, 1965; Howard, 1964). It is capped by the
thick Minnelusa Formation (mainly late Carboni-ferous),
which is composed mainly of quartz sandstone with
interbeds of carbonates and sulfates. An origin by
infiltration of water through the Minnelusa has also been
proposed (Wiles, 2005). Finally, the caves may simply be
the surviving relics of paleokarst.

As carbonate rock dissolves in a closed system with a low
initial PCO2, the water can reach a pH as high as 10, at
which the solubility of silica has climbed to about twice its
low-pH value. When this water emerges into a cave and
equilibrates with the cave air, the pH abruptly drops, usually
to between 7 and 8, where silica solubility is much lower.
This process can account for small deposits of silica on cave
walls or in weathering crusts. The setting of Figure 4 is a
fertile place to search for these deposits. Laboratory
analysis at high magnification is usually needed to
distinguish between true SiO2 precipitates and siliceous
detrital grains.

During our own study we have supported all of these ideas
at various times, but have concluded that none by itself is
sufficient (A Palmer and M Palmer, 1989). The caves are
clustered beneath the thin up-dip edge of the Minnelusa,
which suggests a genetic relationship (Figure 7). However,
the caves do not extend up to the Minnelusa contact, except
in a few places, so infiltration through the cap-rock is
unlikely to be the only source. Although the Madison is 135
m thick at Jewel Cave and 90 m thick at Wind Cave, each
cave occupies a range of only 70 m near the top.

4.5. Contribution of closed-system dissolution to mixingzone speleogenesis
In contrast to the subtle small-scale processes described
here, closed-system vadose dissolution may have
speleogenetic consequences that operate at a much larger
scale. Caves of the Black Hills, South Dakota, USA,
provide a good example. Wind Cave and Jewel Cave
(Figure 6) are the two largest and are open to the public

Only a few small, scattered passages extend up-dip beyond
the eroded edge of the Minnelusa, so aggressive recharge
directly into the Madison carbonates seems out of
the question. The caves also do not extend far down-dip.
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The caves therefore formed near the end of the Eocene or
beginning of the Oligocene. Earlier dates are not feasible,
because the close association between the caves and present
topography would not have existed.
So it is probable that the caves formed by the mixing of
waters from two or more sources. These most likely
included recharge from the eroded edge of the limestone
(the most abundant and continuous source), combined with
seepage through the sandstone beds of the lower Minnelusa
(which accounts for the close association between those
strata and the underlying cave).

Figure 7. Geologic profile through Wind Cave (A. Palmer & M.
Palmer, 1988). The main entrance is located in a small window
in the Minnelusa and is not related to the cave origin.

Wind Cave reaches the water table only in a few places and
apparently does not extend far below it. Jewel does not
reach the water table at all. The caves terminate down-dip
approximately where the overlying Minnelusa cap exceeds
about half its maximum thickness.

According to the topics discussed in the previous pages,
much of the diffuse infiltration would have been
approximately closed to CO2. Carbonate beds in the
Minnelusa and at the top of the Madison would have
dissolved only slightly in this water, while the pH rose and
PCO2 dropped to low values. This water would regain its
aggressiveness when it mixed with the more abundant water
from the Madison outcrop area, which preferentially
followed Carboniferous paleokarst voids and breccias.
Dissolution would have been most intense where mixing
took place between the high-CO2 water from the limestone
outcrop and the very low-CO2 vertical seepage (see
Figure 9). That is why the caves are not concentrated at the
Madison-Minnelusa contact.

It is only along the strike of the limestone beds that the
caves extend without obvious limits. Along that trend the
caves maintain a rather constant hydrogeologic setting.
Also, to some extent, the caves appear to be constrained to
areas of paleokarst voids and breccias (Wind Cave more so
than Jewel).
Possible paths for aggressive groundwater recharge are
shown in Figure 8. But how could the water have formed
caves that do not emanate from obvious points of recharge?
Generation of acidity within the Madison itself is possible
by oxidation of sulfides, but except for some surviving clues
in the paleokarst, there is no evidence for that process in the
caves.

The lack of evidence for great allogenic flow into the
limestone (A in Figure 8) seems odd. But the Madison has
always been an inefficient aquifer because it drains upward
through insoluble beds. High flows in surface streams
would simply fill all available solutional openings in the
limestone, overflowing at the surface and bypassing the
caves. The pattern of present and former drainage lines
supports this idea.
All of the geomorphic characteristics of the caves are
compatible with this origin except for the thermal evidence.
That is explained by high-temperature deposits in
paleokarst voids during deep burial, and by moderately

Figure 8. Potential paths for groundwater that formed the Black
Hills caves. 1 = Precambrian metamorphic and igneous rocks.
2 = Deadwood Sandstone and other strata (mainly Cambrian).
3 = Madison Limestone (lower Car-boniferous, Mississippian).
4 = Minnelusa Formation (upper Carboniferous, Pennsylvanian
– lower Permian). 5, 6 = overlying strata, mainly shales and
sandstones (Triassic–Cretaceous). A = water entering the outcrop
area of the limestone (autogenic seepage, allogenic streams).
B = rising water, possibly thermal, recharged from the higher hills.
C = diffuse recharge through the lower beds of the Minnelusa
Formation (mainly sand-stone, but with carbonate and sulfate
interbeds). D = up-dip flow from surrounding lowlands (unlikely,
because it would appear to be against the hydraulic gradient).
E = major springs around the perimeter of the Black Hills, where
confined water in the Madison passes upward along faults and
breccia in the upper Minnelusa and overlying strata. (A Palmer
& M Palmer, 2008).

Extensive calcite wall crusts that overlie weathered bedrock
show that the caves were drained before they were filled
with supersaturated water. U/Pb dating of the calcite in
Jewel Cave by V. Polyak gives ages of 26–14.7 Ma (A
Palmer et al., 2009). These dates correlate with extensive
continental sandstone, shale, and volcanic strata that buried
the lower half of the Black Hills. Most of these sediments
have been removed by erosion since then, exposing a
presediment landscape that has seen only a little change
little since the early Oligocene.
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Figure 9. Solubility of calcite vs. PCO2 at 15 °C. The shape of the
curve allows a mixture of two calcite-saturated waters at different
PCO2 to become under-saturated (cf. Bögli, 1964). A mixture of
equal amounts of solutions A and B (both at calcite saturation)
would produce mixture C, which falls below the saturation curve
and is undersaturated with calcite. Mixing would take place in a
closed system, so as further dissolution took place, the solution
would migrate to D along the sloping line (each mole of calcite
dissolution is balanced by a loss of one mole of CO2). Note that
the effect is greatest where one water source has a very low PCO2.
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warm-water calcite accumulating in the caves when they
were buried by the mid-to-late Cenozoic deposits.

Deal D, 1962. Geology of Jewel Cave National Monument, Custer
County, South Dakota. M.A. Thesis, University of Wyoming,
Laramie, Wyoming, USA.

The present climate is semi-arid, and a reliable source of
recharge through the Minnelusa is hard to imagine. However,
in the mid-Cenozoic the climate was much more humid. One
indication of that is the rapid erosional removal of 1–2 km of
rocks in the central Black Hills during the Paleocene-Eocene,
during the major period of mountain uplift.

Deal D, 1965. Origin and secondary mineralization of caves in the
Black Hills of South Dakota, USA. Proc. 4th Int. Congr. of
Speleology, Ljubljana, 67–70.
Faure G, 1998. Principles and applications of geochemistry
(2nd ed.). Prentice-Hall, Upper Saddle River, N.J.
Ford D, 1989. Features of the genesis of Jewel Cave and Wind
Cave, Black Hills, South Dakota. National Speleological
Society Bulletin, 51(2), 100−110.

Even today, however, a moderate amount of infiltration
takes place through the lower Minnelusa (Wiles, 1992).
This is equivalent to about 104 m3/yr/km2, which would be
enough to enlarge the caves to their present size in about
106 years (A Palmer and M Palmer, 2008). Conditions were
probably more favorable during the mid-Cenozoic.

Howard A, 1964. Model for cavern development under artesian
ground water flow, with special reference to the Black Hills.
National Speleological Society Bulletin, 26(1), 7−16.
Miotke F-D, 1973. Der Karst im zentralen Kentucky bei
Mammoth Cave. Arbeiten aus dem Geographischen Institut der
Technischen Universitat Hannover, Jahrbuch.

5. Conclusions

Palmer A, 1986. Gypsum replacement of limestone by alternating
open and closed systems in the vadose zone, Mammoth Cave,
Kentucky. Cave Research Foundation, 1986 Annual Report.

Dissolution of carbonate rocks in systems closed to CO2
exchange is common in phreatic water, but it is relatively
rare in the vadose zone, where there is normally an efficient
CO2 exchange between infiltrating water and the overlying
soil, via open fissures, conduits, and pores. The role of
insoluble beds in limiting this exchange, described in
Sections 1–3, has not been widely recognized in the past
because field evidence is so sparse.

Palmer A, Palmer M, 1995. Geochemistry of capillary seepage in
Mammoth Cave. Mammoth Cave National Park, Proceedings
of 4th Science Conference, 119–133.
Palmer, A., Palmer, M., 1989. Geologic history of the Black Hills
caves, South Dakota: National Speleological Society Bulletin,
51(2), 72–99.

The effects on the caves – such as enhanced corrosion,
bedrock weathering, silica deposition, and replacement of
carbonate by gypsum – are common in these geologic
settings, but they are subtle and quantitatively small. In
contrast, this type of water can have a large impact on cave
enlargement where the mixing of waters of greatly
contrasting CO2 content is the only significant agent of
speleogenesis.

Palmer A, Palmer M, 2008. Field guide to the paleokarst of the
Black Hills. In: I Sasowsky, C Feazel, J Mylroie, A Palmer, and
M Palmer (Eds.), Karst from recent to reservoirs. Karst Waters
Institute, Special Publication 14, 189–230.
Palmer A, Palmer M, Polyak V, and Asmerom Y, 2009. Genetic
evolution of the Black Hills caves, South Dakota, USA. Proc.
15th Int. Congr. Speleology, Kerrville Texas, 2, 946–951.
Palmer A, Palmer M, 1989. Paleokarst of the United States.
In: P Bosak, (Ed.), Paleokarst. Acdemia/Elsevier, Prague,
337–363.

These phenomena help to explain cave and karst features that
are often overlooked, but which can provide clues to cryptic
or ancient geochemical environments. They also reveal an
aspect of infiltrating water that is very difficult to measure in
the field without disrupting the closed conditions.

Palmer M, Palmer A, 2012. Petrographic and isotopic evidence
for late-stage processes in sulfuric acid caves of the Guadalupe
Mountains, New Mexico, USA. International Journal of
Speleology, 41(2), 231–250.
Plummer N, Busenberg E, 1982. The solubilities of calcite,
aragonite, and vaterite in CO2–H2O solutions between 0 and
90°C and an evaluation of the aqueous model for the system
CaCO3–CO2–H2O. Geochimica et Cosmochimica Acta 46,
1011–1040.
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UPPER AUSTRIA)
Lukas Plan1, Andreas Roncat2, Gregor Marx2
Natural History Museum Vienna, Dep. for Geology and Palaeontology, Cave and Karst Group, Museumsplatz 1/10,
Vienna, Austria, lukas.plan@nhm-wien.at
2
Vienna University of Technology, Department of Geodesy and Geoinformation, Research Groups Photogrammetry and
Remote Sensing, Gußhausstraße 27-29, 1040 Vienna, ar@ipf.tuwien.ac.at; gregor.marx@chello.at
1

Having a length of currently 67 km the Dachstein-Mammuthöhle is one of the major cave systems in the Northern
Calcareous Alps. The genesis of its partly huge galleries has been discussed controversially almost since its discovery ca.
100 years ago. Special focus was always given to a 200 m long gallery named Paläotraun. To study the morphology of
this more than 10 m high tunnel in detail a terrestrial laser scan was performed. The method proved to be successful and
confirmed that the Paläotraun is a paragenetic channel.

1. Introduction
Dachstein-Mammuthöhle cave is the fourth longest cave in
the Eastern Alps and in Austria. Currently it has a length of
67 km and a vertical range of 1.2 km (Pfarr et al. 2012). A
very small portion of the cave is developed as a show cave.
It includes a huge 200 m long gallery with up to 100 m²
cross sectional area that was named Paläotraun (Fig. 1).
Since the discovery of the cave at the beginning of the 20th
century, its speleogenesis has been discussed controversially.
Hermann Bock proposed his Höhlenflusstheorie (cave river
hypothesis), well-known in the German-speaking area,
stating that an enormous underground river with a discharge
of 1,500 to 3,000 m³/s that had its catchment area in the
Austro-Alpine Crystalline crossed the Northern Calcareous
Alps in the Tertiary (Bock et al. 1913). The showpiece of his
model was the Paläotraun, the origin of which was mainly
attributed to mechanical erosion by the palaeo Traun River.
His hypothesis formed the core of a long-standing and
ongoing scientific dispute among speleologists and other
scientists in Austria about the origin of the DachsteinMammuthöhle in general and the “Paläotraun” in particular
(for details see Plan and Herrmann 2010 and Trimmel 2012).

Figure 1. Performing the terrestrial laser scan in Paläotraun.

2. Geography and geology
The Dachstein-Mammuthöhle is located at the northern
margin of the Dachstein plateau (Dachstein-Summit:
2,995 m a.s.l.) reaching below the local summit of
Krippenstein (being 2,108 m a.s.l.). Up today 21 entrances
are known to the polygenetic cave system that consists of
(1a) epiphreatic horizontal galleries with up to 100 m² cross
sectional area, (1b) inclined mazes that are controlled by
bedding planes and (1c) (epi?)phreatic pits with up to 90 m
depth. Younger vadose parts are (2a) series of canyons and
complex canyon systems that reach up to 200 m height and
(2b) vadose pits of up to 100 m depth.

Other theories were for example that the Paläotraun formed
mainly by seepage water and collapse (e.g., Trimmel 1949)
or is purely of tectonic origin (e.g., Arnberger 1953).
Already in 1961 Bauer concluded from the flow direction
deduced from scallops that Paläotraun is a rising phreatic
channel and that the floor was covered by a growing pile of
sediments and the ceiling only could evolve upward.
Detailed morphological mapping and the application of
modern speleogenetic models could confirm the paragenetic
origin proposed by Bauer (Plan and Xaver 2010).

The entire cave developed in well bedded Upper Triassic
limestone (partly dolomitic) of the Dachstein Formation and
generally the strata dip with 20 to 40° to the northeast.

However, with conventional methods in the up to 15 m high
Paläotraun morphometric measurements were restricted to
the lower 2 m. Therefore a high resolution terrestrial laser
scan (TLS) was conducted to enable detailed morphologic
studies over the whole cross section.

The geometry of the cave and several small-scale features
(e.g., scallops, karren, ceiling meanders), which date back
to the early history of the cave formation, allow the
following interpretation: old phreatic parts (galleries,
mazes, and some pits) developed under epiphreatic
conditions during flood events, followed by younger,
vadose canyon-shaft-systems. Scallops and sedimentary
structures indicate a general westward flow direction.
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Sediments played an important role during the formation of
the profiles, i.e. the profiles expanded upward (paragenesis)
because the floor of the galleries was sealed by sediments,
and only part of the cross section, as it can be seen today
after removal of these sediments, was occupied by water
(Plan and Xaver 2010).

3. Methods
The laser scanning measurements in Paläotraun took place
on May 7th, 2011. The instrument used for this purpose
was a Z+F Imager 5006i phase-shift scanner, capable of
recording 3D point clouds in distances from 0.4 m to 79 m.
The scanner’s field of view is 360° horizontally and
310° vertically (for details see: Zoller+Fröhlich 2012).
Paläotraun was scanned from 14 positions; four of them
in the scan mode “super high” (angular resolution of
0.018° which corresponds to a point spacing of 3 mm in a
distance of 10 m) for a detailed recording of the scallops.
Two scans were done in the “high” mode (resolution: 0.036°
and 6 mm@10 m, resp.) and 8 scans in “middle” mode
(resolution: 0.072° and 13 mm @10 m, resp.), resulting in
an overall 3D point cloud of approx. 860 million points. The
single 3D point clouds were accompanied by panoramic
images acquired with an integrated camera on the scanner
platform, enabling a better visual interpretation of the data
and the derivation of a textured 3D model of Paläotraun.

Figure 2. Screenshot of the flight through the Paläotraun.

5. Results and Conclusions
The conducted study showed that a TLS is a powerful tool
to investigate the morphology of large cave passages in
detail. However a high – higher than expected – resolution
is necessary if very small scale features like cm-sized
scallops shall be investigated.
The Laser Scan shows many morphologic details of the
cave walls and the ceiling including: faults, bedding planes,
scallops, paragenetic dissolution ramps, and paragenetic
ceiling cannels.

For the calculation of this 3D model, the point clouds of the
single scans were first approximately aligned relative to
each other using coded targets (as visible in Fig. 1, lower
right corner). For a precise alignment, also referred to as
“co-registration”, the point clouds underwent a special
filtering, and the calculation was done automatically using
an ICP (iterative closest point) algorithm (cf. Nothegger and
Dorninger 2009). After the co-registration, the overall point
cloud was filtered again with special emphasis on keeping
small features while removing redundant information in
locally planar areas where a high point density is not
needed. The resulting model is a three-dimensional
triangulation of this filtered point cloud (Roncat et al, 2011).

In general the hypothesis that Paläotraun is a huge
paragenetic Channel proposed by Bauer (1961) and in more
detail by Plan and Xaver (2010) could be confirmed.
Indicators for a paragenetic origin of the main portion of
the profile are paragenetic dissolution ramps and ceiling
channels that developed above a single bedding plane at the
basis of the profile. It is the only spelaeogenetically relevant
bedding plan as it shows small tubes and anastomoses,
which is not the case for other bedding planes that are
visible in upper parts of the profile. Further, the average
length of groups of scallops differs with the height of the
profile which can only be interpreted by a paragenetic
origin: At different sediment fill levels different flow
velocities have caused these differences (Fig. 3).

Using the software package GoCAD and ArcGIS the
structures were analysed and morphometric measurements
on scallops were performed. A movie of a virtual flight
through the gallery along defined points was rendered using
the software Pointools (Fig. 2).

Figure 3. Schematic evolution of the paragenetic profile of Paläotraun gallery: (1) at the junction of a bedding plane and a fault an
(epi)phreatic elliptical profile develops. (2) Sediments at the floor enable only an upward evolution of the profile. Water rinsing between
the sediment and the cave wall forms paragenetic ceiling channels at the overhanging parts. Further bedding planes play no role for
the development of the profile. (3) Further upward development of the profile above a growing pile of sediments. (4) Erosion of the
sediment – most probably by vadose waters – exposes the whole profile as it is visible today.
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The evolution of large landforms such as polje are related in most cases to geological events affecting a specific areal context
and / or to climatic events which, in combination with the tectonics, affect the karst base level, in a more or less pronounced
manner depending on the proximity of limestone karst mountains to the coastline. The genesis of these aforementioned
forms depends primarily on structural and lithological factors, their evolution is instead controlled by tectonic and climaticeustatic factors in the reliefs close to the coast. In the inland, due to the distance from the coast, the effects of the latter
factors on the karstification process could be less, or very bland, in respect to the predominant tectonic movements. In this
context, the Purgatorio polje, in the north-west of Sicily, activated in the Middle Pleistocene and regressed to a relict form
at the end of the Upper Pleistocene – Holocene, can be seen as a result of the tectonic events that have lifted, and still lift,
the Monti di Capo San Vito in differential blocks, with a consequent lowering of the erosion base level.

1. Introduction
The area of the Monti di Capo San Vito, in the north-west
of Sicily, is characterized by a series of Meso-Cenozoic
carbonate reliefs on which the karst processes, triggered at
the end of the Miocene with the first uprisings, have
generated a large series of morphologies both in the surface
and in the underground (Ruggieri 1994, 2002). The
landscape, mainly formed by ridges and landlocked
depressed areas, surrounded, more or less, by extensive
coastal plains, presents some morphological features typical
of the karst areas, with a wide variety of karren and complex
forms such as doline, fluviokarst gorges and polje.
In this framework lie the landforms “Polje of Purgatorio –
Muciara dry valley – Bufara doline – Cipollazzo gorge”,
constituting a related set, whose genesis and subsequent
evolution, influenced by the tectonics that affected the area
of the Monti di San Vito Lo Capo in the Plio-Pleistocene,
is described in this paper.

Figure 1. Location of the study area.

the Sicilian orogenic chain.
The reliefs are formed by a group of east and southeast
verging tectonic units stacked between the Middle-lower
Miocene and Lower Pliocene with stepped, ramp-flat and
duplex geometries, during the building of the AppenninicMaghrebian Orogen. Later in the Lower Pliocene-Upper
Pleistocene these units were segmented into blocks as a
result of a wrench tectonics (Giunta and Liguori 1972,
1973; Abate et al. 1998).

2. Geographic and geological context
The area, situated in the eastern part of the territory of
Custonaci in theTrapani Province (Figs. 12), is constituted
by a plain edged towards west by cliffs (Rumena and
Scurati), towards north and south by ridges. The cliffs
delimit the plain from the Cornino coastal strip, while the
ridges, trending NW-SE, delimit the area with the
Castelluzzo plain at north and with the Forgia river plain at
south. The west part of the area has elevations ranging from
180 m to 240 m a.s.l. (Piano Zubbia sector), which increase
towards the east sector of the Purgatorio plain from 240 to
290 m a.s.l. The reliefs delimiting the Purgatorio plain show
maximal elevation of 1,108 m a.s.l. in the Mt. Sparagio
ridge and 595 m a.s.l. in the Mt. Palatimone-Mt. Giovanni
ridge (Fig. 2). The study area falls within the orographic
context of the Monti di Capo San Vito, which, along with
the mountains of Trapani, are the westernmost portions of

Several authors (Nigro et al. 2000; Renda et al. 2000;
Gueguen et al. 2002; Giunta et al. 2004; Tondi et al. 2006)
frame the most recent tectonic structures in the
northwestern Sicily as a high-angle fault system constituted
by right strike slip structures mostly E-W oriented and left
strike slips structures N-S oriented. In the whole area of the
Monti di Capo San Vito minor tectonic structures are also
widespread related to the cited main features (Abate et al.
1998; Giunta et al. 2004) that on the basis of geometric and
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Fig. 3. Tectonic sketch of the Trapani Mts. 1) Plio-Pleistocene
deposits; 2) Tortonian-Messinian deposits; 3) Monte Luziano Unit
(Upper Cretaceous-Upper Miocene); 4) Sparagio Mt. Unit (Upper
Triassic-Middle Tortonian); 5) Speziale-Palatimone Mts. Unit
(Upper Triassic-Middle Tortonian); 6) Cofano Mt. Unit (Upper
Triassic-Middle Tortonian); 7) Acci Mt. Unit (Upper TriassicMiddle Tortonian); 8) Monaco Mt. Unit (Upper Triassic-Middle
Tortonian); 9) Ramalloro Mt. Unit (Upper Triassic-Middle
Tortonian); 10) Mt. Erice Unit (Upper Triassic-Middle Tortonian);
11) Giglio Mt. Unit (Upper Triassic-Middle Tortonian); 12a) main
thrusts; 12b) main strike-slip faults; 13) thermal springs. B. PlioPleistocene axial fold trends (Abate et al. 1998).

Figure 2. Location of the polje in the geographic contest of the
Monti di Capo San Vito.

kinematic characteristics can be grouped in four main sets:
a set oriented from ESE-WNW to E-W with mostly right
kinematic character, a set NW-SE also characterized by
predominantly right movements, a N-S set with left wrench
kinematic, and a NE-SW set mainly characterized by left
wrench movements. Some of these high angle faults also
affect the Pliocene and Pleistocene deposits showing
evidence of recent movements (Tondi et al. 2006) (Fig. 3).

3. The “Polje of Purgatorio – Bufara doline –
Cipollazzo gorge”
The karst macro landforms are present in the studied area
described below.

Figure 4. Bufara doline.

3.3. The Purgatorio polje

3.1. The Bufara doline

The Purgatorio plain because of its morphological,
structural and karst characteristics forms a polje, that
extends in an E-W direction for about 5,5 km2 (Fig. 6).

The Bufara doline, located in the south-west sector in
respect to the Polje, is elliptical in form, has a major axis of
300 m, a minor one of 230 m and a depth of 58 m. This
depression of collapsing could probably link also with
intersection of old paleokarstic features (Fig. 4).

This flat surface depression is bordered on the north by the
slope of the Mt. Palatimone-Mt. San Giovanni ridge, on the
south by the Mt. Sparagio ridge, on the west by the relief
of Mt. Zimmaria and Mt. Bufara and closed on the east side
(Fig. 7).

3.2. The Gorge of Cipolazzo
This fluviokarst gorge of Cipollazzo is located in the northwest sector of Mt. Palatimone ridge. This morphology is an
example of a karst gorge constituted by a deep narrow gash
of a few meters wide, which runs for about 550 m along a
NW-SE trending tectonic discontinuity.

From a structural point of view, evidence of faults can be
recognised on the northern and western side, while on the
southern side an overthrusting limit has been identified by
Abate et al. (1991) or a reverse fault by Catalano et al.
(2011). As far as the lithological profile is concerned the
following terrains outcrop in this landform: Norian-Liassic
dolomites and Tithonian-Lower Cretaceous calcirudites,
breccias and calcarenites, which form an 300–500 m wide
belt on the northern side, morphologically constituting a
pediment formed by the retreat of Mt. Palatimone’s slopes;
Upper Serravallian – Lower Tortonian marly clay, sands and

Along its course there are various erosive and corrosive
morphologies such as: giant potholes, which form large
deep pools of various dimensions at the foot of the high
vertical walls; swallow holes, vertical caves and various
karst corrosion morphologies on the walls (Fig. 5).
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of both surface and subterranean morphologies.
Particularly significant concerning the evolution of the polje
is the series of swallow holes, along a belt close to the
presumed fault line between the Lower Pliocene
biocalcarenites and the Triassic dolomites that capture the
running water of the plain. In the general morphological
context of the polje the isolated relief of Cozzo Catarucci
is singular, and constitutes relict morphologies Hum type
of the previous relief worn away by the processes of karst
corrosion (Fig. 8).
Finally in the underground area of the polje there are
numerous vertical caves, some of them of considerable
depth (Purgatorio Abyss, Cipollazzo Abyss) (Ruggieri
1994, 2002; Ruggieri and Messina Panfalone 2011).

Figure 5. Giant pothole in the Cipollazzo fluviokarst gorge.

arenites outcropping in the southern sector right up to the
boundary with the slopes of the Mt. Sparagio ridge; Lower
Pliocene biocalcarenites which outcrop in the central sector
of the plain, passing into eluvial and colluvial silts and
sands towards the north-west and south sector.
As far as the surface hydrology is concerned the Polje
shows two shallow incisions that originate on the slopes of
Mt. Sparagio and run south-north, the waters from both
being captured by swallow holes. The deep fluviokarst Gole
di Cipollazzo, which constitutes the only outlet for the
runoff which forms in the Purgatorio plain, is located on the
north-west border.

Figure 7. Map of Purgatorio polje and karst landforms.

Relict fluviokarst morphologies attributable to a past
drainage condition with an outlet in the Muciara area are
recognizable in the south-west sector of the polje.
The most markedly karst character of the Purgatorio polje,
however, is to be found in the north sector where there are
Upper Triassic dolomites outcropping and a various series

Figure 8. Cozzo Catarucci Hum.

Figure 6. Polje of Purgatori and Mt. Palatimone ridge.
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4. Structural Analysis
Structural data are collected to be useful to constrain the
genesis of the Bufara doline to the karst system of the
Purgatorio Polje.
Currently these two landforms are not in connection being
separated by a structural high, located in the area of Muciara.

Figure 9. Stereonet of the structures surveyed in the Muciara
site.
Figure 10. E-W trending right-lateral small fault (the measures
indicate dip direction/inclination). A) crosscutting relationship
between the South dipping structure and SE dipping structure;
B) striae and calcite fibers on the fault plane.

The data were collected in different outcrops around the
“Purgatorio polje – Bufara doline – Cipollazzo gorge” in
correspondence with some areas characterized by the
presence of numerous caves. Several structural reliefs were
carried out on calcarenite and calcirudite of the Lower
Cretaceous – Titonian (Bufara doline) and on dolomite and
dolomitic limestones of the Upper Triassic – Liassic (Monte
Palatimone, Monte Sparagio, Muciara) outcroppings on the
walls of several quarries.

In fact, as shown in Figure 11a, the most abundant features
exposed in the studied area may be interpreted as minor
structures related to a roughly east-west-striking fault driven
by a NW-oriented compression (Tondi et al. 2006).
Also in the different studied sites, we have been detected
NW-SE and E-W trending surfaces with evidence of right
strike-slip kinematic and NE-SW trending structures with
left-lateral strike-slip kinematics.

The collected structural data projected on Schmidt diagrams
show that in three of the four studied sites, despite a
dispersion of the measures, there are always two sets of
structures trending approximately NW-SE and NE-SW.

Abate et al. (1998) and Tondi et al. (2006) testify in the whole
area of Monti di Capo San Vito the presence of positive
flower structure at both the right and left strike-slip
lineaments. The high structural of Muciara, which currently
forms a barrier that separates the Polje of Purgatorio from the
dolina of Bufara, is located in an area affected by some large
strike-slip lineaments having the same directions of the three
sets encountered in the above mentioned structural stations.

The site called “Muciara”, extreme south-western sector of
the polje (Fig. 7), is instead interested by a set of structures
trending from E-W to ENE-WSW (Fig. 9).
The study of abutting and crosscutting relationships
(Fig. 10A) and kinematic indicators present on the shear
planes (Fig. 10B) has allowed reconstructing for this set of
structures a right strike-slip movement.
The presence of these set of structures in the studied area is
also documented by several authors (Abate et al. 1998;
Renda et al. 2000; Tondi 2007). These authors attribute to
these three set predominantly strike-slip kinematics. The
W-E and NW-SE sets are characterized by right-lateral
movement and the N-S and NE-SW by left-lateral (Abate
et al. 1998; Tondi et al. 2006). The authors, also frames the
genesis of these structures in a Plio-Pleistocene right shear
system of regional transtension that involves the southern
Tyrrhenian Sea and the northern portion of the Sicily island
(Renda et al. 2000) (Fig. 11).

Figure 11. a) Two-dimensional geometry of the stress field acting
in northwestern Sicily, and structural interpretation of the
structures mapped in the studied area. b) 3D model of the sicilian
area shows the most important neotectonic fault system, the chain
sectors and the undeformed areas.
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5. Discussion and conclusion

had a certain importance for the evolution of the polje: the
sink cave “Abyss of Purgatorio” and the dry fluviokarst
valley of Muciara (Figs. 7,12). The former due to its
function of capturing the waters of the eastern part of the
polje, the latter for its function of collecting and draining,
outside the depression, the overflow of the central-western
part of the area.

Based on the morphological and structural elements
surveyed with the present study, the evolution of the Polje
of Purgatorio is hereafter formulated, in relation to the
influence of the Plio-Pleistocene tectonic events, occurred
in the Monti di Capo San Vito.
The polje probably begins to delineate in the late Miocene
and early Pliocene with an extensional tectonic phase
governed mainly by NW-SE trending structures that
displace the Mesozoic carbonate formations in a sequence
of structural high and low (Nigro and Renda 2005). In this
way, the opening of the plain of Cornino and the depression
of Purgatorio is outlined. With the progress of the uplifting
in the Lower Pleistocene, started at the end of the Pliocene,
the morphology and paleogeography of the depression is
redrawn, characterized by a western sector of peninsulas,
of islands and of landlocked submerged areas, where the
Lower Pleistocene calcarenite sediments, and by an
emerged central-eastern sector subject to planation due to
karst corrosion.

To this drainage would, therefore, be attributed the genesis
of the actual Muciara dry paleo-valley and most likely the
formation of the collapse doline of Bufara to which the
waters were directed. This assumption is supported by the
presence of a relict form of tributary valley which from the
Muciara area is directed towards the Bufara doline (Fig. 7).
To a Medium Pleistocene strike-slip tectonic phase (Abate
et al. 1998) could be ascribed the progressive closure of the
drainage way of the fluviokarst valley of Muciara (Fig. 10),
due to the formation of high positive flower structures,
surveyed with the present study.
It is conceivable, therefore, that this area, once crossed by
a valley which allowed the water drainage from the Polje
area to the doline of Bufara, has been tectonically raised
during the Plio-Pleistocene due to the strike-slip movements
generated on the outlines NW-SE, NE-SW and E-W
structures in response to the right strike-slip system that
controls the recent development of the southern margin of
the Tyrrhenian Sea (Giunta et al 2000 b; Renda et al. 2000;
Napoli et al. 2012) and generates the neotectonic lineaments
affecting the northern area of Sicily (Fig. 11).

At the end of Lower Pleistocene – early Middle Pleistocene
the paleogeographic context had to be an emerged area
bounded on the west by sea-cliffs, constituted by the Piano
Zubbia eastwards adjacent to the plain of Purgatorio,
bounded by the lifting ridges of Mt. Palatimone and Mt.
Sparagio.
The cave karst processes, in this late lower Pleistocene
phase, involve NE-SW structures both in the Piano Zubbia
area and in the depression of Purgatorio.

The above mentioned closure should affect the consequent
reorganization of the hydrology of the waterproof southwestern sector of the polje that begins to transfer the
meteoric recharge and runoff in the northern areas towards
the Cipollazzo fluviokarst gorges which, due to this reason,
start to take shape. Regarding this, the following
development of the gorge could explain its characteristic of
a hanging valley 50 m higher in respect to the Castelluzzo
plain below (Fig. 13).
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The 4.4 km-long Hermannshöhle is one of the largest caves in the Lower Austroalpine Unit. The cave is unusual in two
respects: its dense network of corridors is arranged in a three-dimensional maze and the most outstanding macro- and
micromorphologic features were caused by paragenesis. The aim of this study was to enlighten the origin of this cave
using morphological and sedimentological observations as well as U/Th dating of speleothems. First results show that the
palaeo-environment of the Hermannshöhle was drastically different from today. Highly corrosive water sourced from
nearby non-karstic gneisses and schists gave rise to well-developed contact karst features. A distinct system of paragenetic
canyons developed following pulses of clastic sediment input creating the unique maze character of the cave. Preliminary
U/Th results suggest that speleothems from the middle level of the cave are already older than ca. 600 ka.

1. Introduction
Hermannshöhle located near Kirchberg am Wechsel (Lower
Austria) is one of the biggest caves in the Lower
Austroalpine tectonic unit (Pfarr et al. 2012). It developed
in an isolated block of weakly metamorphic banded marble.
Within only 140 × 160 m ground area and 73 m of elevation
difference a total of 4.4 km of corridors formed in a threedimensional maze. There are three more caves nearby
(Mäanderhöhle, Antonshöhle and Rauchspalten) and it is
presumed that all four are genetically related (Hartmann et
al. 1997) giwving a length of almost 5 km.
Due to the labyrinthic array and the geological features
(e.g., the extensive sediment fill and the fact that one part
of the cave developed below the local base level but still is
dry) the cave is special and its genesis – especially the
extremely labyrinthic character (cf. Palmer 1975, 2011) –
has remained unexplained.
Comprehensive studies including cave biology, mineralogy,
geology, meteorology and other fields culminated in a
monograph by Hartmann et al. (1997). Despite attempts to
describe the evolution of the Hermannshöhle (Mrkos 1997),
the mechanisms driving its formation are not fully
understood, as modern concepts of speleogenesis (e.g.,
Klimchouk et al. 2000) have not been considered.
Speleothem dating was also performed using 14C in
comparison with alpha-spectrometric U/Th but the results
were inconclusive (Seemann et al. 1997).

Figure 1. Geological overview of the Eastern Lower Austroalpine
tectonic unit (modified after Egger et al. 1999) and the location
of the investigated area hosting Hermannshöhle.

village Kirchberg am Wechsel in the South of the province
of Lower Austria. The host rock are Middle Triassic
carbonates which are part of the Lower Austroalpine unit,
bordered by a Palaeozoic gneiss-and-schist-complex in the
North. In the South the area is covered by Neogene and
Quaternary sediments of the Kirchberg Basin (580 m a.s.l.),
which was formed during the last phase of the alpidic
orogeny due to lateral extrusion (Ebner 1991; Faupl 2003;
Figure 1). The basin is linked to branches of one of the
largest strike-slip fault in Austria, the SEMP (SalzachtalEnnstal-Mariazell-Puchberg-Fault) and the Mur-Mürz-Fault,
respectively (Decker et al. 1994).

The focus of this study is to understand the origin of the
extreme maze structure and the almost omnipresent
paragenetic features in Hermannshöhle. Using state-of-theart MC-ICP-MS U/Th dating of well-selected speleothems
we are striving to constrain the chronology of speleogenesis
in this cave and its connection to the evolution of the
adjacent Kirchberg Basin.

2. Geographic and geologic implications

The rather isolated carbonate block hosting the cave system
consists of a foliated, weakly metamorphic calcite marble

Hermannshöhle is located in the Eulenberg hill near the
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Another interesting feature is that one part of the cave
developed below the level of the Rams brook but is still dry.
There are small ponors reported from the Rams brook
(which were observed during river regulation) indicating an
actively draining karst system, which is not yet explored
(Mrkos 1997).
Figure 2 shows the Hermannshöhle and three nearby caves.
The eastern one (Rauchspalten) was proven to be related to
the Hermannshöhle via an aerated connection by a smoke
test. The other two (Mäanderhöhle and Antonshöhle) have
no known connection to Hermannshöhle but it is assumed
that they are genetically related (Hartmann et al. 1997).

3. Methods
3.1. 3D-vizualisation of the cave using Spelix
For the 3D visualisation of the cave Spelix was used, a
software which is part of the Austrian online cave data. A
3D-vrml-model was generated using the data of the survey
traverse (length, inclination and azimuth) as well as the
extensions about the height and the width at each survey
station.

Figure 2. Topographic overview map of the cave and its
surroundings (edited after Hermann 1989). Note the border
between karstifiable carbonate and non-karstifiable crystalline
rocks.

that is part of the Lower Austroalpine Semmering-WechselSystem. This system consists of the tectonically overlying
Semmering-Unit built up of Permo-Mesozoic sedimentary
rocks above a series of coarse-crystalline gneisses. The
Wechsel-Unit marks the lowest level of the Austroalpine and
is exposed in tectonic windows. At the northern margin of
the largest of these tectonic windows the Kirchberg Basin
developed during the Neogene. On its eastern margin
Permo-Triassic metamorphic carbonates of the Eulenberg
are exposed, forming a karst system that was and probably
is still fed by the Rams brook. This brook originates in the
nearby gneisses and schists and therefore contains corrosive
water (Hartmann et al. 1997; Figure 2).

3.2. Morphological and sedimentological observations
A detailed geological and morphological field mapping of
the cave and its surrounding was performed focussing on
the contact between the karstic and non-karstic rocks. This
knowledge is essential to understand the tectonic
implications of the formation of the Kirchberg basin and
the cave itself.
In addition to sediment analyses undertaken by Seemann
(1997), who investigated the mineralogical composition
including heavy minerals, a couple of representative
samples were taken in order to study grain size and shape.

Due to its strong faulting and probably also its foliation the
marble provides good conditions for the formation of caves.
The internal morphology of the cave is quite baffling. On a
very small area of only 140 × 160 × 73 m a 3D-maze
developed that is unique not only in the Lower Austroalpine
caves but also in the entire Eastern Alps. The cave ranges
from about 600 m to 680 m a.s.l. Although the overall
volume of passages is roughly only 17,000 m³ (1 % of the
neighbouring host rock) the cumulative length and density
of corridors are remarkable. The corridors developed along
prominent fault directions and NW-SE striking corridors are
the most abundant. Most are sub-horizontal with almost no
inclination and some are inclined between 40 and 60° but
only very few are subvertical. The second main strike
direction is NE-SW, which is nearly perpendicular to the first
one with more or less horizontal corridors.

3.3. Dating of flowstone
To constrain the minimum age of the cave (levels) and of
certain sedimentation events speleothems were sampled
using drilling as well as using a hammer and a chisel and
processed for U/Th-dating (e.g., Scholz 2008).

4. Results
4.1. Morphology
Even though most passages are canyon-shaped, the cave
shows exclusively phreatic features, and no indication of
vadose speleogenesis was found as well as of epiphreatic
conditions like karren or solution pockets.

Speleothems are abundant throughout the cave comprising
flowstones, dripstones, helictites, popcorn, calcite rafts, a
shield, and moonmilk.
Besides some vadose dripwater the cave is dry today. A
conspicuous feature is the lack of a single water path and
instead a maze with multiple flow paths formed. This maze
extends in all three spatial directions with corridor sizes of
all scales from non-passable up to 10 m in diameter
(Fürstenhalle) and 16 m of height (Great Dome).
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Paragenesis on all scales is clearly the dominant
morphological factor in this cave: almost all profiles are
paragenetic canyons and most of the overhanging parts
show well-developed paragenetic ceiling channels.
Paragenetic dissolution ramps are abundant as well as
paragenetic bypass tubes. In most passages the floor is
covered by thick layers of sediment and many passages are
clogged by sediment.
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Scallops are abundant especially in the lower parts of the
cave and were used to detect the palaeo-flow directions.
Surprisingly, the overall flow direction is not parallel to the
Rams brook but rather directed to the West, which is
towards the centre of the marble outcrop. Clear crosscutting relationships between the scallops and the
paragenesis could be observed that show that the
paragenesis is younger (Fig. 3).

load in former times resulted in various forms of paragenesis
(cf. Farrant and Smith 2011).
For a modern karst system the most likely emergence would
be on the south-eastern side of the carbonates at the
confluence of the Rams brook into the Kirchberg Basin.
However, the palaeo-flow indicators in the cave point to the
West and the overall palaeo-flow direction beyond the cave
remains enigmatic. Therefore it is likely that the palaeosurface drainage was quite different from the modern setting
which has implication for the age of the cave formation.
Two main processes are considered regarding the formation
of the 3D-maze pattern: (a) a rather short flow distance
through the soluble rock, and (b) a high discharge along
many alternative routes during flooding events as discussed
by Palmer (2007: 197). Furthermore, paragenesis created
bypass tubes which enhanced the maze characteristics. A
hypogenic origin of the cave was also considered, but apart
from very few cupolas (e.g., at the upper entrance) there is
no supporting evidence.
Preliminary speleothem dating results suggest that the cave
is at least ca. 600 ka old. As these old speleothems were
found in the middle level of the cave system it can be
assumed that the upper parts, that are located 60 m higher
are even older. Further datings are needed to validate these
first results and to shed more light on the history of the cave
system in comparison to the surface drainage system.

Figure 3. Cave wall with scallops (arrow indicates flow direction
from SE to NW). The paragenetic ceiling half tubes do not show
scallops and are clearly a younger feature. Note the 1 € coin at
lower left for scale.
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4.2. Clastic sediments
Sediment fills are abundant, mostly covering the floor of
passages to an unknown depth. Partly cemented relics of
former sediment fills including sandstones and
conglomerates can be observed up to the ceiling of some
passages. The sediment contains mainly allochthonous
material, i.e. schists and gneisses from the area north of the
Eulenberg as studied by Seemann (1997). The grain size
ranges from rocks with up to 30 cm diameter to clay. Little
autochthonous sediment is observed, consisting mainly of
local rock debris. Only a few poorly rounded marble
cobbles were observed.
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EVOLUTION OF CAVE PROVALATA:
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Cave Provalata (Mariovo, southern part of Republic of Macedonia) is a small but remarkable hypogenic cave with abundant
gypsum deposits, mostly covering thick corroded calcite crust, with cupolas, ceiling and wall channels, feeders and
replacement pockets as some of the most characteristic morphological features. Morphological and mineralogical analyses
suggest hypogenic origin in two phases: the first by thermal CO2 rich waters, the second by sulfuric acid dissolution,
separated by complete infilling of cave passages with clays. In the first phase cave passages were formed by dissolution
along fractures due to cooling of rising carbonated thermal waters. They were later covered with thick calcite crust,
deposited after shifting to shallower environment. The cave was completely filled with clays in Early Pleistocene, due to
deposition of pyroclastic rocks and travertine deposits in lacustrine environment in Mariovo Basin. After draining of
Mariovo Lake and establishing fluvial drainage, Buturica River incised first in the lacustrine deposits, then in Cambrian
marbles, creating its superimposed valley, which lowered the water table and allowed washing of the clay deposits. The
second phase started after introduction of H2S in the thermal waters, which produced sulfuric acid at or near water table,
rapidly dissolving the calcite crust and marble host rock. Most of the dissolution happened above water table due to
condensation corrosion which produced abundant gypsum deposits as replacement gypsum crust, that later detached and
pilled as gypsum blocks. At the contact of sulfuric acid with the clay deposits, alunite, jarosite and natroalunite were
formed. 40Ar/39Ar dating gave maximum age of 1.6 Ma (alunite) and 1.46 Ma (jarosite). The cave continued to evolve
downwards due to lowering of the water table as Buturica River incised its valley.

1. Introduction

minerals formed in the same time as the cave allow
dating of the age of the cave forming process (Polyak and
Provencio 2001).

Two major classes of hypogenic caves form due to
dissolution of carbonate rocks by CO2 and H2S rich thermal
waters (Palmer 1991; Dublyansky 2000a).

This paper presents the results of a morphological study,
combined with X-ray and stable isotope analyses of cave
sediments, in order to determine the origin and evolution of
Cave Provalata, a small cave in the southern part of
Republic of Macedonia (Fig. 1), formed on the edge of a
coal bearing Neogene basin. The cave was first explored by
caving clubs Peoni and Ursus Speleos from Skopje, and
first published in scientific literature (as Cave Gulabinka)
by Kolčakovski et al. (2004). They noted the presence of
gypsum in the cave and suggested that the origin of the cave

Rising thermal carbonic waters cool down along their flow
path, increasing their aggressiveness due to inverse
relationship between solubility and temperature, which
leads to progressive increase in CaCO3 solubility, and also
drastic drop of solubility near water table due to loss of CO2.
As a result geochemical zone of carbonate dissolution and
zone of carbonate precipitation appear (Dublyansky 2000a).
Where H2S rich waters mix with shallower oxygen rich
waters, sulfuric acid forms at or near water table, which
rapidly dissolves the carbonate rocks (Egemeier 1981). This
process is known as sulfuric acid speleogenesis (SAS) and
have been recognized as a significant cave forming process
in many caves around the world, such as Carlsbad and
Lechuguilla Caves in New Mexico (Hill 2000), Frasassi
caves in Italy (Galdenzi and Menichetti 1995), la Cueva de
Villa Luz in Mexico (Hose and Pisarowicz, 1999), Le Chat
cave in France (Audra 2007), Krausholle in Austria (Plan
et al. 2012). Above the water table H2S escapes in the cave
air and redissolves in water condensation droplets on cave
walls, where oxidizes to sulfuric acid which attacks the
carbonate rock and converts it to gypsum by forming
replacement gypsum crusts on cave walls an ceiling.
Replacement gypsum crusts may detach and deposit on the
floor as mounds or blocks of massive gypsum (Egemeier
1981; Galdenzi and Maruoka 2003). In contact with
alumino-silicates, sulfuric acid produces characteristic suit
of minerals such as alunite, jarosite, natroalunite, hydrated
halloysite (Polyak and Provencio 2001). Such K rich

Figure 1. Location of Cave Provalata in Macedonia.
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is connected with dissolution of marble by hydrothermal
waters enriched with H2S, although concluded that the cave
is a fossil ponor cave.

• Vitačevo formation (Pliocene) – stratified tuff overlaid by
sandstone and gravel interbedded with beds of diatomite,
tuff, and sandy claystone; travertine deposits, tuffagglomerate and sandstone.

Our results suggest origin in two recognizable speleogenetic
phases, thermal carbonic phase responsible for thick calcite
crust and sulfuric acid phase creating abundant gypsum
deposits.

• Mariovo formation (Pleistocene) – pyroclastic rocks with
nine travertine layers and a 20-m-thick travertine deposit
on top.
Dumurdžanov et al. (2004, 2005) interpret the evolution of
the Neogene basins in Macedonia in 5 cycles, with Mariovo
basin forming in cycle II (late Miocene: late SarmatianMeotian), with total hiatus at the end of cycle III (Pontian).
Then a transgression occurs in Pliocene – cycle IV (Solnje
formation), accompanied with volcanic activity in Kožuf
and Kozjak Mts (Vitačevo formation), which continued
through Early Pleistocene (Mariovo formation). With the
draining of the lake system in central Macedonia as a result
of subsidence in the Aegean sea (which started probably as
late as Middle Pleistocene; Dumurdžanov et al. 2005),
Mariovo lake also drained, thus Crna Reka established its
fluvial basin, including the super-imposed valley of
Buturica River in which Provalata Cave has formed.

2. Location and geological setting
Cave Provalata is located near Melnica and Vitolište villages
in Mariovo, southern part of Republic of Macedonia, on the
eastern edge of a Neogene tectonic basin (Mariovo Basin),
at the top of the southern slope of the superimposed valley
of Buturica river (Fig. 2). In a wider tectonic sense this area
is part of the Pelagonian massif, a pre-Cenozoic major
tectonic unit which consists of Precambrian gneiss and schist
rocks, covered by thick section of dolomitic and calcitic
marble in the upper part, and with abundant granitic plutons
(Dumurdžanov et al. 2005).

3. Methods
We made a detail survey of the cave, combined with
morphological analyses in order to determine the presence
of characteristic hypogenic morphology.
Characteristic cave sediments were sampled for X-Ray
analyses. This includes samples from gypsum, grey clay,
yellow sand, pinkish clay, pale yellow sand and dark crust
under the gypsum crust. X-ray analyses were carried at the
CEREGE – CNRS, France. X-ray powder diffraction
(XRD) patterns were recorded on a Philips diffractometer
using Cobalt radiation (λ = 1.79 Å) with a secondary
graphite monochromator. The diffractometer optic used to
record all samples was a front fixed slit of 1°, a scattered
radiation slit of 1° after the sample, and a 0.2 mm detector
slit. The X-ray tube operating conditions were 40 kV and

Figure 2. Geological setting of the cave.

The cave is mostly formed in Cambrian marbles with some
(mostly upper) parts formed in marble breccia (paleokarst),
which together with the underlying Precambrian dolomitic
marbles are part of a Veprcani Monocline that has NNWSSE direction and dips to ENE by 25 to 50°. In the northern
parts this Cambrian marbles have lenses of Phyllitemicaschists, and to the south they lay directly over
Cambrian Phyllito-micaschists (Dumurdžanov et al. 1976).
One such lense is located just west of the cave (the cave is
formed near the contact of marbles and Phyllitomicaschists).
To the south and east, this Pre-Cenozoic rocks are covered
by Neogene and Quaternary lacustrine and pyroclastic
sediments of Mariovo graben (Dumurdžanov et al. 2004):
• Nerezi formation (Upper Miocene) – gravel and
sandstone; siltstone and silty claystone that grades upward
into claystone and coal; and siltstone and sandstone
followed by a hiatus.
• Solnje Formation (Pliocene) – poorly stratified gravel and
sandstone, continuing to:

Figure 3. Map of Cave Provalata.
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40 mA and the step-scan data were continuously collected
over the range 3.5 to 78° 2θ using a step interval of 0.05°
2θ and a counting time of 2.5 s.

4. Results

Calcite crust, with presumed thermal origin, was sampled
for stable isotope analyses (δ13C, δ18O). The sample was
collected from the ceiling of a small channel emerging from
the north part of the First Chamber. The δ13C and δ18O stable
isotope ratios were measured at the Stable Isotope
Laboratory at Saint Louis University (Department of Earth
and Atmospheric Sciences), Missouri, USA. The isotopic
ratio is given in per mill (‰), according to VPDB
international standard. Standard deviations for oxygen
isotopes were between 0.06‰ and 0.09‰ (5 tests), and for
carbon isotopes between 0.03‰ and 0.11‰ (5 tests).

Provalata is a small cave with total length of about 230 m
and total depth of 24 m. There are two major rooms (First
and Second) with more or less vague (due to collapse) form,
and two main passages (Lower and Upper) with more
distinct (fracture guided) morphology.

4.1. Morphology

The most representative and common morphological
features of the cave are cupolas and solution pockets (Fig. 4:
A, D). Cupolas vary in form and size, often combining
several cupolas overlaid on another. They are most
abundant in the Lower Passage as well as in the Upper
Passage, but the highest ones (up to 7 m) are in the First
Room, in marble breccias, as well as the entrance shaft
which is a cupola formed in marble breccias opened to the
surface by collapse. Two generations of cupolas and
solution pockets can be clearly separated in the cave: one
formed in marbles (or marble breccia) and covered with
calcite crust, and the other formed in the calcite crust
covering the first cupolas, or completely cutting trough the
calcite crust to the first generation cupola, and creating
secondary cupola or solution pocket. Half tube wall
channels are best presented in the Lower Passage, starting
from feeders and leading to ceiling channels and cupolas
(Fig. 4: C, D, E, F). Replacement pockets can also be found
in Upper Passage, with gypsum deposits already emptied
(Fig. 4: A, B).

Sulfur isotope ratio of cave gypsum was analyzed at the
Institute of Mineralogy and Geochemistry of the University
of Lausanne using a Carlo Erba 1108 elemental analyzer
(EA) connected to a Thermo Fisher (Bremen, Germany)
Delta V isotope ratio mass spectrometer (IRMS) that was
operated in the continuous helium flow mode via a Conflo
III split interface (EA-IRMS). The stable isotope
composition of sulfur is reported in the delta (δ) notation as
the per mil (‰) deviation of the isotope ratio relative to
known standards: δ = [(Rsample – Rstandard)/Rstandard]
× 1000, where R is the ratio of the heavy to light isotopes
(34S/32S). The sulfur standard is the Vienna Cañon Diablo
Troilite (VCDT). The reference SO2 gas was calibrated
against the IAEA-S-1 sulfur isotope reference standard
(Ag2S) with δ34S value of -0.3‰. The overall analytical
reproducibility of the EA-IRMS analyses, assessed by
replicate analyses of three laboratory standards (barium
sulfate, with a working δ34S value of +12.5‰; pyrite Ch,
+6.1‰; pyrite E, –7.0‰) is better than ±0.2‰ (1 SD). The
accuracy of the δ34S analyses was checked periodically by
analyses of the international reference materials IAEA-S-1
and IAEA-S-2 silver sulfides (0.3‰ and +22.7±0.2‰,
respectively, values from IAEA-Catalogue and Documents)
and NBS-123 sphalerite (+17.09±0.31‰, value from NISTCatalogue and Documents).

4.2. Sediments
Calcite crust, black to transparent, up to 0.5 m thick and
highly corroded, is covering walls and ceiling throughout
the cave, at places completely dissolved (Fig. 5: E).
It is covering various channel features with phreatic
morphology, such as cupolas, wall and ceiling channels,
solution pockets. The morphology and thickness suggest
formation by carbonic degassing in shallow thermal waters
(Palmer 1991; Dublyansky 2000b; Audra 2009) that
precedes the clay infilling and sulfuric acid phase.

Samples of alunite and jarosite (pale yellow sand) were
dated by 40Ar/39Ar method at the New Mexico
Geochronology Research Laboratory in Socorro, New
Mexico, USA. They were analyzed twice, once routinely
and once wrapped in Ag with a platinum crimp. The second
analysis was not a complete degassing. Results were similar
for both the alunite and jarosite, but some higher step ages
were apparent at the end of degassing, indicating minor to
trace amounts of contamination from another older phase.
Because of this, the results are considered maximum ages
and could be younger.

Five samples from a ~20 cm cut through the calcite crust
and marble host rock were collected for δ13C and δ18O
analyses, two of which were from the weathered marble
host rock (C1, C2) and three from the calcite crust (C3, C4,
C5). All of the five sample have light δ18O ratio (-12.69 to
-10.39‰), but quite heavy δ13C ratio (2.78 to 7.16‰). The
values of δ18O are within the typical range for thermal
calcite (Dublyansky 2000b), and also suggest some thermal
alteration of the marble, but the values for δ13C are quite

Table 1. Mineralogical composition of clays from Cave Provalata and caves in the nearby Vitačevo Karst.
Cave
Provalata
Provalata
Provalata
Dragoželska Propast
AramiskaPeštera
Čulejca

Sediment (sample)
Grey clay (PR04)
Pink clay (PR08)
Pale yellow sand (PR10)
Dark brown clay (DR01)
pale brown clay (AR01)
reddish-brown clay (CH)

Mineralogical composition
montmorillonite, kaolinite, sanidine, albite, muscovite, quartz
natroalunite, halloysite, muscovite, quartz
alunite, jarosite, muscovite, quartz
montmorillonite, halloysite, illite, quartz
montmorillonite, kaolinite, sanidine, fluorapatite, muscovite, quartz
montmorillonite, halloysite, kaolinite, calcite, muscovite, quartz
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positive δ34S values: +8.5 to +17.3‰ for gypsum in coal
seams and +5.4 to +13.2 for vitrinite (Lerouge et al., 2007).
Considering the location of the cave to the coal deposits in
Mariovo Basin, the origin of H2S responsible for gypsum
formation, might be attributed to sulfate reduction in the
nearby coal basin.
Calcite popcorns are covering the corroded calcite crust at
various places. Also small flowstone deposits are
developing in few places in the cave as a result of late
vadose percolation, but the cave is clearly not very well
connected with the overlaying surface (except the entrance
collapse shaft), which is also confirmed by the well
preserved large amount of gypsum deposits.

Figure 4. Morphological features in Cave Provalata.

high for the calcite. The heavy carbon isotope ratio might
be as a result of deep-seated origin of CO2 (Bakalovicz et
al. 1987), connected to the nearby Kozjak volcanic area.
Grey clays (Fig. 5: B) are covering the lower parts of cave
passages, but small patches of grey clay can be found filling
parts of cupolas in the Upper Passage, suggesting complete
infilling of the cave at some time, and later washing. X-ray
analyses confirmed composition of sanidine, kaolinite,
montmorillonite, albite, muscovite and quartz. Considering
the composition, its origin is likely related to the overlaying
pyroclastic sediments (tuff) of the Mariovo formation. This
is also suggested by results of X-Ray analyses of clays from
caves (Aramiska Peštera, Dragoželska Propast, Čulejca) of
the nearby Vitačevo Plato (Fig.1), formed in limestones
covered by similar pyroclastic sediments (Tab.1).

Figure 5. Characteristic sediments in Cave Provalata.

Fine grained pale yellow sands can be found in the First
Room, covering walls and ceiling, and filling fractures
(Fig. 5: C). X-ray analyses of sample from the wall in the
SE end of the First Room confirmed presence of alunite,
jarosite, quartz and muscovite. 40Ar/39Ar dating of alunite
and jarosite gave maximum age of 1.6 Ma and 1.46 Ma,
respectably

5. Discussion
The thickness, distribution, morphology and stable isotopes
ratios (Oxygen, Carbon) of the calcite crust, clearly suggest
calcite deposition in a low temperature thermal environment,
at or near the water table. The calcite deposits filled passages
and convectional features (cupolas, pockets), which were
formed in a previos phase in deeper parts of the thermal
system due to cooling effect of carbonated thermal waters.

Pink clay was found on the wall at the entrance part of the
Lower Channel (Fig. 5: D). X-ray analyses confirmed
composition of halloysite, natroalunite, muscovite and
quartz minerals. It has white to pale pink color and it is
dehydrated, with waxy texture.

The cave was later completely filled with clay deposits,
originating from weathering of pyroclastic sediments most
likely from Mariovo formation, which were deposited in a
lacustrine environment in Early Pleistocene (Dumurdžanov
et al. 2004).

Gypsum deposits are the most characteristic cave
sediments. They are found in every part of the cave, except
some places which have periodic vadose percolation, where
gypsum most likely was dissolved. Gypsum deposits are
present as replacement crusts up to 40 cm thick (Fig. 5: F),
or detached replacement gypsum crust (Fig. 5: G) that pilled
in gypsum blocks (Fig. 6: H).

Presece of alunite, jarosite, natroalunite in altered clay
deposits, combined with large deposits of gypsum found as
replacement crusts or gypsum blocks, and morphological
features such as feeders leading to wall and ceiling (half
tube) channels and cupolas, which cut first trough the
calcite crust, then the marble host rock, as well as the highly
corroded calcite crust remnants, clearly point towards
sulfuric acid speleogenesis. H2S oxydized to sulfuric acid
at or near water table, rapidly dissolving the calcite crust
and marble, but most of the cave void formation happened

Stable isotopes analyses of sulfur from cave gypsum
(2 samples) gave δ34S values of -2.3 to -1.9 ‰. The negative
δ34S values of gypsum indicate formation from oxidation of
H2S which derived from reduction of sulfates.
Sulfur isotope ratio of gypsum and vitrinite from the coals
in Mariovo Basin, sampled nearby Vitoliste village, has
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Since last layers of tephra can be found in the travertine
layers deposited in lacustrine environment as endpart of
Mariovo formation, and the volcanic activity in Kozjak Mt.
was dated from 4.0 ± 0.2 to 1.8 ± 0.1 Ma (Kolios et al.
1999), we can place the draining of Mariovo Lake
somewhere between 1.8 and 1.6 Ma.
Consequently the calcite crust and the cave features covered
by it which represent the first thermal carbonic phase,
formed before deposition of Mariovo Formation and are
probably from Pliocene age.
The cave then evolved downwards with lowering of water
table due to the incision of Buturica Valley, with remnant
features (cupolas, pockets, calcite crust) found on surface
on the slope of the valley, and a small low temperature
(21 °C) thermal spring (Melnica Spring) now located in the
alluvial deposits of the river bed of Buturica River.

6. Summary
Cave Provalata is a small (~230 m) cave in the southern
parts of Republic of Macedonia, which formed in two
phases by thermal waters due to carbonic and sulfuric acid
dissolution, which were separated by complete infilling
with pyroclastic-derived clay deposits. In the first phase
(Pliocene?), cave passages formed by dissolution of
marbles due to cooling of thermal carbonated waters, and
were later covered with thick calcite crust deposits due to
shift in shallower phreatic environment. These passages
were then completely filled with clay deposits, originating
from weathering of pyroclastic sediments of Mariovo
Formation which were deposited in lacustrine environment
(Early Pleistocene). Sometime between 1.8 and 1.6 Ma BP,
Mariovo Lake drained and Buturica River incised first in
deposits of Mariovo Formation, then forming superimposed
valley and cutting trough the Cambrian marbles. This
lowered the water table, and allowed washing of clay
deposits. Then due to introduction of H2S in the thermal
waters (formed probably by reduction of sulfates in the
nearby coal basin), sulfuric acid formed at or near water
table, rapidly dissolving first calcite crust, then marble host
rock, with most of the cave void formation above water
table due to condensation corrosion which resulted with
replacement of carbonate rock with gypsum. At contact of
sulfuric acid with clay deposits, alunite, jarosite and
natroalunite were formed, given maximum age of 1.6 Ma
(alunite) and 1.46 Ma (jarosite) by 40Ar/39Ar dating. As
Buturica River incised, tha water table lowered and the
sulfuric acid dissolution shifted downward. Today Cave
Provalata is 100 m above the riverbed of Buturica River,
where a small low temperature thermal spring (Melnica
Spring) is located.

Figure 6. Speleogenetic evolution of Cave Provalata.

above water table by condensation corrosion and replacement
of carbonate rock with gypsum. This first started by
dissolving the calcite crust and creating second generation
cupolas and pockets, which gradualy evolved towards the
marble host rock, and at places ended in completely
dissolving the calcite crust. 40Ar/39Ar dating of alunite and
jarosite from the First Room gave maximum age of 1.6 and
1.46 Ma.
Considering the necessary environment for the sulfurc acid
speleogenesis (position of the water table near the location
of the cave passages), this sulfuric acid phase started after
the draining of Mariovo Lake and incision of the valley of
Buturica River.
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1

Flank margin caves (FMC) have been predominantly described on carbonate islands such as in the Bahamas or the
Marianas, using the Island Karst Model. This model has been used to explain karst development on young carbonate
islands with poorly cemented eolianites, which differ substantially from continental karst, formed in well cemented
limestones. Karst on continental margins especially the southern Australian coast, are not in well cemented telogenic rocks
but in highly porous, highly permeable marine and eolian calcarenites. The gradual uplift over the past 50 Ma of the
southern edge of the continent has resulted in Flank Margin Caves which formed in a coastal setting, being positioned
significantly further inland and reflect the neotectonics of the Southern Australian passive continental margin rather than
solely the Pleistocene glacio/eustatic sealevel fluctuations. The inter-relationship of tectonic setting, the distinctive
characteristics of FMC and the speleogenesis of coastal karst assists in the understanding of the karst landscape evolution
of significant karst areas of southern Australia.

1. The Characteristics of Flank Margin Caves
Flank Margin Caves form along the margins of the
freshwater lenses just beneath the flanks of the enclosing
land mass (Mylroie and Carew 1995, Mylroie et al. 2004)
(Figure 1). This is where aggressive solution occurs as the
result of mixing corrosion (Bogli 1980) and either the saline
halocline or the meteoric water/watertable. They have
predominantly been described in island environments,
partly because island fresh water lenses are more
intensively studied that the equivalent on continental
margins. The cave development is primarily related to the
geometry of the freshwater lens.

Figure 1. Superposition of the vadose/phreatic and fresh/marine
mixing zones at the lens margin means cave development is
favored at the lens margin, under the flank of the land; hence the
name “Flank Margin Cave” (after Mylroie and Carew).

These caves have a distinctive passage shape and
configuration due to their development as isolated entranceless chambers (or groups of chambers) often described as
“beads on a string” (Mylroie et al. 2001). These chambers
are breached as surface erosion occurs. The complex cave
perimeters show dissolutional wall morphologies such as
bell holes and very large scallops. As the chambers were
sealed and with ~100 % humidity, dense crystalline calcite
spelothems are common. Solution has cut across carbonate
facies disregarding differences in porosity and grain size
and primary structures such as bedding planes.

2. Southern Australian coastal karst
Across southern Australia highly porous and permeable
carbonates occur in a coastal setting. These carbonates are
either Oligocene to Pliocene cool water marine limestones
or Pleistocene aeolian calcarenites derived from them
(Figure 2).

Figure 2. Australian Karst areas (after K.G. Grimes).

The Australian continent is generally considered a “stable”
intra-plate region despite having high levels of seismicity
(Blewett et al. 2012). Its passive margin, where the
transition from oceanic to continental crust occurs, exists
along the south coast. However the plate is moving
generally northwards at a rate of ~7 cm pa; the fastest
moving plate on Earth.

The tectonic setting is a passive continental margin, which
has been developing since the Late Mesozoic when the
break up of the Gondwanan super continent occurred. The
active spreading centre, the Southeast Indian Ridge,
separates the Antarctic Plate from the Australian Plate and
is some 2,500–3,000 km to the south. The structure of
southern Australian continent is largely inherited from the
pre-existing Cretaceous extensional faulting.

Australia also has significant neotectonic activity especially
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common in the poorly consolidated limestones in southern
Australia indicating that they are not necessarily restricted
to tropical and subtropical climates. The most spectacular
are in the roof of Wet Cave (U 10), where over 50 densely
spaced, narrow vertical cones of up to I m depth and 0.5 to
0.8 m diameter are found (Figure 3). As a feature of ceilings
rather than walls, and not associated with jointing in the
cave ceilings, bell holes show that these large chambers
were primarily formed by solution, and these chambers
generally lack collapse debris.

across the southern coastal area. There are kink folds in
~125 ka old cemented aeolianite at Cape Liptrap
(Sandiford, 2003). The Eucla Basin has been tilted,
expressed as a west-side up, east-side down tilting of
~100–200 m during the Neogene; a broader northdownsouthwest-up dynamic topographic tilting of the
Australian continent associated with relatively fast
(6–7 cm/yr) northward plate motion since fast spreading
commenced in the Southern Ocean at ~43 Ma (Hou et al.
2008). Similarly there is significant uplift across southeast
Australia where a significant Late Miocene uplift caused a
regional angular unconformity, at around the MiocenePliocene boundary onshore (Dickinson et al. 2002,
Dickinson et al. 2001). This event occurred across and
coincided with a change in the dynamics of the Australian
plate to the current compressional regime. A second, but
less significant, uplift occurred in the Late Pliocene to Early
Pleistocene (Dickinson et al. 2002, Dickinson et al. 2001,
Paine et al. 2004). During the Pleistocene, as the sea
regressed, bioclastic carbonate beach, barrier and subparallel calcareous and karstic dune complexes
(Bridgewater Formation eolianites) were deposited over
extensive areas of the western Otway Basin in a highenergy coastal environment with barrier dunes and
associated lagoons. Dune building occurred from at least
1.3 Ma through to present times, and continues today on
the coast where suitable conditions of sediment supply
are available. The gradual uplift of the coastal plain
(~0.07 mm/year) west and south of the Kanawinka Fault
resulted in a well dated, punctuated, time-transgressive
aeolianite sequence associated with sea-level high stands
spanning most of the Pleistocene (Belperio et al. 1995).
Uplift is a factor in the preservation of these dunes and their
karst.

3. Charactersitics of the karst
Distinctive characteristics of the karst on calcareous dunes
include a range of features that are distinctively associated
with Flank Margin Caves. These include shallow caprock
caves, irregular horizontal mazes, caves that are either
dominated by collapse domes or “inclined fissures”, with
little or none of the original solutional passage remaining.
Many of these features are also found in the caves in the
poorly consolidated marine cool water carbonates, although
these have a stronger linear orientation in the larger caves.
The caves in both lithologies have been modified by
extensive collapse, solution pipes, bell hole development,
and speleothem deposition, especially moonmilk, can be
extensive.

Figure 3. Bell holes and speleogens Wet Cave (U10) Naracoorte
Photo N. White.

4. Speleogenesis
Karst phreatic caves formed in coastal environments on an
upwarping continental margin, where specific localised
conditions created enhanced solutional conditions over
relatively short time periods. Subsequent modification of
the karst was controlled by the combination of continuing
neotectonic uplift combined with falling sea levels
throughout the rest of the Pleistocene. The position of the
dated dunes in the western Otway Basin e.g., Naracoorte,
mean that we have a well documented sequence of host
rocks over the past ~1 M years.

Wall morphologies indicate phreatic dissolution without
turbulent (conduit) flow as is typical for FMC conditions.
Four main solutional features found are horizontal grooves
(notches), speleogens, spongework and large nondirectional scallops. In addition, ceilings with avens and
bell holes are found in many caves.
Bell holes or ceiling pockets are cylindrical cavities with
vertical long axes, varying between 0.3 to 1 m in diameter
and 0.5 to 1.0 m deep, tapering upwards and are present in
the ceilings of many caves. These have not been extensively
reported in the literature in temperate climates but are

When deposition of the East Naracoorte Range occurred in
the Early Pleistocene, the coastline lay approximately along
the Kanawinka Fault, about 70 m above present sea level.
Thus cave development was probably influenced by the
halocline mixing zone at the base of the fresh water lens,
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enhancing aggressiveness. The groundwater mixing zone
geometry is controlled by sea level and the water table in
high permeability limestones such as the Miocene cool
water Gambier Limestone. Additionally the watertable
would have been generally very flat at Naracoorte. The
caves show many characteristic features of FMC. The main
area of cave development lay probably between 400 m to
500 m inland from the high water mark when sea level was
at 70 m above present conditions. If the water table were
between 1 and 2 m above sea level in this area (assuming a
similar very low gradient of 1:250 to that inland from the
present coastline), the fresh/seawater zone would have been
at least 40 m below sea level. This appears to be below the
depth at which most caves at Naracoorte have developed
(~61 m a.s.l. and 25 to 30 m below present surface.
However, if the area was an estuarine or back swamp
environment similar to the present coastal areas, e.g.,
Glenelg River estuary, the water table would have been
lower, e.g., at 0.75 m above sea level or less. The halocline
would then be at ~30 m depth and halocline enhanced
formation is possible.
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TRITIUM AND H, O AND C STABLE ISOTOPES AS A TOOL FOR
TRACKING OF WATER CIRCULATION IN THE NIEDŹWIEDZIA CAVE
SYSTEM (SUDETES, POLAND)
Michał Gąsiorowski, Helena Hercman
Institute of Geological Sciences PAS, Twarda 51/55, PL-00818, Warszawa, Poland, mgasior@twarda.pan.pl
Water circulation in Niedźwiedzia Cave system is complicated. The system is fed by direct infiltration of precipitation,
infiltration from the surface stream and, possibly, by rising flow from deep sources. The cave is drained by system of karst
springs in the Kleśnica stream valley, but some part of water flows across border ridge and occurs in Morava stream valley,
Czech Republic (Ciężkowski et al. 2009). We tried to use tritium and stable isotopes to describe hydrology of the cave
system and analyzed 155 water samples for stable isotopes and 38 water samples for tritium content. The Niedźwiedzia
Cave system is composed of three levels of halls and galleries. In the upper level, stable isotope composition in drip water
plots close to the local meteoritic water line (LMWL) on the δ18O vs δD diagram. It varies during the year similar to stable
isotope composition of precipitation (i.e. low δ18O values during winters and higher δ18O during summers). The delay
between isotopic signal in precipitation and drip water is ~10–14 days and this can be interpreted as a time of infiltration
from the surface to the cave upper level. The correlation between isotopic composition of precipitation and drip water is
not observed in the lower level of the cave system. There isotopic composition of drip water is more stable during the
year. We use tritium dating method to estimate the age of this water. It has shown that infiltration time to the lower level
is 1.4±0.3 year. The “oldest” water was found in karst spring draining the cave system. The estimated transit time is
3–4 years and suggest admixture of some “old” water that was not sampled in the cave.
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The oxidation of sulfide sources (H2S gas, pyrite, hydrocarbons) produces sulfuric acid that strongly reacts with bedrock,
causing limestone dissolution and complex interactions with other minerals. This type of cave development, known as
sulfuric acid speleogenesis, is a subcategory of hypogenic speleogenesis, where aggressive water rises from depth. It also
produces uncommon minerals, mainly sulfates. Baume Galinière is located in Southern France, in the Vaucluse spring
watershed. This small maze cave displays characteristic features such as corrosion notches, calcite dikes and iron crusts,
and sulfate minerals. Thirteen minerals were identified, including elemental sulfur, calcite, quartz, pyrite, goethite, gypsum,
fibroferrite, plus all of the six members of the jarosite subgroup (jarosite, argentojarosite, ammoniojarosite,
hydroniumjarosite, natrojarosite, plumbojarosite). The Baume Galinière deposits are the first documented cave occurrence
of argentojarosite and the second known occurrence of plumbojarosite, hydronium jarosite, ammoniojarosite, and
fibroferrite. Together with other hypogenic caves in the Vaucluse watershed, Baume Galinière Cave owes its origin in
buried conditions to deep water rising along major faults, mixing with meteoric water at the contact of the karst aquifer
and overlying impervious cover, and causing pyrite deposition. Sulfuric acid speleogenesis occurred later after base level
drop, when the cave arrived in shallow phreatic then in vadose zone, with oxidation of pyrites involving sulfidic gases.
Attenuated oxidation is still occurring through condensation of incoming air from outside. Baume Galinière Cave records
the position of the paleo-cover and documents its retreat in relationship to valley incision caused by uplift and tilting of
the Vaucluse block during Neogene.

1. Introduction

air convection between the surface atmosphere and the
cave, which results in seasonal condensation and
evaporation. Beside the classical products of sulfide
oxidation, such as gypsum and iron oxihydroxides, some
unusual sulfates are present. These minerals occur as
colorful crusts or foam-like silky masses. Mineral analyses
have been performed, using XRD, Raman, SEM imaging,
and stable isotopes. In this paper, we present details of
mineralogy of Baume Galinière. Discussion focuses on
mineral genesis and on cave genesis in relation to the
geomorphological evolution of the region. In addition to the
presence of rare sulfate cave minerals, Baume Galinière
also records successive stages of regional geomorphological
evolution. The area is an important place to study the
evolution of the Vaucluse area landscape.

Sulfuric acid speleogenesis involves the dissolution of
limestone by sulfuric acid derived from H2S that degasses
from hypogenic water fed by deep sources (Egemeir 1983).
The source of acidity may be hydrocarbons, sulfides or
sulfates, or may be a result of volcanism. Cave development
is due to strong acid corrosion, which also resulted in
production of secondary sulfate minerals and development
of microbial activity evidenced by the presence of
poolfingers (Melim et al. 2001). These minerals are mainly
gypsum and rare sulfate minerals, depending on the
composition of the hypogenic water and the host carbonate
rock. Sulfuric acid caves develop near the water table,
where mixing of meteoric water and hypogenic water
allows oxidation processes. Such caves record position of
the water table contemporaneous with their development
and are good markers of geomorphological evolution.
Baume Galinière is a cave located at the edge of the
Vaucluse Plateau, close to the margin of impervious beds
that overlie the karst aquifer. The cave contains masses of
pyrite that are of hypogenic origin. The speleogenetic
history of the cave points toward the oxidation of these
pyrite masses during a vadose phase as a result of meteoric
water seepage. Oxidation is ongoing under the influence of

2. A sulfuric cave at the border of the Vaucluse
Plateau
Baume Galinière Cave is located in Provence (South-East
France), at the foot of Ventoux Plateau, which roughly
corresponds to the Vaucluse spring catchment (Fig. 1).
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Baume Galinière Cave is at the top of the northern slope of
a 200 m deep valley, in the uppermost part of the Urgonian
limestone. The entrance is a few meters below Albian
sandstone cover, close to a local fault. Baume Galinière is
a horizontal maze cave less than 200 m long (Fig. 2).
Passages are commonly between 0.5 and 2 m high and
wide, with two main routes forming a loop around the
entrance chamber. Two chimneys rise above the maze, the
highest reaching overlying sandstone cap rock. Vadose flow
features and sediments are absent, except at one spot
corresponding to a small collapse undermining the
overlying cover. Typical sulfuric acid corrosion features and
mineral byproducts are present (Audra 2007; Audra et al.
2009). Walls are deeply etched or weathered. The floor,
which is devoid of sediment, displays smooth surfaces and
deeply entrenched rills caused by corrosive laminar or
concentrated flow. Numerous niches, pockets, and bell
holes result from the intense corrosion. A horizontal notch
records the position of a pool once filled with corrosive
water. Above, some odd-shaped voids may be replacement
pockets. Feeder channels occur as narrow fissures where
aggressive water rose from depth, whereas blind chimneys
were upper outlets truncated at the contact with the
overlying sandstone caprock.

Figure 1. Structural characteristics of the Vaucluse plateau
(geology after Blavoux 2010). The block is composed of thick
Lower Cretaceous Urgonian Limestone. It is gently undulant and
bounded to the north and south by overthrusts resulting from alpine
crustal shortening. Hypogenic caves are located on the periphery
of the plateau along primary fault lines (Audra et al. 2013).

To the north, the Lure crest rises to 1,826 m. Elevation
decreases to the south toward the Durance River at about
300 m above sea level. Topographic relief is caused by an
Urgonian (Barremian-Bedoulian) monocline containing.
1,000 m thick limestone that has been carved by karst
processes that formed poljes, gorges, dolines, and some
avens. To the north, the Lure crest corresponds to a northverging overthrust. To the south, the limestone monocline
gradually plunges under a thick cover of clastic formations
ranging from Upper Cretaceous to Oligocene (successively
Gargasian marls, Albian sandstone, Cenomanian sand, then
Eocene-Oligocene clay, marls and marly limestone; Blanc
et al. 1973). The boundary of this cover follows an irregular
line caused by erosional retreat that exposed Urgonian
limestone and allowed the development of surface karst
features. Additionally, the plateau is cut by several N-S
faults that form horsts and grabens, such as the Oppedette
graben, which is still filled with Cenozoic cover and is
surrounded by higher karst surfaces.

Several minerals are present and have a specific distribution
in the cave. A fissure rising along the chimney to the
sandstone caprock is filled with iron oxihydroxides and
calcite spar. Iron occurs as dikes and crusts, with
centimeter-long pool fingers in some places. Calcite spar
lining the fissure is mostly scalenohedral.
Pyrite bodies are present, surrounded by gypsum crusts and
iron oxihydroxides. The inner and dryer parts of the cave
are partly covered by evaporitic sulfate minerals, mostly
gypsum, displayed as saccharoid crusts on ceilings and grey
to yellow minute crystals on walls. Foam-like masses of a
green color, silky appearance and a ribbon-like texture
correspond to an uncommon mineral, fibroferrite.
Additionally, some iron oxihydroxide stalactites are present.
Currently, the cave is entirely dry, due to its perched
position at the top of the limestone, to the presence of the
sandstone caprock, and to the absence of connections to the

Figure 2. Baume Galinière Cave survey. Red dots indicate sampling locations.
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surface. Consequently, the atmosphere is extremely dry and
under the influence of thermobarometric exchange with the
outer atmosphere. Since the cave is horizontal, we suppose
that convection drives the cave climate: cold air entering in
winter mainly favors evaporation whereas cooling of warm
summer air favors condensation.

Mineral identification was carried out using X-ray powder
diffraction (XRD) and micro-Raman spectroscopy. The
spectra obtained were compared with those reported by
Frost et al. (2006) from natural jarosites and our database.
Oxygen and hydrogen isotopes were measured on calcite
scalenohedra (details in Dublyansky and Spötl 2009).
Scanning Electron Microscopy (SEM) was use to observe
microbial traces on ferruginous pool fingers.

3. Methods
In May 2012, the cave survey was completed, documented
with pictures, and 13 samples were taken for mineralogical
analysis (Fig. 3; the locations of the sampling sites are
shown on Fig. 2). Samples are labeled BG1 through BG13.

4. Results
Analytical results of the samples (mineralogy, stable
isotopes) are presented in Fig. 3. Thirteen minerals were
identified: one native element (sulfur), one carbonate
(calcite), one silicate (quartz), one sulfide (pyrite), one
hydroxide (goethite), eight sulfates (gypsum, fibroferrite
plus six members of the jarosite subgroup (jarosite,
argentojarosite, ammoniojarosite, hydronium jarosite,
natrojarosite and plumbojarosite). The mineralogical
analysis by micro-Raman spectroscopy revealed the
presence of up to five different minerals of the jarosite
subgroup in the samples (Tab. 1). For space reasons, the
Raman spectra are not displayed here and will be discussed
in a future paper.

(i) Calcite-iron oxihydroxides association: ferruginous
pool fingers hanging under ghosts of calcite scalenohedra
(BG1); calcite scalenoedra covered with iron oxihydroxides
(BG2); calcite scalenohedra (BG11). (ii) Sulfidic deposit
with oxidized aureole: mass of pyrite (BG3a) with a white
to yellow gypsum crust (BG3b); core of greyish-blue mass
(BG5) with an inner yellow-white aureole of gypsum (BG6)
and an outer red aureole of iron oxihydroxides (BG7). (iii)
Gypsum crystals associated with colored crusts: yellow
gypsum crystals (BG4); grey gypsum crust (BG10); large
grey gypsum crystal (BG12). (iiii) Foam-like mass (BG8),
located on gypsum crust with yellow surface (BG9).

Figure 3. General results of the mineralogical analysis (XRD, micro-Raman spectroscopy), and stable isotopes. Thirteen minerals were
identified: One native element (sulfur), one carbonate (calcite), one silicate (quartz), one sulfide (pyrite), one hydroxide (goethite),
eight sulfates (gypsum, fibroferrite, and six members of the jarosite subgroup (jarosite, argentojarosite, ammoniojarosite, hydronium
jarosite, natrojarosite, plumbojarosite).
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from silver (Ag) and displays as pale yellow, yellow,
yellow-brown to brown crusts. It is mentioned here for the
first time as a cave mineral. Hydronium jarosite
[(H30)Fe3+3(SO4)2(OH)6] is named from the hydronium ion
(H30+) and displays as ochrous, amber to dark brown
granular masses or crystalline to earthy crusts. It has been
mentioned as a cave mineral only once, in Iza Cave,
Romania, where “goethite and hydronium jarosite formed
through the action of percolating water over pyrite that is
present as accessory mineral in the crystalline schists”
(Tămaş
and
Ghergari
2003).
Natrojarosite
[NaFe3+3(SO4)2(OH)6] is named from sodium (natrium) and
displays as yellow, golden brown, red-brown crusts. It has
been mentioned as a cave mineral only once, in Jungle Pot
Cave, South Africa, originating from the oxidation of pyrite
from shales combined with Na from a diabase sill (Martini
1984). Plumbojarosite [Pb0.5Fe3+3(SO4)2(OH)6] is named
from lead (Pb) and displays as golden brown to dark brown
crusts or masses. It has been mentioned only from Naica
Cave, Mexico, originating from neoformation after the
dewatering of the famous geode (Forti 2010). Fibroferrite
[Fe3+SO4(OH)·5H2O] is a hydrated iron sulfate. It displays
as fibrous mushroom-like masses of minute acicular
crystals. Coalescent needles form ribbons folded by
extrusion. The color ranges from pale yellow, yellowish
green, greenish gray, nearly white, to translucent, with a
typical silky luster. It is soluble in water and forms by
evaporation. Consequently it is most stable in arid regions,
rarely as volcanic sublimate (Anthony et al. 2003). It has
been mentioned only from Grotta Ferrata, Italy, originating
from pyrite oxidation and growing over mud associated
with goethite and gypsum. Its stability requires strong acid
environment (pH < 2). When pH increases due to the
buffering effect of limestone reacting with sulfuric acid,
fibroferrite becomes unstable and forms iron oxihydroxides
(Forti and Salvatori 1988).

Table 1. Results of the mineralogical analysis by micro-Raman
spectroscopy. Percentages represent the occurrence of each
mineral in each sample regarding the total number of spots
analyzed (n).
Number
Sample
(n) of
Hydronium Argento- Plumbo- NatroJarosite
No.
analyzed
jarosite
jarosite jarosite jarosite
spots
BG3b

11

36 %

–

–

54 %

10 %

BG4

10

10 %

20 %

50 %

–

20 %

BG6

7

14 %

–

86 %

–

–

BG9

9

–

100 %

–

–

–

BG10

10

40 %

20 %

–

–

40 %

Oxidation of sulfide produces suites of variably soluble
efflorescent sulfate salts (Hammarstrom et al. 2005). In
Baume Galinière, sulfide is present as pyrite [FeS2], and is
the original sulfide deposit. It is displayed in decimetric
masses of small pyrite crystals (< 1 mm). It may not be
considered as a true cave mineral, since it was deposited by
hydrothermal solution in vugs before the cave developed.
Calcite [CaCO3] is found as detrital grains of limestone host
rock inside sulfide deposits or in the weathering aureole.
Other minerals result from reactions between the pyrite, the
surrounding limestone, and the clays where sulfuric acid
from the oxidation of pyrite is responsible for a strong
acidic environment.
Native sulfur [S°] is present inside the pyrite deposit and
probably results from the oxidation of pyrite. Goethite
[FeO(OH)] is typically displayed as red crusts surrounding
oxidized pyrite masses. Gypsum [CaSO4·2H20] is
displayed in two forms according to its location. On
ceilings, the high parts of walls, and around pyrite masses
it occurs as saccharoid white crusts. On the lower parts of
walls it occurs as macrocrystals which are always tinted
yellow, grey or brown.

Stable isotopes of fluid inclusions (δ18O, δ2H) were made
on tips and bottoms of calcite scalenohedra (BG2). The
released water amount (0.39 and 0.54 μL, respectively)
provided valuable results. The ratios of δ18O and δ2H for
tips and bottoms (-7.8/-51.7 and -8.5/-52.8) plot close to the
meteoric water line (MWL) (Craig 1961).

Jarosite sub-group minerals and fibroferrite are present
around the pyrite masses in the oxidation aureole. The
Jarosite subgroup is composed of six sulfate minerals,
with
the
following
common
composition
[MFe3(SO4)2(OH)6], where M = K+ (jarosite), Ag+
(argentojarosite),
NH4+
(ammoniojarosite),
Na+
(natrojarosite), Pb (plumbojarosite), H3O (hydronium
jarosite). Such minerals are commonly found in mines in
the oxidized zones of sulfide deposits, formed by sulfuric
acid derived from the oxidation of pyrite reacting with clay
from the wall rock. Jarosite [KFe3+3(SO4)2(OH)6] is named
after the type locality, Barranco Jaroso in Southern Spain.
It is usually displayed as yellow, amber, or brown crusts. It
is not soluble in water, and rather common in sulfuric caves
(Fiume – Vento, Italy; Cottonwood, New Mexico, USA). It
also occurs in volcanic caves, or in caves in metamorphic
rocks where sulfidic ores are present (Hill and Forti 1997).
Jarosite may also precipitate subaqueously in shallow, lowpH pools (Hammarstrom et al. 2005). Ammoniojarosite
[(NH4)Fe3+3(SO4)2(OH)6] is named from the ammonium ion
(NH4+) and displays as light yellow to nearly colorless
crusts. It has been mentioned only once before, in Cueva
Alfredo Jahn, Venezuela, where it brought into the cave by
flooding, and the mineral, displayed as light blue spots,
forms by evaporation during the dry season (Forti et al.
1998). Argentojarosite [AgFe3+3(SO4)2(OH)6] is named

SEM imaging of iron pool fingers clearly shows the
presence of microbial communities, mainly as filaments
growing onto the iron oxihydroxides (Fig. 4). The largest
filaments (diam. 5μm, length > 100 μm) must be fungi.
Smaller filaments (diam. 2 μm, length 50 μm) and cell-like
individuals could be bacteria (H. Barton pers. comm.).

5. Discussion (mineralogenesis and sulfuric
acid speleogenesis)
The identification of minerals in the framework of
geological and geomorphological context helps understand
the genesis of this mineralized cave. Mineralization took
place in at least three main phases (Fig. 5).
Early phreatic fissure phase. The initial mineralization
phase occurred at depth, below the water table and under
the cover of thick marls and sandstones. Chemically
reduced water rising from depth along faults carried
metallic ions (Fe2+, Pb2+, Ag+) and sulfur. At shallow depths,
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concentrated sulfuric acid. Most of the cave volume
probably developed during this phase, associated with
typical sulfuric acid features such as notches along acidic
pools, corrosion trenches, etc., and sulfate mineral
byproducts. Saccharoid gypsum crusts formed on some
ceiling and upper wall surfaces where condensation was
limited. Otherwise, ceilings and upper walls were etched by
condensation corrosion and sulfates in solution were
precipitated downwards through evaporation as centimetric
gypsum crystals. This sulfuric process produced a low pH
environment, and secondary ions combined with iron
sulfates to form jarosite subgroup minerals. Hydronium
jarosite is produced by seepage on pyrite. Trace amounts of
Pb and Ag produced argento- and plumbojarosite,
respectively. Weathering of the Albian green sandstone
caprock, which contains glauconite group minerals
[(Ka,Na)(Fe3+,Al,Mg)2(Si,Al)4O10(OH)2], may have
provided K+ and Na+ ions, which in turn produced jarosite
and natrojarosite, respectively. Biological activity produced
the ammonium ion (NH4+), which combined to form
ammoniojarosite. Meantime, oxidation of pyrite is boosted
by ferro-oxidant bacteria taking energy from oxidation of
ferrous ion Fe2+ to ferric ion Fe3+, resulting in iron
oxihydroxides, mainly goethite. Ferruginous material
occurs as massive coatings on calcite spars, as pool fingers,
or as powdery masses mixed with gypsum surrounding
pyrite masses (Fig. 3).

Figure 4. BSE imaging of iron pool fingers. Microbial filaments are
developing on iron oxyhydroxides. Largest filaments (diam. 5 μm,
length > 100 μm) must be fungi. Smaller filaments (diam. 2 μm,
length 50 μm) could be bacteria.

Still-active seasonal sulfuric mineralogenesis. Currently,
the cave is open to the surface allowing convective air
exchange. In summer, cooling of air entering the cave
favors condensation and thus slow pyrite oxidation and the
formation of the associated suite of sulfuric byproducts
(gypsum, sulfates ion and iron oxihydroxides). In winter,
warming of entering air causes evaporation that
concentrates acidic solutions around pyrites and favors
evaporitic sulfate development, namely fibroferrite.

mixing of reduced water with oxygenated meteoric water,
probably carried along the sandstone acting as aquifer,
changed pH and Eh conditions and led to the deposition of
sulfide minerals, mainly pyrite [FeS2] with traces of Pb and
Ag, as masses or sills along fractures. The contact between
reduced flow and fresh water from the sandstone aquifer
could explain the sulfidic deposits localization where
mineralization is concentrated at the top of the limestone
just below the sandstone cover. Eventually, calcite with
scalenohedral habit was precipitated. This type of calcite is
generally associated with a warmer environment than
common trigonal rhombohedral calcite spar (Dublyansky
and Smirnov 2005). Isotopic ratios (δ18O, δ2H) close to
MWL indicate a contribution from surface water. At that
time, no cave was present and the corresponding voids were
limited to tiny fissures and vugs.
Main vadose phase. Valley entrenchment combined with
erosional retreat of the overlying caprock dramatically
changed conditions. The water table fell below the sulfidic
deposits resulting in vadose conditions and associated
oxygenated meteoric seepage. Thinning of the caprock
allowed development of soils and vegetation just above the
cave. Oxidation of the pyrite masses produced sulfuric acid
that dissolved the limestone host rock, resulting in sulfuric
acid speleogenetic processes. The earliest sulfuric acid
speleogenesis may have occurred in a shallow phreatic
environment at the onset of the fall of the water table, when
meteoric water was able to flow and be replenished.
However, the most active processes occurred in
atmospheric conditions after the cave was drained, when
seepage water oxidized pyrite masses and produced

Figure 5. Genesis of minerals in Baume Galinière. First phase in
deep-seated conditions, where mixing of hypogenic flow and fresh
water produces sulfide deposits (pyrite) along fault below the
sandstone aquifer. After a base level drop, vadose seepage oxidizes
the sulfide deposits, making sulfuric speleogenesis, with cave
development and secondary minerals (sulfates and iron
oxihydroxides). Jarosite subgroup minerals appear thanks to the
presence of accessories ions originating from traces in the sulfide
deposits (Pb, Ag), from sandstone minerals weathering
(glauconite), or from biogenic production (ammonium ion).
Seasonal changes between condensation and evaporation allow
developing of fibroferrite.
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Although we did not observe it during our visits, we suspect
that fibroferrite follows seasonal cycles of relative humidity
(RH), dissolving when wet and regrowing when dry.
Evaporation in the vicinity of oxidizing pyrite may be
responsible for the deposition of native sulfur, which
requires high H2S concentration in the surrounding
atmosphere.

overlying sandstone aquifer. At that time, probably at the
beginning of Miocene, the onset of orogenic uplift allowed
water to move in a deep loop through the karst aquifer.
Impervious caprock cover was present, keeping the karst
aquifer in anoxic conditions. Locally there were local,
discrete zones where anoxic hypogene water could mix with
meteoric water at the contact between the karst aquifer and
the overlying sandstone aquifer. Hypogenic flow was
probably warm, as shown by the scalenohedral habit of
calcite crystals.

The progression of speleogenesis can be traced at the
regional scale. Comprehensive data are still missing, but
main phases can be traced and assigned to periods when
physical conditions were permissive (Fig. 6). Phase 1 of
hypogenic rising flow requires a hydraulic gradient and the
presence of impervious caprock. Such conditions could
have occurred after the first phases of orogenic uplift at the
beginning of Miocene. During Phase 2, which corresponds
to the main sulfuric acid speleogenetic event, vadose
conditions gradually phased in. This occurred after the
erosional retreat of the marly caprock and the onset of
valley incision. Erosion and caprock retreat caused the
water table to fall to depths below the cave. During Phase 3,
the cave is open to the surface allowing air exchange in
response to seasonal changes in RH. Phase 3 is currently
active.

The second phase of sulfuric speleogenesis corresponds to
vadose conditions that were coeval with valley incision. The
water table was shallow, and meteoric seepage water
reacted with pyrite. Sulfur oxidation released sulfuric acid,
which reacted with the carbonate host rock. Typical sulfuric
corrosion features developed, with enlargement of voids,
including pockets, bell holes, pool notches and
entrenchments. Sulfate minerals, mainly gypsum, covered
walls as saccharoid crust on ceilings and recrystallized
macro-crystals on the lower passage walls. Oxidation of
pyrite also produced iron oxihydroxide crusts, masses, and
pool fingers on walls around pyrite masses. The
oxihydroxides mixed with and tinted the sulfates. Microbial
and fungal activity (fungi and probably ferro-oxidant
bacteria) developed and is preserved as filaments in the pool
fingers. Beside gypsum, rare sulfates crystallized, including
all members of the jarosite subgroup. Precipitation of
jarosite is mainly due to the weathering of glauconite in the
overlying sandstone, which delivered ions by seepage.

6. Conclusions
Baume Galinière sulfate mineralization resulted from
sulfuric acid speleogenesis in successive phases. The first
phase of sulfide deposition (pyrite masses) occurred in
deep-seated conditions, where hypogene water rising along
a fault mixed with meteoric water flowing within an

The present phase corresponds to the deep entrenchment of
the valley and the opening of the cave allowing air
exchange corresponding to seasonal changes of RH.
Cooling results in condensation that maintains pyrite
oxidation and sulfate production. Warming causes
evaporation and development of fibroferrite. The
development of this cave records the gradual incision of
valley and correspondent retreat of impervious caprock, an
important milestone for the reconstruction of
paleolandscapes. As with similar caves (Audra et al. 2013),
Baume Galinière is located at the topographic intersection
of a regional fault and the edge of the caprock covering the
karst aquifer. The chronology of speleogenesis probably
starts at Early Miocene and continues to the present. Dating
of successive speleogenetic stages could provide a better
understanding of the geomorphological evolution of the
Vaucluse region.
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The Chamois Cave (Alpes-de-Haute-Provence, France) opens at 1,360 m asl. above the Coulomp spring, which is fed by
the Grand Coyer massif (2,693 m). The cave develops 10 km and gives access to the Underground Coulomp, one of the
largest underground rivers in France. As any mountain cave, the air is cold, between 4 °C (highest part receiving air
breathed in at 2,000 m altitude) and 8.5 °C (lowest confined part) where the river temperature is 6 °C. In this low part of
the cave, a tributary (Thenardier Gallery) displays a fossil level covered with various decorations. On the ceiling, calcite
helictites [CaCO3] are surrounded with hydromagnesite [Mg5(CO3)4(OH)2·4H2O]. The lower part of the walls and the fine
sediment on the ground are covered with sulfates: gypsum [CaSO4·2H2O], mirabilite [Na2SO4·10H2O], and eugsterite
[Na4Ca(SO4)3·2H2O]. The two last minerals are common in salars depressions, lava tube and in cave developing under
semi-arid condition, and not so frequent in temperate caves. Their presence in Chamois Cave is explained by the
microclimate (RH 88 %, T = 8.5 °C). The lowest part of the cave is under dry conditions because of the air subsidence that
causes warming without moisture renewal since percolation are rare. Moreover, the Thenardier Gallery is confined between
a sump upstream and a temporary sump downstream. Such a low RH allows developing of these minerals under evaporation
effect. S comes from the weathering of pyrites that are present in limestone and Na from the weathering of sandstones in
sediments. These evaporative conditions makes the Chamois cave an exceptional one, since mirabilite is not frequent in
temperate caves and eugsterite is mentioned only for the second time in cave.

1. Introduction

by extrusion (Hill and Forti 1997). In cold caves,
percolations can only be saturated with respect to calcite
and aragonite. Consequently, other mineral forms depend
on processes other than degassing, i.e. concentration of the
solution by evaporation (Harmon et al. 1983).

Caves are well known for their decorations, where calcite
is the dominant mineral precipitated by CO2 degassing.
Some minerals, such as sulfates, are due to evaporation
process. Gypsum is a common species; however some
sulfate minerals are more rarely encountered, especially in
temperate and wet caves. Several mineralogical species in
caves are partly or entirely due to evaporation processes. If
calcite [CaCO3] generally precipitates through CO2
degassing, precipitation can be boosted by evaporation
allowing supersaturation. When evaporation continues, the
Ca/Mg ratio lowers, allowing the successive deposition of
aragonite, huntite [CaMg3(CO3)4], then hydromagnesite
[Mg5(CO3)4(OH)2·4H2O]. Such gradation is typical in
confined or ventilated parts of caves where strong
evaporation occurs, making calcite stalactites covered with
aragonite frostwork generally developing on wind side, and
hydromagnesite cotton ball growing at the tip of aragonite
needles where the solution reaches the highest saturation.
Sulfates are frequent and highly soluble minerals, which
consequently can develop only in dry conditions. Gypsum
[CaSO4·2H2O] is the most frequent. In especially dry
conditions, magnesium sulfates such as epsomite
[MgSO4·7H2O] or sodium sulfates, such as mirabilite
[Na2SO4·10H2O] and thenardite [Na2SO4] can develop with
decreasing
level
of
hydration.
Eugsterite
[Na4Ca(SO4)3·2H2O] was only once identified in a cave, in
Turner Avenue, Mammoth Cave (Benington 1959; visible
in White 2005, photo. 2B, p. 290), but the name was later
given from another locality. It occurs as acicular crystals
inside a water-clear mirabilite stalactite (White oral comm.).

The stability of extremely soluble sulfates is closely
dependent on cave climate conditions. Consequently, they
grow seasonally when cave air is dry and re-dissolve when
moisture increases. Epsomite melts under the breath or the
heat of carbide lamp (Hill and Forti 1997). Below 70 % of
relative humidity (RH), mirabilite spontaneously
dehydrates to thenardite (Onac 2012), which in turn is stable
at 5–40 % RH. Phase diagram (T – RH) of sodium sulfates
are available from Flatt (2002), and discussed by
Rodriguez-Navarro et al. (2000) for non-equilibrium
conditions.
Cave sulfate minerals can have several origins (White
2005): interstratal evaporites in limestone rock (gypsum,
anhydrite), oxidation of pyrite present in the limestone or
in the caprock (e.g., sandstone at Mammoth Cave,
Kentucky), oxidation of hypogenic H2S corroding and
replacing the limestone (Lechuguilla Cave, New-Mexico;
Polyak and Provencio 2001), or brines such as in the Naica
mine geodes (Mexico; Forti 2010). The geochemistry of the
solution shall contain the elements necessary for Na-Casulfate salt precipitation, i.e. Na, sulfate ion, etc. Studies on
soil and salt pans evidenced the need of Na/Ca ratio > 4,
pH > 5, and rapidly changing local environments and
variations in redox, pH, and rates of availability of S and
other elements (Fitzpatrick et al. 2005). In caves,
percolation through limestone containing pyrites and strong
evaporation could mimic such conditions.

The evaporation gradient pumps out the solutions present
inside the rock toward the cave wall. Sulfates crystals grow

Gypsum forms bulk crystals (on soil, dentate gypsum, gypsum
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needles), crusts (granular or fibrous), and fibers (gypsum
flowers, angel hairs, cotton) (White 2005). The highly
soluble sulfates have habitus similar to gypsum, but different
crystal structures; epsomite and mirabilite form crusts and
in the driest conditions flowers may be present (White
2005). On the field, highly soluble minerals can be easily
distinguished from gypsum, since they display ice-clear
crystals and salty taste. However, their visual identification
is difficult, even if epsomite has a bitter taste only, whereas
mirabilite taste is bitter and salty (Hill and Forti 1997).

from the microclimatic conditions with low RH allowing
strong evaporation.

2. Cave and context
The Chamois Cave (Castellet-lès-Sausses, Alpes de HauteProvence, France) opens at 1,360 m asl. in Grand Coyer,
between the upper segments of the Var and Verdon valleys
(Audra et al. 2009). The Chamois cave develops more than
10 km for a depth of 326 m (+284/-42) (Fig. 1). It gives
access to a 1 km segment of the Underground Coulomp, the
largest underground river in France (1 m3/s). This
underground river gives origin to the Coulomp spring, the
largest in the Southern Alps, which pours out below the
cave in a scenery waterfall. A sequence of thick marly
limestone from Upper Cretaceous (Turonian-ConiacianSantonian) begins with thick bedded limestones, where the
cave develops, at the top of black marls. This sequence is
covered in unconformity by the Cenozoic “nummulitic
trilogy” (nummulitic limestone, Priabonian blue marls, and
Annot sandstones). Decorations are abundant especially in
the dry fossil passages: flowstones, aragonite bushes on
wall exposed to the draft, gypsum crosses and needles on
black marls.

The highly soluble sulfates are generally found in extremely
dry environments, such as salar depressions. In cave, they
are mostly encountered in young volcanic caves still
influenced by fumaroles and residual heat, and in warm and
dry limestone caves (Guadalupe Mountains caves in NewMexico, Cup-Coutunn Cave in Turkmenistan, Bahamas
islands) (Hill and Forti 1997). However, they are also found
in limestone and gypsum caves in which the temperature is
below 20 °C. The first occurrence of thenardite, growing
together with mirabilite, was in an Italian cave with
temperature below 15 °C (Bertolani 1958). Thenardite (or
mirabilite?) is present in “alpine” caves such Picos de
Europa (Spain) (Hill and Forti 1997), and mirabilite occurs
in a similar environment in Gamslöcher-Kolowrathöhle,
Salzburg Alps (Bieniok et al. 2011). In even colder caves,
they are present in Norway (Onac and Lauritzen unpubl.)
and in the Canadian Rockies: in Castleguard Cave, during
winter, outside air entering the cave abruptly warms to
about 25 °C, at the origin of an 83 % RH. The seasonal
reversing of the draught considerably changes the moisture
conditions of both extremities of the cave, so that dry
conditions are only permanent in the central part of the cave
where sulfates are present, such as mirabilite and epsomite
(Harmon et al. 1983). The wide range of temperatures, from
volcanic to arctic settings, shows that RH is the key-factor.
Sulfated solution submitted to strong evaporation alone can
form highly soluble sulfate minerals.

3. Sampling and methodology
The Thénardier Gallery is the lower segment of the
Hormones gallery, from which it is isolated by a sump.
Access is from Underground Coulomp, through a temporary
sump that only opens after a long dry period. As a
consequence, this gallery is confined most of the year. A dry
and well-decorated level develops 15 m above the temporary
course of the active level. Spots of calcite helictites ringed
by hydromagnesite develop on bare walls (Fig. 2). Gypsum
of different fabrics (Fig. 3) and other sulfate minerals (Fig. 2)
cover some parts of the walls and of the soil, which is
covered with fluvial sediments made of pebbles, gravels and
fine dusty sands. The sulfate minerals other than gypsum are
distinguished by ice-clear crystals and a salty taste. All
crystals have been sampled in hermetic bottles (numbered
from 0 to 9), in order to keep them in dry condition. To
preserve this exceptional site we only sampled broken small
fragments from each given mineral.

In this paper, we present the Chamois cave in Southern
French Alps, where sulfate minerals have been identified
by X-rays, including gypsum, mirabilite, and eugsterite,
together with hydromagnesite associated to calcite. We
discuss the conditions of their occurrence, originating from
the composition of the host rock and of the allogenic
sediments, from the low rate of percolation, and mainly

Figure 1. Cross section of the Chamois Cave, showing its development below a narrow ridge, at the contact of a marly basement and in a
limestone covered with a thick sequence or marly limestones. Strong draft entering at high altitude crosses the cave system towards the cave
entrance. The Thénardier gallery is a tributary of the river, the Underground Coulomp, which is most of the time confined between sumps.
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Figure 2. Left picture: calcite spot occurring as wall coating originating from small percolation along a fissure, ringed by hydromagnesite
cotton-like bundles [sample no. 9]. Central and right pictures: diverse mirabilite crystal fabrics. Candy floss-like filaments [sample
no. 1]; melting snow-like isometric crystals [sample no. 2]; ice clear blades forming a flower [sample no. 4].

Figure 3. Diverse fabrics of gypsum crystals: wall crust [sample no. 5]; saltpeter-like fibers growing on dry silts [sample no. 6]; gypsum
flower ringed by transparent crust [sample no. 7]; gypsum crosses on sandstone pebble [sample no. 8].

30.3015 thermo-hygrometer with data logger was settled to
record T and RH for the coming year. Precision is 1 °C for
T and ±3 % for RH from 35 to 75 % RH, otherwise ±5 %.

X-ray powder diffraction (XRD) patterns were recorded on
a Philips diffractometer using Cobalt radiation (λ = 1.79 Å)
with a secondary graphite monochromator. The
diffractometer optic used to record all samples was a front
fixed slit of 1°, a scattered radiation slit of 1° after the
sample, and a 0.2 mm detector slit. The X-ray tube
operating conditions were 40 kV and 40 mA and the stepscan data were continuously collected over the range 3.5 to
78° 2θ using a step interval of 0.05° 2θ and a counting time
of 2.5 s. Patterns were matched with reference bibliotheca
to identify minerals. Since Na-sulfates are highly instable
at normal Temperature (T) and relative humidity (RH)
conditions (involving hydration or dehydration resulting in
mineral change), we assessed a possible influence of the
RH change during X-ray analysis. Some grains of sample
no. 2 were exposed to an atmosphere close to vapor
saturation during several days, being put in a small beaker,
which was placed in a water-filled crystallizer, itself
covered with a second beaker. X-ray analysis was
immediately done while putting grains directly on the
silicon mount. Then a second analysis was done after
50 min. of exposition to drier laboratory atmosphere
(45–55 % RH).

4. Results
X-ray analysis showed the presence of quartz and calcite in
several sample, together with hydromagnesite, gypsum,
thenardite, and eugsterite. Table 1 and Fig. 4 resumes the
presence of the minerals found in each sample. The
hydration-dehydration experiment on sample no. 2 shows
mirabilite after exposure to wet atmosphere then thenardite
after 50 min. in the drier atmosphere of the laboratory.
Microclimatic values in Thénardier Gallery at the sampling
moment were 8.5 °C and 88 % RH.
Table 1. The minerals identified with X-rays.
(*): see below for discussion about dehydration.
Minerals

While sampling on the field site, T and RH were measured
with a Brannan Compact Sling Psychrometer, where
temperature is read on a dry bulb thermometer and % RH
is later calculated from dry and wet bulb T using a table.
Reading precision of T values is expected to be ±0.5 °C and
calculated RH about ±5 %. Additionally, a TFA-Dostmann

Sample No.
0

1

2

3

Quartz

x

x

x

Calcite

x

x

x

x

x

x

4

5

6

7

x

x

x

x

x

8

x

Hydromagnesite
Gypsum
Thenardite

x

Mirabilite
Eugsterite
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x(*)

x

x
x

x

x
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at 29 °C and 30–35 % RH). Then, it was exposed several
days to a moist atmosphere, and immediately analyzed,
giving mirabilite alone. After 50 min. of exposure to the dry
laboratory atmosphere (24 °C and 45–55 % RH), the
renewed analysis gave thenardite alone. This strongly
suggests that the thenardite result is a laboratory artifact and
that the mineral present in the cave was mirabilite. A same
interpretation arises from other studies base on similar
protocol (Bieniok et al. 2011) or without such a control
(Harmon et al. 1983). We suspect that the thenardite
identified in Picos de Europa (ref. quoted in Hill and Forti
1997) is most probably mirabilite.
The phase diagram of sodium sulfates (Fig. 5, Flatt 2002)
also shows that mirabilite is in the field of these caves
climates, whereas thenardite can only occur in much
warmer and drier environments, such as a laboratory
chamber or caves in arid climate. However, in case of strong
supersaturation and very low RH (i.e. non-equilibrium
conditions possibly encountered in field “reality”), presence
of both species is possible during hydration in the stability
field of mirabilite (Rodriguez-Navarro et al. 2000).

Figure 4. Pattern example for the no. 0 sample.

5. Discussion
Slow percolation from wall fissures makes calcite spots that
are ringed by distinct aureoles of powder aggregates, which
is composed of pure hydromagnesite (Fig. 2). The
evaporation of the slow percolation makes the calcite to
precipitate first. As evaporation proceeds, the decrease of
Ca/Mg ratio progressively brings the residual fluid into the
field of hydromagnesite (Harmon et al. 1983). The calcite
spot close to the percolation feeder is relatively wet.
Centrifuge capillarity strength brings the increasingly
saturated solution toward the dry walls where
hydromagnesite deposits as a distinct aureole. In
Castleguard Cave, Harmon et al. (1983, Fig. 5, p. 506)
evidenced that between both end-products (calcite and
hydromagnesite), the calcite core also contains transitional
mineral species (aragonite, huntite) originating from
progressive evaporation and concentration of the solution.

Since highly soluble sulfates are present in a wide range of
temperature, the key-factor for their growth is the dryness
of the air, at least seasonally. The Chamois Cave has a
special climate due to its topographic and geological setting
and to the cave structure. Firstly, most of the cave develops
below a narrow crest in a thick sequence of marly
limestones dipping perpendicularly to the main passages.
As a consequence, most of the infiltration above the cave
is guided toward west, and a high cliff to the east (i.e. no
catchment) prevents any contribution of the cave itself.
Percolations are small and not frequent; the cave owes its
origin to allogenic input and to a remote recharge. Secondly,
most of the year, a strong draft enters at high altitude and
crosses the main passages towards the entrance. During its

Solutions of carbonates, sulfates, and sodium sulfates
account to several origins. Hydromagnesite is mainly
present on the walls, i.e. originating from vertical
percolations across the limestone vadose zone. Mg is likely
to come from slow dissolution of the above TuronianConiacian limestone. Sulfates are likely coming from the
oxidation of pyrites, present in both Turonian-Coniacian
limestone and in Turonian marly basement. The Thenardier
gallery develops in massive limestone, but the marly
basement crops out less than 200 m upstream.
Consequently, sulfates may come both from pyrite in
surrounding limestone or from the weathering of fluvial
sediments containing marly pebbles that veneer the soil of
the gallery. Sulfur isotopes data may precise this
relationship with pyrites. For both mirabilite and eugsterite,
the Na source is likely to be the fluvial sediments that
contain sand and pebbles from Annot sandstones, in which
sodium plagioclases (albite) and secondarily perthites are
present (Stanley 1961). The weathering of these
endogenous minerals would provide the Na present in
eugsterite and mirabilite.

Figure 5. Phase diagram for sodium sulfates. The continuous lines
indicate the boundaries of the stable phases. Triangles and
squares are experimental data for mirabilite and thenardite,
respectively. The discontinuous line corresponds to a solution in
metastable equilibrium with respect to thenardite and
supersaturated with respect to mirabilite (figure extracted from
FLATT 2002 experiments, redrawn). Note that the phase diagram
of HILL & FORTI (1997, p. 192) displays the mirabilite-thenardite
boundary line, constructed from one field case, in a slightly lower
position (i.e. with drier conditions). We plotted the T – RH
conditions of the Chamois Cave and of the Laboratory were X-ray
analyses have been done, which clearly show that they are in the
stability field of mirabilite and thenardite, respectively.

The identification of thenardite as cave mineral is a
confusing question, since this mineral is unstable outside of
the cave atmosphere, which makes it instantaneously evolve
to mirabilite, its hydrated form. We made an experience on
sample no. 2, where analysis first gave thenardite
(conditions in the diffractometer chamber were measured
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Sa Corona ‘e sa Craba (Barbusi, Carbonia, Southwest Sardinia) is a natural cave almost entirely developed within a
quartzite vein. Its natural entrance, enlarged during mining operations, opens at 260 m asl. The cave is composed of an
over 200 m long and 20 m wide gallery developed in a NW-SE direction.
During our surveys we collected over 50 small samples of crusts, coatings and spars from all over the cave, on which we
performed X-ray diffraction analysis in order to understand the speleogenetic pathways. These samples ranged in color
from yellow to red, purple, brownish, grey, white, pinkish, bluish and black. Beside the already known minerals, the
following have been discovered for the first time within this cavity: sulfide: cinnabar; sulfates: alunite, natroalunite,
basaluminite, walthierite and gypsum; phosphates: taranakite, spheniscidite, robertsite, Al-rich strengite, hydroxylapatite,
vashegyite and an unnamed Pb-Mo oxide phosphate; silicates: halloysite, lizardite and clay minerals of the illite and
smectite group; oxyhydroxides: hematite, goethite, pyrolusite and todorokite.

1. Introduction

2. The Corona ‘e Sa Craba Cave

Presently, more than 350 minerals are known to form in a
variety of cave settings (Onac and Forti 2011). In general,
the precipitation of most cave minerals has no relationship
with the cave’s genesis itself. According to Hill and Forti
(1997) “a cave mineral is a secondary deposit precipitated
inside a human-sized natural cavity”, in other words, a
secondary mineral derived from a primary mineral existing
in the bedrock or other cave deposit through a physicochemical reaction. Caves can be very special environments
and in some cases the study of cave minerals can clarify the
genesis of the void itself (Hill and Forti 1997). This is
especially true for sulfuric acid caves, where the presence
of unusual sulfates or other “exotic” minerals typical for
extremely acid environments help us understand the
processes responsible for the creation of the voids (Sulfuric
Acid Speleogenesis – SAS, Morehouse 1968; Onac et al.
2009).

Corona ‘e sa Craba Cave opens at an altitude of 260 m asl,
immediately East of the small settlement of Barbusi
(Carbonia, SW Sardinia, Italy) (Fig. 1). Its small entrance
has been enlarged by mining excavations at the base of an
important quartzite ridge in the early 1970s. The Corona ‘e
sa Craba area, in fact, was explored for Pb, Zn and Ba ores
in the early 1930s, and economic exploitation went on for
a little more than 30 years after 1950. Cavers became aware
of the existence of the cave through mineral collectors, who
exploited a natural void for its beautiful bluish barite
crystals. In 1971, the Gruppo Ricerche Speleologiche E.A.
Martel of Carbonia explored the cave too late,
unfortunately, to try and protect this beautiful and
meaningful mineralogical site. A complete survey of the
cave was carried out some years later by the Speleo Club
Cagliari and the same caving association of Carbonia.
The cave is composed of a series of rooms, almost entirely
developed in quartzite (Fig. 2). The hostrock is dark grey
to brownish, and there are no speleothems typical of
carbonate caves. The cave floor is scattered with rock
fragments, especially along the first 50 meters, probably the
result of the excavations carried out by the mineral
collectors. The entrance room has a semi-circular plan
shape and is separated from the rest of the cave by a large
and dangerous rockfall. Once passing behind the rockfall,
the cave becomes very large. A 20 m wide and 20 m high
gallery develops for over 80 m in a SE direction (Fig. 2).

Corona ‘e sa Craba Cave qualifies as a special environment
because it is carved in quartzites (mainly) and dolostones.
The cave hosts a wide variety of minerals created by the
interaction between host rock, guano deposits, H2S derived
from oxidation of sulfides, rising hydrothermal solutions
and seeping water. Despite over 20 years of high interest
for mineral collectors in this cave, only five minerals were
previously known from this locality: barite (in gorgeous
crystals turning bluish when exposed to light), calcite,
quartz, dolomite, and aragonite. This paper describes the
morphology of the cave, its mineralogy, and proposes a
preliminary interpretation of its peculiar speleogenesis.
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Figure 1. Location of the study area. To the right: Sardinia, its karst areas (blue) and the areas of the Geomining, Historical and
Environmental Park of Sardinia (in grey). Corona ‘e Sa Craba Cave is located in the main of these old mining areas, Sulcis-Iglesiente,
with many important abandoned Pb-Zn mines in a range of less than 10 km.

3. Methods
Mineral samples were collected by means of a steel spoon
or a geological hammer (normally by scratching secondary
minerals crusts or coatings), and a few grams of material
were placed in small plastic containers or sampling bags.
The various mineralogical phases were separated using a
stereoscopic microscope in the laboratory. Single phases
were analyzed by an X-ray diffractometer (Philips
PW 1050/25) or in a Gandolfi camera (Ø: 114.6 mm,
exposition: 24/48 hrs) (experimental conditions 40 kV and
20 mA tube, CuKα Ni filtered radiation λ = 1.5418 Å) at
Modena and Reggio Emilia University.
Additional mineralogical analyses were performed on the
University of South Florida’s Bruker Analytical X-Ray
System, Inc. D8 Endeavor X-Ray diffractometer (XRD).
Samples were scanned from 5° to 75° 2θ with a step
increment of 0.02°, a scan speed of 0.5 s/step (analytical

Figure 2. Map of the Corona ’e sa Craba Cave.

The center of this gallery hosts an important guano deposit
generated by a large bat colony inhabiting the cave during
spring-early summer. In the lowest part of this elongated
room the cave continues as an 8 m wide and 20 m high
passage, probably developed along a fracture. Forty meters
further, the cave becomes too narrow for humans to pass,
bringing the total development to 250 m.
Of special interest are the corrosion forms present along the
walls of the cave (Fig. 3). In several places mm-thick dark
brown quartz veins (boxwork) protrude out of the host rock
wall by several decimetres or even up to a metre. The rock
wall is composed of microcrystalline quartz, whereas the
veins are made up of larger quartz crystals. In between the
veins there is a wet and fine-grained black or very dark
brown material composed of poorly crystallized Mn and Fe
oxides.

Figure 3. Boxwork of quartz veins protruding out of the quartzite
bedrock by over half a metre (Photo by R. De Luca).
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4.2. Oxides and Hydroxides

conditions: 50 kV, 40 mA, Cu Kα radiation, line source
filtered with a Ni foil). Mineral identification and
abundance was evaluated semi-quantitatively by
determining peak intensities (peak height) of the X-ray
diffraction results with the DIFFRACPlus EVA V.8.0
software. Qualitative chemical analyses were carried out on
a Philips XL40 environmental scanning electron
microscope (ESEM) equipped with an energy dispersive
spectrometer (EDS-EDAX 9900) at the C.I.G.S. (Centro
Interdipartimentale Grandi Strumenti) of the Modena and
Reggio Emilia University.

Four oxides and hydroxides have been found: hematite,
pyrolusite, goethite, and todorokite. They mostly occur as
dark colored coatings and crusts on the cave walls. These
are common cave minerals, related to oxidation of sulfides
occurring in nearby ores or within the cave hostrock.
4.3. Carbonates
Calcite and aragonite are also common minerals found in
caves, whereas dolomite is rather uncommon unless the
bedrock is a dolostone (Onac 2012). In this case, however,
the carbonates are late stage deposits precipitated from lowtemperature seeping waters that percolated through the
nearby or overlying Cambrian limestones and dolostones.
In Corona ‘e sa Craba, these minerals do not form typical
speleothems (e.g., stalactites), but are found as crusts or
minor powdery coatings.

4. Mineralogy
Aside from the previously 5 known mineral species (barite,
calcite, aragonite, dolomite, and quartz), 19 new minerals
for this cave have been revealed during this study. Of these,
spheniscidite has never been reported from a cave
environment, making it a new cave mineral, whereas
lizardite, and robertsite are very rare in caves and have
previously been reported only from the Cupp-Couttun Cave
in Turkmenistan and St. Paul’s Underground River cave
system in Palawan, respectively (Maltsev 1997; Billi et al.
2012). Berlinite might be present, but further analyses are
necessary to confirm the presence of this high temperature
mineral. Table 1 reports the list of all minerals known from
Corona ‘e Sa Craba.

4.4. Sulfates
These are the most important minerals found in Corona ‘e
sa Craba Cave. Besides barite, occurring as beautiful big
bluish, reddish, and yellowish crystals, gypsum, alunite
(Fig. 4J), basaluminite (Fig. 4D-E), natroalunite, and
walthierite were also identified. Walthierite is a rather rare
Ba-Al sulfate that is associated with alunite. It normally
forms by the interaction of hydrothermal acid sulfate fluids
with barite (Li et al. 1992). The other 4 sulfates are typical
for sulfuric acid weathered Al-rich minerals. They are often
found in SAS caves (Polyak and Güven 1996).

4.1. Sulfides
Galena and sphalerite were mined from the nearby ore
deposits, but were never identified in the present cave. This
is because the hostrock sample in which these sulfides are
scattered was never collected. The only sulfide mineral
positively documented is cinnabar. It occurs as
submillimetric bright red powdery coatings on the lower
part of the cave walls, especially on the overhanging ledges
of both rock walls and fallen boulders (Fig. 4A). The origin
of this mineral seems to be related to either vapors or
hydrothermal fluids ascending from below. Further
investigations are needed to confirm this “hypogenic” or
“volcanic” origin.

4.5. Phosphates
The phosphate group is widely represented in Corona ‘e sa
Craba Cave, with 6–7 different species. Taranakite and
hydroxylapatite are rather common cave minerals, whereas
the Al-rich variety of strengite and vashegyite are far more
rare (Onac et al. 1995, 2006; Forti et al. 2000). Robertsite
is a very rare cave phosphate, recently discovered in the
Lion’s Cave in the St. Paul’s Underground River National
Park in Palawan (Billi et al. 2012). Spheniscidite
(Fig. 4F–H) is a hydrated phosphate that belongs to the

Table 1. List of minerals discovered in the Corona ‘e Sa Craba quartzite cave.
Mineral

Formula

Mineral

Formula

Cinnabar

HgS

Walthierite

Ba0.5Al3(SO4)(OH)6

Hematite

Fe2O3

Gypsum

CaSO4·2H2O

Pyrolusite

MnO2

Spheniscidite

(NH4,K)(Fe,Al)2(PO4)2(OH)·2H2O

Goethite

FeO(OH)

Taranakite

H6K3Al5(PO4)8·18 H2O

Todorokite

(Na,Ca,K,Ba,Sr)1-x(Mn,Mg,Al)6O12·3-4H2O

Robertsite

Ca2Mn3(PO4)3O2·3H2O

Calcite

CaCO3

Strengite

Fe3+PO4·2H2O

Aragonite

CaCO3

Hydroxylapatite

Ca5(PO4)3(OH)

Dolomite

CaMg(CO3)2

Vashegyite

Al11(PO4)9(OH)6·38(H2O)

Barite

BaSO4

Berlinite (?)

AlPO4

Basaluminite

Al4SO4(OH)10·5H2O

Quartz

SiO2

Alunite

K2Al6(SO4)4(OH)12

Lizardite

Mg3Si2O5(OH)4

Natroalunite

NaAl3(SO4)2(OH)6

Halloysite

Al2Si2O5(OH)4
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Figure 4. In situ pictures, electron microscope images and diffractograms of some minerals from Corona ‘e Sa Craba Cave: A-B-C.
Cinnabar; D-E. Basaluminite; F-G-H. Spheniscidite; I. Lizardite; J. Alunite.
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volcanic activity that characterized this part of Sardinia for
several millions of years. The cinnabar coatings, however,
appear to be formed quite recently. Stable isotope studies
on S might throw light on its origin.

leucophosphite group along with tinsleyite and
leucophosphite. Except for the latter mineral, which has
been reported from several caves, tinsleyite is known from
only one other cave location (Marincea et al. 2002),
whereas for spheniscidite this is the first reported cave
environment occurrence. Its origin most likely relates to the
reaction between the phosphoric acid leaching from
underneath ammonium-rich fresh guano and the bedrock.
Berlinite might also be present in the cave, as some of the
diagnostic XRD patterns reported by Onac and White
(2003) are present in our sample too. This mineral, however,
requires very high temperatures (Onac and Effenberger
2007), conditions that might not have existed in this cave.
Further investigations are necessary to confirm the presence
of this rare phosphate. During our analyses we also found
an unknown Pb-Mo phosphate oxide, still under study.

6. Conclusions
Corona ‘e Sa Craba has turned out to be a very special cave,
not only because it is carved in quartzite, but also for its
extremely rich mineral association. The secondary minerals
indicate the cave might have formed by highly acidic vapors
(steam?) in a subaerial environment. Despite the fresh
appearance of the wall morphologies, the origin of the cave
might possibly be ascribed to the Oligo-Miocene volcanic
activities that occurred in the region between 32 and 12
million years ago.
Detailed petrographical studies on the hostrock and on its
weathering might confirm that Corona ‘e sa Craba cave has
been formed by acid dissolution of the quartzite. This would
be the first case of speleogenesis in siliceous rocks occurred
under subaerial conditions at very low pH, on the contrary
to what happens in other areas around the world (e.g., Tepui
caves in Venezuela, South Africa or Brazil; Corrêa Neto
2000; Martini 2000), where quartzite caves are formed in
basic conditions by large underground water drainages.

4.6. Silicates
Besides quartz and some expected clay minerals of the
smectite and illite group, two other silicates are worth
discussing. Halloysite is a mineral typical for a
hydrothermal and highly acid environment (Polyak and
Guven 1996; Perruchot et al. 1997; Melka et al. 2000; De
Waele et al. 2008). Lizardite (Fig. 4I) is a mineral that
usually
forms
by
hydrothermal
alteration
(serpentinitisation) of Mg-rich minerals such as olivine.
Prior to our finding it was reported only from the Cupp
Couttun Cave in Turkmenistan (Maltsev 1997).
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5. Minerogenesis and speleogenesis
The mineralogical association found in Corona ‘e sa Craba
Cave is typical for two different minerogenetic
environments: the sulfuric acid speleogenesis (SAS) and the
guano environments. In our case, the sulfuric acid may have
two different origins: oxidation of sulfides in nearby ores,
or diffused in the quartzite hostrock and above lying
carbonate formations (Mississippi Valley type
mineralization), and deep seated (volcanic) hypogenic
rising of fluids (Onac et al. 2011). Stable S isotopes will be
carried out in the near future to correctly distinguish
between the two processes.
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Recently in two different gypsum caves of Emilia Romagna (Italy) a peculiar type of calcite bubbles have been found for
the first time in the world. Its genesis is controlled by strict boundary conditions, among which the presence of organic
mats is fundamental. Their evolution is controlled by a complex multistage process, which makes extremely rare their
genesis. Moreover calcite bubbles are a classical ephemeral formation and their life hardly exceeds a few weeks: this
explains why they were never seen before. Their discovery shows that gypsum caves, even if explored and studied for a
century may be still considered interesting places where searching for new spleothems.

1. Introduction

being in reality “half bubbles” floating on the surface of an
highly polluted gour of the Grave Grubbo karst system
(Calabria, Italy) (Fig. 1).

Cave bubbles are a rare hollow, often floating, calcareous
speleothem developing at the water-air boundary (Hill and
Forti, 1997). They consist of a very thin (<0.2 mm thick)
crust of calcite (or, more rarely, aragonite) always
developed over a long lasting air bubbles in a quiet shallow
pool setting associated cave rafts.

The genesis of these formations was completely different
from that of the “normal” calcite bubbles: their
development was induced by the oxidation of the organic
matter in an environment saturated with gypsum. In the first
step of its oxidation, the organic mat gave rise to long
lasting foam, which, in turn supported the genesis of the
calcite half-bubbles. In fact, their thin film enhanced the
diffusion of O2 from the cave atmosphere into the solution,
increasing the process of oxidation of the organic matter.
Thus the reaction between the produced carbon dioxide and
the high concentration of calcium present in the solution
was faster. The produced cave rafts moved along the foam
film to sink by gravity and to consolidate in the lower part
of the film until the breaking of the foam bubbles gave rise
to the half bubbles (Fig. 2).

Practically all but one the know location for cave bubbles
are in limestone caves and their genesis is induced by the
preferential diffusion of CO2 in the cavern atmosphere
occurring from the thin water film of the bubble. This
genetic mechanism explains why the thickness of the cave
bubbles never exceeds 0.2 mm: in fact as soon as the bubble
wall is thicker it inhibits the diffusion process.
The inner surface of the bubbles is always smooth while the
outside is more crystalline: this is also a consequence of the
genetic mechanisms. Each single calcite grain develop over
the outer part of the water film which therefore controls the
shape of the inner surface of the speleothem, while the outer
part can develop without in the free atmosphere without any
boundary conditions.

Figure 1. Half-bubbles floating in the underground river of Grave
Grubbo gypsum cave (Photo by Mauro Chiesi).

Figure 2. Genetic steps for the calcite half-bubbles of Grave
Grubbo (after Hill & Forti 1997, modified).

Cave bubbles are extremely delicate thus normally are
ephemeral, lasting only during the dry season and being
destroyed when a flood increase the energy of the pool.

Recently a new occurrence of calcite bubbles has been
reported from the “Vena del Gesso Romagnola”, EmiliaRomagna Region, Italy) (Fig. 3).

Only one occurrence of cave bubbles was reported from a
gypsum cave (Forti and Chiesi, 1995, Forti and Lombardo,
1998), and the described speleothems are really peculiar
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Figure 3. Location map: the larger of grey areas represent the “Vena del Gesso Romagnola” and the black polygon correspond to the
two caves in which the calcite bubbles have been found.

In this occurrence several tens of perfect bubbles from
2 mm to over 1 cm in diameter with an average thickness
of 0.1 mm developed over strongly dissolved gypsum rocks
(Figs. 4, 5).

In the present paper the mechanism and boundary
conditions, which allowed the evolution of these rare
speleothems, are discussed.

Figure 4. Morning Abyss: the gypsum boulder, in the middle of riverbed of the underground river, on which the calcite bubbles developed
(photo by Davide Dal Borgo, Gruppo Speleologico Faentino).

2. The calcite bubbles of the Abisso Morning

bubbles were over a gypsum boulder, partially covered by
a thin yellowish crust, lying in the underground riverbed:
the boulder was taken to allow the study of these peculiar
speleothems.

The first place where the calcite bubbles were observed and
photographed is the Abisso Morning (near Brisighella). The
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Organic material over a calcite formation will only result
in corroding the speleothem’ surface.
The second boundary condition is required because, when
the gypsum surface is disturbed by turbulent flow, the
calcite bubbles are immediately destroyed (as seen inside
the Grotta Grande dei Crivellari). Moreover if only pure
water is in contact with gypsum, no deposition at all will
occur because the fast diffusion of CO2 from the dripping
water will prevent a reaction with gypsum due to the low
concentration of dissolved carbon dioxide.
The third boundary condition is the presence of organic
matter that, in aerated environment, oxidizes, thus
supplying CO2 to the system. The evidence of this process
is given by the fact that the gypsum boulder is almost
completely covered by a thin film of calcified mud. But this
process alone will not last long enough to allow the
development of even small calcite bubbles: the fast
evaporation of the scarce water trapped in the organic film
will stop the process in a couple of days or so.

Figure 5. Morning Abyss: a close view of a group of unbroken
calcite bubbles; around them the thin layer of calcified mud is
evident (Photo by Davide Dal Borgo, Gruppo Speleologico
Faentino).

Few weeks later the Gruppo Speleologico GAM of
Mezzano observed the same formations inside the Grotta
Grande dei Crivellari (near Riolo Terme): their setting was
practically the same as those in Abisso Morning.
Unfortunately no pictures were taken and a few days later
a flood destroyed all the bubbles, leaving the boulder
covered by a thin film of mud. This fact demonstrated that
calcite bubbles in a gypsum environment are ephemeral
speleothems growing and lasting only in the interval
between floods.
On the basis of the observation made in both the caves and
of the analyses performed over the sample taken in the
Abisso Morning, it was possible to define the boundary
conditions and the steps in the development of calcite
bubbles (Figs. 6, 7).
Boundary conditions seem to be the following:
1. A gypsum substratum is required: in fact no bubble is
present over a thick mud layer or over calcite flowstone.
2. The gypsum surface must be normally out of the water
flow, and dripping water is unable to develop calcite
bubbles, which are in reality destroyed by such
phenomena.
3. A thin layer of organic rich mud must cover most of the
gypsum surface.

Figure 6. The alternation of dry periods with laminar flow far
below the boulder surface (A & C) and floods with turbulent flow
submerging the boulder (B) causes the deposition of thin layer of
organic rich mud over the upper surface of the boulder.

4. The gypsum surface must host lot of small depressions
in which water may be stored
The first boundary condition is useful to define the genetic
mechanism allowing for the development of calcite. As it
is well known (Forti and Rabbi 1981), calcite deposition in
a gypsum environment is normally produced by the reaction
between dissolved CO2 within the soil by seeping water and
the Ca2+ coming from gypsum dissolution.

The forth boundary condition is the presence of enough
water to induce the deposition process until calcite bubbles
becomes completely formed. The mechanism, which leads
to the evolution of the small cups over the boulder surface,
is a classical feedback process. In fact the first time the
gypsum surface is exposed to turbulent flow the erosiondissolution processes creates small depressions. These
depressions will be filled by under saturated water during
the following events, thus allowing faster deepening of
these depressions in the gypsum upper surface.

It is therefore evident that this reaction may proceed only
on a gypsum surface. The presence of a thick mud layer
surface will hinder the reaction practically stopping the
process of calcite deposition beyond a given thickness.
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Figure 7. A: Sketch of a dissolution cup filled by water and covered by foam bubbles: note that due to the strong dissolution inside the
cup the calcified mud is present only outside it. B: Close up view of the contact between the cup water and a foam bubble: on the left
the physico-chemical active processes and on the right the evolution of a calcite bubble.

Finally this process is magnified by the presence of “steady
water” inside the depression, which induces corrosion of
the gypsum bottom of the cup due to the oxidation process
of the organic matter. Evidence of the efficiency of the
dissolution mechanisms within the cups is given by the fact
that none of the cup bottoms is covered by calcified mud
and they always consist of clearly strongly dissolved
gypsum (Fig. 6).

In the case of the Morning Abys it was also possible to
make a rough evaluation of the time needed to form the
dissolution cups: in fact it is well known when the boulder
arrived on the riverbed. This event corresponds to the
artificial widening of a squeeze just few metres above the
riverbed, which was performed by the Gruppo Speleologico
Faentino in 2004. It is evident that, at the time of its fall,
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7. The dimension of the “cups” controls the maximum size
of the foam bubbles (i.e. of the calcite bubbles) even if
in the same cup different independent bubbles may
develop.

the bypsum boulde was abosolutely flat, coming from a
compact gypsum layer, and thus all the dissolution cups on
its surface must have developed in less than 8 years.
Finally it is necessary to explain why the genesis of such
strange speleothems is so rare. This is explained by the
complexity of the subsequent steps by which the process
must develop, which makes the sequence extremely
difficult to be fulfilled.

8. The calcite deposition over the foam causes a progressive
hindering of the diffusion of the atmospheric O2 into the
solution, which brings to complete stop the process when
the calcite films reaches a thickness of about 0.1 mm,
which is in fact the same for all the bubbles no matter
their dimensions.

The 10 steps in the development of the calcite bubbles may
be summarized as follow:

9. After calcite deposition ceases, over the bubbles the
process still going on is the slow capillary upwelling of
water from the cup to the free surface, where evaporation
lasts until water is available. During this period, the
drying out of the calcite bubbles may cause cracks in
their surface and also the breakdown of those not
perfectly developed.

1. The process starts with a gypsum boulder being located
along the main flow of a subterranean river, with its
upper part always dry except for short and rare periods
of the highest floods. The fast erosion and dissolution of
gypsum exposed to turbulent water flow makes
practically impossible to the gypsum riverbed to be in
such a condition. Moreover this occurrence is short
lasting also for a fallen and/or transported gypsum
boulders.

10. When all the water and mud left by the flood is died up
no further evolution of the speleothems (calcified mud
and bubbles) is possible. From this moment on the cave
bubbles are “frozen” until a new flood destroys them
and new bubbles evolve (from step 2).

2. During rare foods the gypsum boulder is submerged by
water and its upper surface is partially eroded and
dissolved by the under saturated water thus creating
several small “dissolution cup” on its surface. Any
subsequent flood will enlarge and deepen these cups. In
case the food occurs when calcite bubbles where already
developed (step 10), all of them will be broken and/or
washed away.

The complexity of the boundary conditions, and of the
process leading to the development of the calcite bubbles
in a gypsum cave, can explain why these speleothem are so
rare. Maybe these formation are fairly more common, but
their fragility avoid them from being seen even few weeks
after their growth.

3. At the end of each flood a thin film of mud and clay is
deposited over the gypsum boulder and a small quantity
of water is also stored in each “dissolution cup”. If
organic content of the mud and of the water is low the
development of the calcite bubbles cannot start: in fact
no foam can be produced and no CO2 will be available
to react with gypsum and produce calcium carbonate. In
this case nothing will happen except for evaporation of
all the water from the gypsum surface until a new flood
occurs (step 2).

In our opinion the condensation-corrosion is the main agent
for the demolition of the cave bubbles. In fact condensation
water, carrying CO2 (due to the diffusion from the cavern
atmosphere) and no CaCO3 at all, is always aggressive
toward calcite.
Condensation over the bubbles brings aggressive water in
contact with the very thin film of calcite, which is rapidly
corroded causing the collapse of the whole bubble.

4. If the concentration of organic mats is high, the
development of the calcite bubbles may start. Oxygen
diffuses from the cave atmosphere into the wet mud layer
and into the water in the dissolution cups. Thus the
organic mat is oxidized and the produced CO2 corrodes
the underlying gypsum with simultaneous deposition of
calcite which gives rise to the thin crust composed by
calcified mud over the corroded gypsum surface.

3. Final Remarks
The recently discovered calcite bubbles of the Grotta
Grande dei Crivellari and Abisso Fantini are a clear
example of the complexity of the physico-chemical
processes that can be active within a gypsum cave.
The main reason why they were never observed before is
because they tend to be destroyed few days or weeks after
their development.

5. In a very short time (a few days) the oxidation stops
because all the water trapped within the mud layer
evaporates. The only places in which oxidation may last
much longer is within the “dissolution cups”, which act
as accumulation traps and, in the mean time, avoid fast
evaporation due to their scarce surface contact with the
cave atmosphere.

Until now it was commonly accepted that the few
speleothems growing in the gypsum environment were well
known and there was no chance to find a new one.
The newly discovered cave bubbles show that gypsum
caves, even those explored and studied for a least a century,
may still be very interesting places to search for new
speleothems.

6. Oxidation within the cups allow for the development of
long lasting foam bubbles, which in turn act as
preferential places for diffusion of the atmospheric
oxygen into the solution saturated by gypsum, thus
becoming places of enhanced calcite deposition.
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Strontianite is a very rare cave mineral, up to now found in only two caves respectively in Spain and in the USA. The
discovery of dissolution pockets and fractures filled with almost pure strontianite in a small cave in Iran has allowed us to
investigate in detail the minerogenetic mechanisms that have brought to its formation in a carbonate karst environment.

1. Introduction

et al. 2005; Mohammadi and Raeisi 2007). The core of the
anticline is composed of Oligo-Miocene limestones of the
Asmari Formation, confined between the less permeable
Pabdeh Gurpi (Paleocene-Oligocene marls, shales and
marly limestones) and Razak (Lower Miocene silty marls
and limestones with gypsum beds) Formations. The contact
with the Razak Formation is transitional and can show
appreciable pemeability.

So far only two strontium minerals are known from the cave
environment (Hill and Forti 1997; Onac and Forti 2011):
celestite (SrSO4) and strontianite (SrCO3). The sulphate of
strontium (celestite) is rather common in caves, and its
genesis is often related to the presence of upwelling
hydrothermal fluids (García-Guinea et al. 2002), the
transformation of anhydrite into gypsum (García Ruiz et al.
2007; Panieri et al. 2008), and/or aragonite into calcite
(Helz and Holland 1965). The carbonate of strontium
(strontianite) is very rare in the carbonate cave environment,
being reported from only two caves in the world: Sima de
las Fumarolas, Granada, Spain (Fernandez Rubio et al.
1975), and in a small nameless cave in the Terrace
Mountains in the United States of America (Hill and Forti
1987). In the American case all we know is that strontianite
occurs in euhedral crystals on the cave walls, but nothing
is known about its genesis. In the Spanish case a detailed
description is given: strontianite occurs together with
gypsum and celestite, but in pure aggregates. Its genesis in
this case was attributed to the rising of thermal fluids that
dissolved gypsum and celestite, both of thermal origin, and
the reaction with fluids rich in carbonates, calcium and
strontium.
Recently strontianite has been discovered in a small cave
close to the village and dam site of Tangab, in Iran. This
new occurrence has allowed for a better description of a
possible genesis of this mineral in a carbonate karst
environment.

2. The Serizjan Cave
The study area is a typical anticline of the Zagros Mountain
range (the Podenow anticline), located approximately
80 km southeast of Shiraz and 15 km north of Firoozabad
(central-southern Iran) (Fig. 1). The Podenow anticline is
cut by the Firoozabad River forming the Tangab Gorge, in
which narrowest part a dam is under construction (Karimi

Figure 1. Index map for Serizjan Cave: A: the area of the Serizjan
Dam, B: the location of the Serizian Cave.
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Figure 2. A: The entrance of the Serizjan Cave has been partially widened by the road construction; B: a corrosion pocket in the wall
partially filled by strontianite; C: strontianite linings over a vertical partially widened fracture.

There are two caves on the northern flank of the Podenow
anticline, both carved in Asmari limestone: Homouk and
Serizjan (or Sarizijhon). Both caves are located on the left
bank of the Firoozabad River respectively 100 and 500 m
upstream of the gorge (Karimi et al. 2005). Serizjan Cave
is the most important of the two, having a development of
180 m (Raeisi and Laumanns 2003). It is composed of a
15 m wide and 4–5 m high room, opened by the road cut
(Fig. 2A), entering the flank of the mountain for about 15
meters. To the right some narrow shafts have been explored
by Iranian cavers (Karimi 1998; Karimi et al. 2000).

Scanning Electron Microscope analysis performed in the
same laboratories has shown this mineral to be composed
by small aggregates of acicular crystals (Fig. 3A, B), a few
of which have an hollow structure (Fig. 3C), while most are
characterized by hopper-like structures on their external
surfaces (Fig. 3D).

During a short visit in 2012 – on the right walls of the first
room, some pockets filled with a white powderish material
(Fig. 2B) and some harder 2–3 cm thick white crusts
covering the walls of a fracture clearly enlarged by
dissolution (Fig. 2C) were discovered and sampled.
Nowhere in the visited parts of the cave were calcium
carbonate speleothems seen. The analysis of this material
by XRD diffraction at the “Laboratorio Grandi Strumenti”
of University of Modena and Reggio Emilia have
confirmed it to be totally composed of strontianite.
A further analysis of the peaks from different XRD
diffractions proved that the chemical composition of the
strontianite of Serizjan Cave varies from crystal to crystal,
always being a solid solution where the Ca2+ ion substitutes
for the Sr2+ ion, with a Ca/Sr ratio ranging from 9.7 to 16.2 %.

Figure 3A. SEM image of an aggregate of strontianite.
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Figure 3B. A group of strontianite crystals.

Figure 3C. A hollow crystal of strontianite.

is strongly related to the presence of CO2 according to the
well-known equation:
SrCO3 + CO2 + H2O = Sr2+ + 2HCO3So in waters in contact with the atmosphere (with a partial
pressure of CO2 of around 350×10-6 atm), the solubility of
strontianite reaches around 0.011 g L-1, only about ten times
less than that of celestine (0.13 g L-1) (Fig. 4).

Figure 3D. The hopper-like surfaces of the strontianite crystals.

3. How and when may strontianite develop as
a cave mineral?
The presence of the cation Sr2+ in waters circulating in the
carbonate karst environment is rather common, leading to
the widespread formation of celestite in caves (Hill and
Forti 1997). Sr2+ is easily found as a trace element in both
carbonate and evaporite rocks, substituting Ca2+ in gypsum
and calcite. Recently the presence of Sr2+ in water has been
studied in relationship to the diagenesis of minerals
involving the transformation of a mineral able to host
certain quantities of Sr2+ into other minerals whose
crystalline lattice can hold far less Sr2+. Examples of such
transformations are anhydrite in gypsum and aragonite in
calcite (Helz and Holland 1965; García Guinea et al. 2002;
García Ruiz et al. 2007).

Figure 4. Strontianite solubility (after Helz & Holland 1965).

But the average concentration of dissolved CO2 in karst
waters is often much higher than that of the air, and can
reach values of 10-2 to 10 atm in thermal waters (Capasso
and Inguaggiato 1998). Consequently, in nature, the real
solubility of strontianite is almost always higher than that
of celestite. Additionally, the solubility of strontianite varies
considerably with the temperature of the water, reaching in
hot waters in contact with the atmosphere values of
0.65 g L-1 (Busenberg et al. 1984) while that of celestite
remains substantially the same (0.14 g L-1). So in thermal
environments, that are also the richest in Sr2+, the formation
of strontianite becomes even more difficult to explain.

Despite the availability of Sr2+ in cave waters, why does
celestite precipitate in almost all cases, while only very
rarely does strontianite form? From a chemical point of
view strontianite is far less soluble in pure water (solubility
product Ksp = 10-9) than celestite (Kps = 10-6.5), so in theory
strontianite should precipitate much earlier than celestite.
In practice, however, strontianite is a carbonate, thus its
solubility in nature, similar to what happens with CaCO3,

It is also obvious that in an environment rich in SO42-, such
as in evaporitic sequences, strontianite has no chance to
form, since the precipitation of celestite will be advantaged.
Also in a carbonate environment, if SO42- anions are present,
celestite will precipitate immediately. And in nature SO42is a common constituent of waters circulating in carbonate
karst areas, deriving from different sources such as:
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1 – oxidation of sulfides (e.g., pyrite) in the rock;
2 – dissolution of nearby evaporite rocks; 3 – oxidation of
H2S in the O2-rich cave environment in (thermal or connate)
waters rising from depth; and 4 – mineralization of guano
or other organic material (Hill and Forti, 1997).

From the chemical point of view there are two ways to
reach this high Sr/Ca ratio: 1) a cooling of the solution
saturated in calcite and strontianite or 2) a drastic decrease
in Ca in the solution accompanied by an important increase
in Sr.

But if SO42- is present in very small concentrations or if it
is absent, the formation of strontianite remains very
difficult. To allow the precipitation of strontianite the ratio
between the concentration in solution of Sr2+ and Ca2+
(mSr/mCa) has to be higher than that observed in nature (Helz
and Holland 1965).

The first case is the one that normally allows the deposition
of strontianite in a hydrothermal environment. The cooling
of the fluid influences the solubility of calcite and
strontianite in an opposite way increasing that of calcite and
lowering that of strontianite. If no other processes take
place, a solution saturated in both minerals at 150 °C,
cooled down to 25 °C in a carbonate environment, causes a
slight dissolution of the limestone and a great deposition of
strontianite, since the Sr/Ca ratio changes from 0.6
(equilibrium value at 150 °C) to 0.1 at 25 °C (Helz and
Holland 1965).

So the deposition of strontianite in a cave is an extremely
rare event that requires a combination of absolutely special
and unusual conditions. One of the conditions that can allow
for the genesis of strontianite is the transformation of
celestite in an alkaline hydrothermal environment (SuárezOrduña et al. 2007), but these conditions are extremely
difficult to achieve in a carbonate cave.

The other mechanism does not require the presence of
thermal waters, although their presence would boost the
efficiency in the case that the waters are initially
undersaturated with respect to strontianite. When karst
waters arrive close to the epiphreatic or vadose zone, the
CO2 is released from solution to the cave atmosphere, thus
causing calcium carbonate to precipitate. This leaves only
strontium carbonate in solution, and if continuous release
of CO2 occurs, the solution can reach supersaturation. The
precipitation of strontianite at this point will cause a further
decrease in CO2 in solution, thus slowing down the process.
To efficiently cause the formation of strontianite there is the
need of another important process: evaporation.

In limestone caves three conditions have to be met to allow
for the formation of strontianite: 1) enrichment of karst
waters in Sr2+, 2) absence of SO42-, and 3) establishment of
a high Sr/Ca ratio.
The first condition is easily met thanks to one of the Srenriching mechanisms explained earlier. However, this
contemporarily enrichment causes a direct (dissolution of
celestite) or indirect (oxidation of metal sulfides) increase
in SO42- in the solution, inhibiting the formation of
strontianite. It is thus necessary that this enrichment of Sr2+
in solution be accompanied by the simultaneous or slightly
delayed removal of SO42- from the solution. This can
happen in two ways: 1) formation of minerals that are less
soluble than celestite, or 2) reduction of sulfate into sulfide.
The first mechanism is easily encountered in nature when
cations such as Ba can cause the precipitation of insoluble
barite, while reduction can be triggered by the presence of
organic material that – oxidizing in an O2-depleted
environment – reduce sulfate into sulfide. Both reactions
can occur in carbonate karst environments, but their
concurrent action is very rare, so most of the time celestite
is deposited.

However, if this last mechanism is the one causing the
precipitation of strontianite, it would be logical to find this
mineral covering calcium carbonate speleothems. In
Serizjan Cave strontianite is deposited directly upon the
calcite bedrock, and nowhere has calcite or aragonite
speleothems been observed. It is thus necessary to conclude
that the precipitation of calcite and/or aragonite has taken
place in a different place respect to where strontianite
formed. This fact can be explained by considering that
calcium carbonate previously formed in the epiphreatic
zone, and that the place where strontianite was deposited is
only occasionally reached by flood waters supersaturated
only in strontianite, and containing no calcite nor aragonite.
Even though this mechanism of formation of strontianite
cannot be completely rejected for the case of Serizjan Cave,
these extremely restricted conditions make the formation of
strontianite in a non-thermal environment extremely
improbable. The fact that there are some corrosion forms
that seem to indicate slightly thermal conditions in the cave
(e.g., solution pockets) makes it more credible to link the
formation of strontianite to the final cooling phases of a
thermal fluid. The relatively scarce imprint of very clear
thermal morphologies in the cave can be related to the fact
that the thermal waters, at the time of their circulation in
this part of Serizjan Cave, was only characterized by
convective motion and did not leave the cave. These waters,
already cool and supersaturated with respect to strontianite,
were saturated (or only slightly aggressive) towards calcite,
thus they had no possibility to develop clear corrosion
forms.

It is important to underline that in the case of Sima de las
Fumarolas strontianite, although prevalent in many
samples, is not the only phase, and is most of the time
associated with gypsum and celestite (Fernandez Rubio et
al. 1975). This demonstrates that the removal of SO42- from
the solution has not always been complete, and the final
products have first been gypsum and celestite, bringing
SO42- concentration to zero, and only later strontianite that
can also have formed by the transformation of the earlierformed celestite. In Serizjan Cave the strontianite is
relatively pure, so the removal of SO42- appears to have been
complete before the deposition of strontianite from solution.
If the first two conditions are satisfied, then a third condition
has to be reached before strontianite can form in a carbonate
environment. The ratio of Sr/Ca has to be greater than 0.1
at 25 °C (Helz and Holland 1965), a condition at which both
calcite and strontianite are saturated.
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4. Final remarks
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Castillo R, Rojas Pacheco E, 1975. Estudio de la Sima termal
de las Fumarolas (Montevives, Granada, España). Annales de
Spéléologie, 30(2), 287–302.

The presence of pure strontianite inside some solution
pockets or an enlarged fracture in the walls of Serizjan
Cave, a carbonate cave in SW Iran, can only be explained
by the circulation of low temperature thermal waters. Under
these conditions the thermal fluids – initially saturated in
calcite and undersaturated in strontianite – cooled and
turned corrosive towards the limestone, thus becoming
supersaturated respect to strontium carbonate. To
definitively verify this genetical hypothesis, further
analyses and more detailed observations are required – not
only inside Serizjan Cave, but also in the Sima de las
Fumaroles and in the cave in the Terrace Mountains.
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SKELETON CRYSTALS OF CRYOGENIC GYPSUM FROM KUNGUR
ICE CAVE, URAL MOUNTAINS, RUSSIA
Olga Kadebskaya, Ilya Tchaikovsky
Mining Institute of Ural Branch of Russian Academy of Sciences – Sibirskaya78a – 614007 Perm, Russia;
icecave@bk.ru

Investigation of new cryogenic formations from the Kungur Ice Cave allowed identifying, for the first time, unusually
large individual crystals of gypsum, some reaching 5 mm or more. The main influencing factor in the formation of the
new gypsum crystals is the microclimate of karst cavity. The cave is being the laboratory where the processes of modern
formation of minerals (cryogenic among them) can be observed. The variety of forms existence of water (liquid, ice,
vapor), the character of air moving and thermal regime are defined by diversity of microclimatic zones and geochemical
barriers. All these conditions specify such a wide variation of crystallomorphological features of newly formed cryogenic
gypsum. The mineral component was filtered from the liquid water and studied (morphology and chemical composition)
with a scanning electronic microscope (SEM) VEGA 3 LMH with a system of the x-ray energy-dispersive microanalysis
INCA Energy 350/X-max 20. It was found that most of the subindividuals within aggregates are twins with a complex
skeleton structure. The skeleton structure of gypsum individuals is determined by presence of internal partitions, oriented
according to the faces of two or three pinacoids ({010}, {100}, {001}) and two prisms ({120} {111}), that is, parallel to
the faces defining crystal shape. Such formations of mineral objects have not been observed before and this paper discusses
the most possible mechanisms responsible for their formation.

1. Introduction

plateau to 200–300 units in the slope and over 500 units per
square kilometer in the selvedge of the massif (including
the cave).

The Kungur Ice Cave is located in Eastern Europe on the
outskirts of the old Russian town of Kungur. In
physiography terms, the region surrounding the cave area
lies in the Eastern part of the Russian (East European) plain
and is limited to the juncture of two geographical areas –
the High Trans-Volga (Zavolzhye) and the Ufa plateau. The
region is often called Pre-Urals due to its proximity (about
100 km) to the Ural Mountains.

The massif and the cave act in all respects as a model of
conjugated evolution of surface and subsurface forms of
carbonate and sulphate karst. Unlike well-known gypsum
caves of Europe (Germany, Spain, Italy, Poland and
Ukraine) formed in the Trias and Miocene gypsum, the
Kungur cave developped in the much older sulphate strata
– those of the lower Permian section. Air circulation
characteristics, cave morphology as well as regional climate
are conducive to the formation and accumulation of
different ice forms in the cave, including perennial ice
(underground ice mounds). Due to more severe climatic
conditions in the region and peculiarities of the cave air
exchange with environment, underground ice persists in the
cave year-round despite low hypsometric marks of the
terrain (120 m above sea level) – in contrast to East
European ice caves, located from 969 m (Dobshinskaya Ice
cave) to over 1,100 m above sea level (e.g., Eiseriesenwelt,
Scărișoara and others).

The cave is widely known in Russia and abroad as the most
interesting speleological tourism attraction, as a kind of
“visiting card” of the Perm Krai. Over 5 million tourists
have visited the cave since the early XXth century. In the
last 5 years, annual attendance is on average 90,000 people,
but in the mid-1980s the number of tourists amounted to
200,000 people a year.
The cave has attracted keen interest of naturalists for about
300 years. It has been reviewed in about 100 popular and
over 500 scientific publications. Detailed stationary
geological, speleological, biological and other observations
have been made there for the last 50 years.

The cave constitutes a fairly special environment for
mineral formation, which is characterized by:

2. Geography and geology

• mainly sulphate, less so carbonate, lithologic background
of the cave host rocks (gypsum, anhydrite, dolomite,
limestone, and clay);

The Kungur Ice Cave has been developed in the interfluvial
gypsum-carbonate massif, cut from the south by the major
river Sylva and from the north by the Shakva River. The
water regime, both in the past and in the present, is closely
related to the Sylva River. The “Ledyanaya Gora” massif is
a plateau-like, strongly karstified elevation, rising at
90–96 m above the river valley beds. The massif slopes are
steep, with fragments of fractured terraces. The karst relief
of the interfluvial plateau is notable for its morphological
diversity. Density of karst forms on the Ledyanaya Gora
ranges from 150–200 units in the watershed part of the

• abundant moisture (infiltration of rain, surface snow melt
and groundwater, underground lakes, periodic floodwater
with suspension, condensation moisture, etc.);
• in general cool (0 to +4 °С) and cold (below 0 °С) air
temperatures;
• microclimatic inhomogeneity manifested in the air
temperature zonality, seasonal migration of microclimatic
zones, and vertical stratification of the air column;
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Figure 1. Cryogenic gypsum from the Grotto Pervy, frozen in the ice in summer and released by sublimation of ice during winter.

Investigation of cryogenic formations from the Grotto
Pervy allowed identifying unusually large crystal
individuals of gypsum, some reaching 5 mm or more, which
has never been noted before. Their formation was
associated (Tchaikovsky and Kadebskaya 2009) with multiseasonal temperature fluctuations, followed by

• considerable amounts of underground ice, especially in
the winter-spring time, and thermal instability of climatic
conditions, particularly in off-season time (spring and
autumn), which brings about changes in the phase state of
water;
• penetration (from the surface – through the sinks) of
clastic, argillaceous and soil materials containing fair
quantity of organic matter.
The above conditions in the cave predetermine considerable
variety of conditions and factors of mineral formation, the
most important and interesting of which seems to be the
cold setting favorable to the formation of cryogenic mineral
formation.

3. Methods
The mineral component was filtered from the liquid water
and examined (morphology and chemical composition)
with a scanning electronic microscope VEGA 3 LMH with
a system of the x-ray energy-dispersive microanalysis
INCA Energy 350/X-max 20.

4. Results and discussion
The first cryogenic gypsum in karst cavities was decribed
by Polyakov (1880) and Fedorov (1884) as “gypsum flour”
on the surface of ice in the Kungur Ice Cave.
Recent studies of the cave (Andreychuk and Galuskin 2001)
showed that “flour”, sampled between the Brilliantovy and
the Polarny grottoes, consists of two morphological types
of gypsum aggregates. The first one is represented by
individual crystals and their parallel intergrowths, up to
300–400 μm large. The presence of case-like individuals
was interpreted as the result of an interrelated formation of
gypsum and ice crystals. The second type of aggregates
(size 50–100 μm) – crystalline crusts (with signs of
spherulitic growth) – is predominantly perpendicular to the
ice surface. Formation of gypsum was associated with the
crystallization in thin layer of water on the ice surface, and
the accumulation of “flour” – with its release during ice
evaporation.

Figure 2. Interlayer enriched with aggregates (2–5 mm) and
spherulites (3–6 mm) of gypsum in ice.
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Figure 3. Aggregates (2–5 mm) consisting of needle and fan-shaped subindividuals, single crystals of gypsum and their aggregates
from the Grotto Pervy.

aggregates. It was noted that the microcrystals could both
grow on aggregates and serve as seeds for the latter. These
relationships suggest alternating normal smooth face
growth with the split one, related to strong supersaturations,
what comports with the concept of repeated
recrystallization of gypsum material. Registered were both
relatively simple aggregates and zonal ones, formed by
three (annual) generations.

recrystallization of both ice and gypsum material, according
to the mechanism proposed by Dorofeev (1966). He
believed that the large “flakes” are connected with
recrystallization of wet microcrystals (“flour”). The
specificity of the Grotto Pervy, in contrast to the other parts
of the cave, is in the cold temperatures maintained
throughout the year, rapid freezing of the infiltration and
floodwater coming in the Grotto during spring and summer,
and intensive evaporation in winter, due to the high velocity
of the air coming through the entrance tunnel and the old
entrance.

Fundamentally new information was obtained by the
investigation of these structures with a scanning electron
microscope VEGA 3 LMH with the X-ray energy dispersive
microanalysis INCA Energy 350/X-max 20. It was found
that most of subindividuals within aggregates are twins with
a complex skeleton structure (Fig. 4).

Thus, cryogenic gypsum hides under a layer of ice by late
summer and accumulates again on its surface by spring.
The cryogenic gypsum morphology study under a binocular
microscope has found that its aggregates are composed of
needle subindividuals that form three-dimensional or flat
formations, similar to a fan (Fig. 3). Conventional tabular
microcrystals (size 0.2–0.5 mm) of gypsum were observed
as separate individuals, as well as intergrown with split

The skeleton structure of gypsum individuals is determined
by the presence of internal partitions, oriented according to
the faces of two or three pinacoids ({010}, {100}, {001})
and two prisms ({120} {111}), that is, parallel to the faces
defining crystal shape.
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Figure 4. The internal skeleton structure of crystals caused by the presence of partitions oriented parallel to the faces.

5. Conclusions

crystallization. This effect should be particularly strong
on the fast-growing faces of the prism. Perhaps, it is this
phenomenon that causes the growth of a certain portion
of ice, which blocks normal growth for a certain time.
That is, the skeleton crystal is the result of the alternating
growth of gypsum and ice.

Unusually large cryogenic formations of gypsum, some
reaching 5 mm or more, were found in the Grotto Pervy of
the Kungur Ice Cave. Their examination found that most of
subindividuals are twins with a complex skeleton structure,
determined by internal partitions, oriented according to the
faces. Such formations of mineral objects have not been
observed before. Several mechanisms may be suggested to
explain their nature.

2. Most skeleton individuals are twins. Under rapid
supersaturations, there might be an accelerated growth
along the most energetically favorable twin seams and a
delayed growth along other faces, which creates chamber
structure of crystals.

1. It is known (Wallace 1946) that gypsum dissolution, in
the absence of sodium chloride, is proceeded with release
of heat and, therefore, the growing gypsum individual
has to create a zone of supercooling around itself during

3. The most unlikely formation scenario for such
individuals is the disintegration of the solid solution of
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calcium sulphate which contains more than two
molecules of water. However, chemists or mineralogists
have not yet known such a compound.

Tchaikovsky II, Kadebskaya OI, 2009. Cryogenic gypsum of
Kungur Ice Cave. Problems of Mineralogy, Petrology and
Metallogeny. Col. of articles. Perm. Univ. Perm, 12, 85–90.

Identification of the reasons for such individuals formation
may hold the key to create the innovative construction
materials through the use of cold.

Polyakov IS, 1880. Anthropological trips to Central and Eastern
Russia. Notes of the Anthropological Society. St-Petersburg,
Encl. to vol. 37, 12 p.
Fedorov YeS, 1884. Observations in Kungur Ice cave. Notes of
the Mineralogical Society. The 2nd series, 19, 191 pp.
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ALLOPHANE MOONMILK FROM A GRANITE-GNEISS CAVE IN
NORWAY: A BIOGENIC INTERMEDIATE IN DEEP WEATEHRING?
Stein-Erik Lauritzen
Department of Earth Science, Bergen University, Allegaten 41, N-5007 Bergen, Norway, Stein.lauritzen@geo.uib.no

The first occurrence of allophane as a speleothem-forming cave mineral in Norway is reported. It occurs in a fissure
cave developed in granitic gneiss and appears to be formed by CO2 degassing (or microbiological action) from acidic
seepage water originating from humic ponds and small bogs on the surface above the cave.

1. Introduction

organics within the material. The above-mentioned clay
which appears to be derived from wallrock feldspar,
displays a similar composition as the moonmilk (Si: Al = 1:2),
but has a more crystalline appearance under SEM. Both
materials lack the potassium present in the intact wallrock
feldspar (Fig. 4). The XRD pattern shows no crystalline
peaks.

Previous studies of cave minerals in Norway have revealed
calcite as a moonmilk-forming mineral (Onac and Lauritzen
1995). Recently, we have initiated a geobiological
investigation of moonmilk deposits in karst caves in the
country, including the classic location of Høeg (1946)
where cyanobacteria were first detected in moonmilk. In
this communication, a deviant example of noncarbonaceous moonmilk from a non-karstic location is
presented, where allophane is a probable candidate.

2. Observations
During a mapping project of fissure and marine abrasion
caves in the Brønnøy area, Northern Norway (Fig. 1), a
massive moonmilk deposit was located in a pseudokarst
cave. The fissure (“Svarthola2”) is developed in granitic
gneiss (Lauritzen et al. 2011) along vertical fissures. The
caves display features of chemical weathering (tafoni) as
well as marine abrasion (polished rocks and allogenic
rounded boulders). Fine-grained, sticky clays of pale pink
to light brown colors are found inside tight terminations of
the guiding fractures. In a side-passage, where wall
morphology is dominated by mechanical breakdown (frost
or tectonic stress?) a large deposit of a soft, moonmilk-like
mass is found covering both walls and ceiling of the vertical
fissure. In contrast to the rest of the cave, which is
essentially dry under normal weather, there is considerable
seepage over the deposit (Fig. 2). It covers several square
meters of the cave walls. On the sloping wall, it has microgour and runnel morphology; on the hanging walls,
stalactitic morphology is found. Everywhere the mass
appears wet and “fresh”, no patches of hardened or driedup material could be seen.

Figure 1. Location of the Brønnøy area, North Norway.

3. Discussion
The situation in a “granite cave”, macroscopic and
microscopic appearance, elemental composition and
amorphous nature from XRD analysis, suggests allophane
as a likely candidate (Ramdohr and Strunz 1967).
Allophane is well known from caves as a speleothemforming mineral (Hill and Forti 1997), including moonmilk.
It is also reported from non-karstic (granite) caves (Webb
and Finlayson 1984, 1985; Finlayson and Webb 1985). The
site has been subject to microbiological sampling and
genome analysis. Results are pending.

The material was sampled and investigated by scanning
electron microscopy, EDX analysis of elemental
composition, X-ray diffraction, and simple chemical tests.
Upon acid treatment, there is no evolution of gas (CO2), the
material dissolves slowly in HCl to an opaque solution.
Under SEM magnification, the material displays aggregates
of rounded flakes, approximately 1–2 µm diameter (Fig. 3).
The elemental composition suggests Si: Al approximately
1:2. There is a variable signal from carbon, but since there
is no gas evolution by acid treatment, we suspect it stems
from the conductive tape used in the mount or from
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4. Conclusions and future aspects
This is the first observation of allophane as a cave mineral
in Norway and also as a moonmilk-forming material. It
appears to be linked to and derived from the seepage water,
which is originating from peat-rich ponds and small bogs
on the surface above the cave. This may support the
previously suggested formation mechanism of Webb and
Finlayson (1984), where allophane is precipitated by CO2
degassing from dissolved or colloidal alumina species, in
part mediated by humic acids.
If mediated by microbiological processes, the formation of
allophane might represent an intermediate stage in
deepweathering of feldspar- and quartz-rich rocks, like the
present granitic gneisses, where perhaps crystalline clays,
like kaolinite, may be the end-product. A microbiological
sampling program at the site was initiated in May 2012 to
further investigate these possibilities.

Figure 2. The moonmilk deposit.
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CALCITE SPELEOTHEMS IN PSEUDOKARST TJUV-ANTES GROTTA,
NORTHERN SWEDEN
Johannes E. K. Lundberg1, Magnus Ivarsson1, Therese Sallstedt1,2, Rabbe Sjöberg3, Juan Ramón Vidal Romaní4,
Love Dalén1, Stina Höglund5
1
Swedish Museum of Natural History, P.O. Box 50007, SE-104 05 Stockholm, Sweden, johannes.lundberg@nrm.se,
magnus.ivarsson@nrm.se, therese.sallstedt@nrm.se, love.dalen@nrm.se
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Biologisk Institut, Syddansk Universitet, Campusvej 55, DK-5230 Odense M, Denmark
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Bodviksvägen 14, SE-913 42 Obbola, Sweden, rabbe.sjoberg@telia.com
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Tjuv-Antes grotta (Tjuv-Ante’s Cave) is a 30 m long round-abraded sea cave (“tunnel cave”) formed along a dolerite dyke
in granite gneiss. The cave was formed during a relatively short period about 7 ka ago. In the inner part, on the dolerite
ceiling and walls, are several coralloid and crust forming speleothems. The main speleothem forming mineral was identified
as calcite, and later research has focused on the role of the microorganisms (in particular fungi and bacteria) in the
precipitation and erosion of the speleothem. DNA has successfully been extracted from young and old (ca. 1 ka) speleothem
and preliminary results show a dominance of Actinobacteria and Proteobacteria. Actinobacteria (actinomycetes) seems to
play an important role in the formation of speleothem while a fungal community plays both a constructive role, as they
stimulate calcite precipitation, and are being incorporated in the speleothem, and a destructive role as they actively bore
and dissolve the calcite.

1. Introduction
Although often not as spectacular as their karstic
counterparts, speleothems in granitic caves are fairly
common (Vidal Romaní et al. 2010). The most common
mineral is opal-A (Vidal Romaní and Vaqueir 2007), a noncrystalline, amorphous and hydrated form of silica, while
calcite so far has not been reported as speleothem forming
mineral from granitic caves. Tjuv-Antes grotta (Tjuv-Ante’s
Cave) in Västerbotten County, northern Sweden, is a roundabraded sea cave (“tunnel cave” sensu Sjöberg 1986). It is
located in Storrisberget’s Nature Reserve (N63°35.6’
E19°22.8’, 90 m a.s.l.), and the about 30 m long cave is
formed along a dolerite dyke in granite gneiss (Sjöberg
1982). Its formation took place during a relatively short
time about 7 ka ago at a time when the post-glacial rebound
exposed the dolerite dyke for the plucking and polishing
effects from the high-energy waves and the pebbles and
cobbles it carried (Sjöberg 1982). In the inner part of the
cave one of us (RS) observed speleothems already in the
late 1960’s. Samples were recently sent to JVR who
concluded that the speleothems are mainly composed of
calcite with an associated microflora. The presence of
calcite speleothems in a basically granitic cave thus
prompted a more detailed investigation.

early May 2011. During the sampling, we made sure not to
handle the specimens with ungloved hands. The specimens
were wrapped in aluminum foil, and stored on ice during
the transportation to the Swedish Museum of Natural
History (NRM), Stockholm, and transferred to freezer
(-20 °C) where they were stored until analysis. Samples of
nearby non-mineralized biofilms (colonies) were collected
in glass tubes and also stored on ice until transfer to freezer.
A subset of the samples was sent to JVR in A Coruña, Spain,
where they were analyzed using Scanning Electron
Microscopy (SEM) coupled with Energy Dispersive
Spectrometry (EDS). At NRM, they were analyzed with
Environmental Scanning Electron Microscopy (ESEM)
coupled with EDS. δ13C analysis were also performed on
two speleothem samples, using a Carlo Erbas NC2500
analyzer connected to a Finnigan MAT Delta V mass
spectrometer. One sample was radiocarbon dated. Samples
of the biofilms were stained using the dye DyLight
488 NHS ester and analyzed under fluorescent microscopy.
At the Ancient DNA laboratory at NRM, one speleothem
was sampled for DNA extraction and sequencing.

3. Results
The speleothems were exclusively found on dolerite in the
innermost part of Tjuv-Antes Grotta (Fig. 1). We observed
three morpho-types of speleothems in Tjuv-Antes Grotta
(Fig. 2). Type 1 is coral-like speleothems consisting of
globular calcite cemented into 1–4 cm long, elongated
finger-shaped coralloids (Fig. 2A). They were apparently
actively growing on the cave wall and ceiling, and often
covered in a brown-black biofilm. Type 2 includes popcornlike smooth and rounded speleothems, resembling the
coralloid fabrics to some extent (Fig. 2B). Type 3 are
smooth calcite crusts that often exhibits small evenly
polished protrusions, and resembling a highly eroded

2. Material and Methods
Tjuv-Antes Grotta lies in the cold temperate zone, but near
the subarctic, with a climate characterized by large
temperature variations. The January mean temperature is
about -10 °C, while the July mean temperature is around
+15 °C; the annual mean temperature is close to +5 °C. The
mean precipitation is 700 mm/year, with about 35 % of the
precipitation falling as snow (SMHI 2012).
Samples from four locations in the cave were collected in
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version of the coralloids (Type 1); this type is often covered
in dark biofilms, and is more moist than the other two types
(Fig. 2C).

A microfabric analysis of vertical profiles reveals that the
speleothems have accreted in cycles (Fig. 2D), with
alternating dark and lighter layers. These layers can be
distinguished in elemental composition; the light layers
consist of almost pure calcite, while the silica content is
high in the dark layers. There are also elevated levels of Mg
and C in the dark layers. The C14-dating gave an age of
1259±30 years B.P. The δ13C measurements of the calcium
carbonate range between 9.0 and 11.0‰, suggesting an
inorganic source for the carbon.
There are mainly two distinct types of biofilms associated
with the speleothems: a recent mycelium-like community
around the top of the coralloids (Fig. 2E), and a biofilm
dominated by small filaments (Fig. 2F) associated with
spore-like coccoids (Fig. 2G). The filaments, about 1µm in
diameter, are partly incorporated, partly protruding from the
matrix, and septated and branching. The mycelium-like
filaments are larger, 10–20 µm in diameter, and differ in
coloration, and are mostly associated with micro-erosional
forms on the speleothem, but also show incrustations with
calcite (Fig. 2E).
The non-mineralized biofilms were located to fractures in
the dolerite on the innermost wall (Fig. 3A). The biofilm is
dominated by filaments, only a few µm in thickness and
with coccoidal structures, imbedded in a matrix of
extracellular polymeric substances (EPS) that also

Figure 1. Map of Tjuv-Antes Grotta, Västerbotten, northern
Sweden. The location of the speleothems is indicated in dark grey,
and the location of the living biofilms in light grey (modified from
Sjöberg 1982).

Figure 2. Microphotographs by optical microscopy, ESEM images and SEM images. A: Type 1, coral-like speleothems. B: Type 2,
popcorn-like speleothems. C: Type 3, smooth calcite crust speleothems. D: Profiles of a speleothem with alternating dark and lighter
layers due to cyclic accretion. E: Recent mycelium-like community usually found around the top of the coralloids. F: Biofilm dominated
by small, protruding filaments. G: Spore-like coccoids associated with the biofilm.
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incorporates mineral fragments (Fig. 3B, C). These mineral
fragments are dominated by carbonates that appear to be
precipitated in the biofilm, but also fragments of the dolerite
(composed of Fe, Si, Al, S, Mg, K, Mn, and Ti) are frequent.
The fluorescence microscopy revealed that the coccoidal
structures are sacs containing smaller, spore-like structures
(Fig. 3D).

in Tjuv-Antes Grotta thus seem to consist of heterotrophs,
probably living of organic matter transported from the
surface by percolating fluids and/or on the bacterial
communities. It is not known if there are any
chemoautotrophs in the dolerite that can act as a carbon
source for the heterotrophic communities on the cave walls.

The DNA is still under analysis, but preliminary results
show that large amounts of DNA were extracted, and that
they represent several distinct phylogenetic lineages.

4.2. Mineralogy
Both the speleothem and the active biofilms are
concentrated to the dolerite; no speleothems are found on

Figure 3. A: Photograph of the modern, non-mineralized biofilms located to fractures in the dolerite on the innermost wall. B, C: ESEM
images of the biofilm with filaments and coccoidal structures imbedded in a matrix of extracellular polymeric substances (EPS) that
also incorporates mineral fragments. D: Samples of the biofilms stained using the dye DyLight 488 NHS ester and analyzed under
fluorescent microscopy, which revealed that the coccoidal structures are sacs containing smaller, spore-like structures.

4. Discussion

the granite. This makes Tjuv-Antes Grotta most related to
volcanic (basalt) caves with respect to secondary
mineralizations. The calcium content is high in dolerite
compared to granite, due to the presence of anorthite, a
calcium-rich plagioclase. This readily explains the presence
of calcite speleothems in many volcanic caves (White
2012), and also in Tjuv-Antes Grotta. The mechanism of
calcite speleothem formation in volcanic caves is the same
as in limestone caves, where meteoric water supersaturated
with calcium precipitates calcite in the cave environment.
The difference between limestone caves and caves in mafic
rocks (e.g., volcanic caves and dolerite caves) is the source
of calcium. In the mafic rocks calcium is likely to be
derived from the breakdown of anorthite and not from
calcium carbonates as in limestone. Even if anorthite is the
least stable of the common mafic minerals, its breakdown
is normally much slower than the dissolution of limestone,
explaining the less developed speleothems in mafic caves,
together with the much younger age of many volcanic
caves.

4.1. Biofilms
From the morphology, the thinner filaments found both in
the non-mineralized wall biofilms and on the growing
speleothems, can be attributed to the bacterial order
Actinomycetales (Miyadoh et al. 1997). This is a diverse
and large group of bacteria with a global distribution in
particular in soils but also from various types of caves
including karst, lava tunnels and granitic caves (Groth et al.
1999; Jones 2009; Northup et al. 2011; Porca et al. 2012).
It is however likely that the biofilms do not consist of
actinomycetes exclusively but of various bacterial
communities, which will be characterized in future
molecular studies, even if the actinmycetes appear to be the
dominating group of bacteria in Tjuv-Antes Grotta. The
dominance of actinomycetes in the cave is expected: both
the low temperature and the relatively high humidity are
factors that promote growth of actinomycetes in caves
(Groth and Saiz-Jimenez 1999). The thicker filaments are
consistent with fungal hyphae. The microbial populations
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4.3. Life cycle of the speleothems
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1

The U-series method is widely used to date cave carbonates. Generally, in stalagmites, every layer is cover by a younger
one, but locally the U/Th analysis reveals that some speleothem layers display a different age than expected given their
relative stratigraphic position. These results are omitted very often in palaeoclimate studies and considered just as
“anomalies”. Two samples of speleothems with anomalies from Castañar Cave (Spain) have been studied in detail in order
to decipher the causes involved in these processes of age modification. A stalagmite sampled at -20 m from the surface
displays an older than expected age and does not follow the stratigraphic order. This anomaly can be explained due to
enrichment in the daughter isotope, 230Th, or a leaching of the parent isotope, 238U. A pool rim sampled at -26 m displays
a younger age in the inner part of the speleothem than in the outer part. This anomaly can be explained due to enrichment
in the parent isotope 238U, or due to leaching of the daughter isotope 230Th. The exposure of the samples to continuous
natural dripping and the diagenetic processes observed, caused an alteration of the original age. The presence of these
diagenetic processes is only detectable through detailed petrographic analysis of the speleothems.

1. Introduction

know because of the obvious consequences for speleothem
dating and paleoclimate implications (Muñoz-García et al.
2007). The most important criterion for deciding if an age is
correct or not is that it should follow a logical stratigraphic
order, with the oldest age at the base and youngest towards
the tip (Kaufmann 2003; Romanov et al. 2008a).

Speleothem-based chronology studies are fundamental to
understand past climate events, timing speleogenesis
processes and the rates at which they occur (St Pierre et al.,
2009). The U-series analytical method is well-known for
dating (Frank et al. 2000; Hellstrom 2003; van Calsteren
and Thomas 2006). This dating method is based on the
disequilibrium between U and Th and among other uses, it
has application to the Quaternary carbonate materials and
speleothems. 230Th/234U radioactive isotopes begin with an
activity ratio equal to 0, that over time approaches 1 by the
decay of 234U to 230Th. Knowing the value of this
relationship and the decay constants is possible to calculate
the age of the samples (Hellstrom 2003). This method has
been widely used in rocks, which, in combination with the
analysis of 13C and 18O isotopes, are used to obtain
palaeoclimate curves (Kaufman 1998; Fairchild et al. 2006;
Spötl et al. 2008).

The basic characteristics for an ideal-for-dating speleothem
are, according to Borsato et al. (2003), 1. that it contains
sufficient amounts of U, 2. that it is not contaminated with
detrital Th particles, and 3. that it behaves as a closed
system in which no remobilization or input of U or its decay
products, especially 230Th, has occurred (Cherdyntsev 1971;
Gascoyne et al. 1978; Ford and Williams 2007). According
to Scholz and Hoffmann (2008) the breach of any of these
criteria along with errors during analysis or sample
preparation can generate anomalous ages.
In this work we try to analyze the reasons for the presence
of anomalous dating in the speleothems of Castañar Cave.
In this cave, most of the speleothems were originally
aragonitic in mineralogy. Aragonite, being an unstable
mineral, undergoes diagenetic processes that cause problems
in dating which are sometimes difficult to detect. Errors
during the preparation and analysis of the samples are
discarded as long as the anomalous results were repeated.

The U and Th isotopes are in secular equilibrium with the
host rock, which usually is at least several million years old.
However, percolation waters are well away from this
balance due to the different geochemical behavior of both
isotopes. Th is insoluble and therefore the ratio 230Th/238U
in drip water is 0; this is one of the bases of this dating
technique. By contrast, the U concentration in the drip
waters is well above the equilibrium because 234U is very
soluble (Scholz and Hoffmann, 2008). The initial 234U/238U
in drip waters can vary greatly depending on the age of the
host rock and the time of residence of water in the rock. In
any case this does not affect the application of the U/Thseries dating technique because the initial 234U/238U ratio is
not necessary for the calculations (Scholz and Hoffmann
2008).

2. Castañar Cave
Castañar Cave is located in the village of Castañar de Ibor,
in Cáceres, Spain. Geologically is located in the eastern
Iberian Massif (west-central sector of the Iberian
Peninsula), specifically in the Ibor Anticline which forms
part of a sector named Domain of Vertical Folds (DíezBalda et al. 1990). This domain is characterized by the
presence of broad antiforms of NW-SE direction (Fig. 1a).
The rocks of the area can be divided into two large
stratigraphic units, the Domo Extremeño Group and Ibor
Group (Álvarez Nava et al. 1988), separated by an

However, sometimes the U/Th analysis reveals speleothem
layers with inverted ages. When this occurs, these
anomalous results are simply omitted without a genetic
explanation. The origin of these anomalies is important to
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unconformity. Both units are mainly composed of shales
and greywackes, but the Ibor Group includes carbonate
beds close to the Neoproterozoic–Cambrian boundary.

seepage water occur in all the rooms. The temperature is
16.94 ºC with an annual variation of 0.09 ºC. The CO2
values in the cave atmosphere are 3,680 ppm with an annual
oscillation of 1,120 ppm (Sánchez-Moral et al. 2006). The
relative humidity is higher than 99.5 %, close to saturation
(Fernández-Cortés et al. 2010).

3. Materials and methods
The speleothems used for this study are a stalagmite
sampled at -20 m from the surface (Sample 1) and a pool
rim sampled at -26 m (Sample 2) (Fig. 1b). Both samples
are formed by aragonite and calcite.
Thin sections of the speleothems were examined by
petrographic microscopy. Due to their fragility, the
speleothem samples were embedded in a resin containing
Epofer EX 401 and Epofer E 432 in a vacuum system.
Mineralogical characterization was done by X-ray
diffraction using a Philips PW-1710 XRD system operating
at 40 kV and 30 mÅ, at 2º/min, with monochromated CuKα
radiation. XRD spectra were obtained from 2 to 66º 2θ.
U/Th dating was undertaken on samples between 5 and
100 mg cut from the speleothems by dental drill using the
procedure described by Hellstrom (2003). Radiometric
analysis used a Nu Instruments multi-collector ICP-MS at
the School of Earth Sciences of the University of
Melbourne. (230Th/238U) and (234U/238U) were determined
using a 229Th–233U mixed spike calibrated against a Harwell
uraninite (HU–1) solution. Age was calculated assuming an
initial 230Th/232Th activity ratio of 1.5 ±1.5 using equation 1
of Hellstrom (2006), although the effect of initial 230Th is
negligible in this case. (234U/238U) is calculated using
(234U/238U) and the corrected age.

Figure 1. a) Simplified geological map of the studied area. b) Map
of Castañar Cave. 1 and 2 correspond to the location of the
samples.

The climate of the area is mild continental with
Mediterranean influence. Mean annual temperature in the
area is about 16 ºC, and annual thermal oscillation is in the
order of 20 ºC. Precipitation shows strong interannual and
seasonal variability, with a mean annual rainfall amount of
750 mm mainly concentrated in winter (Ninyerola et al.
2005).

4. Results and interpretation
4.1. Petrography
Castañar Cave contains a large variety of speleothems
including frostwork, anthodites, helictites, stalactites,
stalagmites, columns, draperies, flowstones, coralloids,
crusts, gours, pool deposits and moonmilk. Most of the
speleothems are composed or contain high amounts of
aragonite. The other common mineral in the cave is calcite.

Castañar Cave is a maze cave consisting of a network of
galleries few meters wide and about 2 m high. The entrance
of the cave is located at 590 m above sea level. It is a
subhorizontal cave in which the deepest point is found at
-35 m below the surface. The cave galleries follow the
N150°E orientation (Fig. 1b) and the morphology of the
main structures of the area (Alonso-Zarza et al. 2011). The
cave was formed by dissolution of the carbonate levels of
the host rock and the subsequence collapse of the
siliciclastic beds. Some parts of the cave are covered by red
clays sourced from the partial weathering of the host rock
to clays. The red coating contrasts with the white
speleothems. No sand or other detrital material has been
found to indicate transportation inside the cave.

These speleothems of Castañar Cave are affected by
different diagenetic processes. These processes have been
described in detail by Alonso-Zarza and Martín-Pérez
(2008), Martín-García et al. (2009), Martín-García et al.
(2011) and Martín-Pérez et al. (2012). The samples used in
this work have undergone aragonite-to-calcite
transformation and micritization. The aragonite-to-calcite
transformation is a process in which the unstable polymorph
(aragonite) transforms into the stable one (calcite) in the
presence of water, also known as neomorphism (Folk,
1965). Micritization is a process of destruction of the
original structure of a carbonate by the formation of
microcrystalline textures (Reid and Macintyre 1998). In
caves it can be related to the phenomenon of condensation
corrosion (Sarbu and Lascu, 1997; Tarhule-Lips and Ford,
1998; Martín-García et al. 2011).

The composition of the cave waters is stable throughout the
year being rich in Mg2+, Ca2+ and HCO32-, with a mean pH
of 7.8. At present there is no flowing water in the cave,
although there are small pools and drip and capillary
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Figure 2. a) Polished hand sample. The dating points (grey) and the ages are indicated. b) Microphotography of the aragonite fibers of
the rim. Plain-polarized light. c) Calcite mosaic with aragonite relics. Cross-polarized light. d) Aragonite micrite. Plain-polarized light.

4.2. Dating

After the systematic dating of the speleothems, two of them
were found to have anomalous ages and thus were selected
for this study. These speleothems show different textures
and mineralogies.

Sample 1: To determine the duration of the aragonite-tocalcite transformation process, four samples were prepared
for dating. The samples were taken along the central axis
sampling all types of textures (Fig. 2a). The results obtained
were anomalous as the age of the outermost rim consisting
of aragonite was much older than the inner area composed
of a mosaic of calcite with aragonite relics. This could
indicate that the transformation of aragonite to calcite
occurred long after its formation, and so the younger age of
the aragonite transformed to calcite is not the age of the
formation of the primary mineral, but the age of aragonite
to calcite transformation

Sample 1 (Fig. 2a) is a stalagmite constituted of aragonite
and calcite, with three different textures: 1 – large crystals
(2 cm) of acicular aragonite form the rim and some inner
areas (Fig. 2b); 2 – a large mosaic of crystals of calcite
(≈ 5 mm) with aragonite relics that cross the calcite crystals
along the entire speleothem (Fig. 2c); 3 – in the areas of
contact between the two previous textures, an irregular zone
formed by a powdery white material which corresponds to
aragonitic micrite is commonly found (Fig. 2d).
Petrographic observations indicate that the sample has
undergone several stages of aragonite growth followed by
aragonite-to-calcite transformation of the inner parts.

The aragonite of the outer rim was sampled in two points,
one at the tip and other at the base of the rim. The points
are separated by 6 mm with an age difference of 138 ka
(57 and 195 ka). To check if the entire rim was the same
age, a third point from the lateral of the speleothem was
dated. This point gave an age of 46 ka, within the age range
expected.

Sample 2 (Fig. 3) is a pool rim. The nucleus over which the
sample grew is a fragment of shale from the host rock.
Macroscopically are two different areas, one of them is
homogeneous and compact (Fig. 3b) and the other one is
darker and fibrous with high porosity (Fig. 3c). Under the
microscope these areas correspond to two different textures.
The first of these, the innermost part of the sample
surrounding the host rock is constituted by a mixture of
aragonite fans of about 2 mm in length and a mosaic of
small calcite crystals (~ 0.25 mm) (Fig. 3c). The texture of
the outer zone constitutes the majority of the sample and
consists of a mosaic of calcite crystals with feather
morphology which have neither aragonite nor relic textures,
thus it has been considered primary calcite. (Fig. 3b). The
most probable diagenetic history of Sample 2 is the
crystallization of a layer of aragonite over the substrate.
Subsequently, the growth of a calcite phase formed the
second layer, which can be also the responsible for the
transformation of the inner aragonitic layer, resulting in the
mixed texture found today.

Sample 2: Both textures were dated; the first near the host
rock corresponds to the mixing zone of aragonite and calcite
(Fig. 3a). The second is in the outermost zone, where the
mineralogy is calcite. The results obtained show that the
inner part is about 231 ka old, while the outer part is older
and has about 241 ka.

5. Discussion
The anomalies detected in Sample 1, in which the
anomalous age is older than expected and do not follow the
stratigraphic order of the rest of the dates of the stalactite,
can be explained due to an enrichment in the daughter
isotope, 230Th, or a leaching of the parent isotope, 238U. The
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Figure 3 a) Polished hand sample. The dating points (grey) and the ages are indicated. b) Microphotography of the calcite crystals.
Cross-polarized light. c) Aragonite fibers (Ar) surrounded by calcite equant mosaic (Cc). Cross-polarized light.

enrichment of Th occurs when Th-bearing waters enter the
system and this detrital Th stays between the crystals
forming the speleothem (Borsato et al. 2003), thus the
amount of Th is higher with respect to the initial U, and ages
become older. On the other hand, U-leaching is produced
because of the high solubility of this isotope in the presence
of water. Water can leach the U leaving Th and making the
U/Th relation lower, thus the age seems older. Both
processes lead to a false enrichment in Th, thus the dating
gives older ages and do not fit the stratigraphy of the
sample.

new calcite and the aragonite that is still preserved.
Therefore, the age of the inner part does not correspond to
the deposition moment, but neither matches the time of
aragonite-to-calcite transformation.

6. Conclusions
Our results indicate that the data obtained through U/Th
dating may give anomalous ages especially if the initial
mineral is aragonite. The possible causes of the anomalies
are variable: U-leaching, U input or Th input.

The petrographic observations and X-ray diffraction of
Sample 1 prove that there is no detrital contamination. The
age that corresponds to the outermost dated point has a
higher anomaly than the one that is immediately below
since that is more exposed to dripping. Dabous et al. (2000)
described U-leaching in speleothems of Waddi Sannur
Cave, Egypt, recognizing two periods of leaching related to
well-known stages of high rainfall in the Western Desert.

Sample 1 show an anomaly that causes an older than
expected age. This is presumably caused by the leaching of
the U. Th detrital enrichment would cause the same result,
but it has been discarded since no traces of detrital particles
were found throughout the sample. This leachate only
affects the speleothem tip, in this case a stalagmite, since
that is where it receives the dripping.
The anomaly found in Sample 2 causes a younger than
expected age. This is due to an U input in the system. Th
leaching is unlikely since it is insoluble in water. The
petrological studies allowed distinguishing aragonite-tocalcite transformation features in the area in which the
anomaly is found. Not being completly transformed the
aragonite to calcite, there is coexistence of both minerals,
therefore the obtained age does not represent the original
or the mineral transformation ages, but is a mixture of both.

In the case of Sample 2, the age founded in the inner part
of the speleothem is younger than in the outer part. The
anomaly can be explained due to enrichment in the parent
isotope 238U, or leaching of the daughter isotope 230Th. The
diagenetic processes such as dissolution-reprecipitation and
recrystallization cause an alteration in the original age,
causing the ages to become younger because of the addition
of U to the system (Muñoz-García et al. 2007). These
processes take place when cave waters percolate the
speleothems through the porosity causing dissolution and
reprecipitating new minerals (Frisia et al. 2000, 2002).
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The Diana Cave in SW Romania develops along a fault line at the contact between Late Jurassic limestones and Early
Cretaceous marls. It formed through corrosion of bedrock (limestone and marls) by sulphuric acid-rich steam condensate
resulted after oxidation/hydrolysis of H2S escaping from the thermo-mineral water emerging from depth in the cave. The
sulfuric acid causes a strong acid sulfate weathering of the bedrock generating a sulfate-dominated secondary cave-mineral
assemblage that includes gypsum, anhydrite, bassanite, epsomite, alunite, and halotrichite group minerals. Closely
associated with these minerals are two rare sulfate species, namely rapidcreekite and tamarugite that represent new
occurrences in limestone caves. Traditional X-ray diffraction and single crystal analyses were used along with scanning
electron microscope (SEM), stable isotope, and electron microprobe investigations to fully characterize the primary and
secondary speleogenetic by-products of Diana Cave.

1. Introduction

its relationship with the karst of the Cerna Valley has been
described in details elsewhere (Povară et al. 2008; Wynn et
al. 2010).

Sulfates are the largest group among cave minerals with 89
species which form in a variety of settings (Hill and Forti
1997; Onac and Forti 2011a, b). Of these, only gypsum,
epsomite, and mirabilite may be considered common for
the cave environments, with gypsum perhaps the second
most frequent cave mineral after calcite (Onac 2012). The
majority of the other sulfates only occur under very
particular settings, such as in caves located nearby ore
deposits or thermo-mineral water sources and in areas with
abundant post-volcanic activities.

The Diana Cave is located in the lower section of the Cerna
Valley (SW Romania), in the old center of Băile Herculane,
a famous thermal spa known for over 2000 years (Fig. 1).
It opens on the right bank of the Cerna River and consists
of a 22 m long cave passage at the far end of which the
Diana thermal springs emerge (Povară et al. 1972).

This paper provides an overview of the mineralogy of Diana
Cave, an active sulfide-rich thermal water geochemical
system. The study emphasizes the sulfuric acid origin of
this cavity and the rich mineral assemblage precipitated in
its steam-condensate environment.
Figure 1. Location of Diana Cave and the geology of the lower
Cerna Valley (from Pușcaș et al. 2013). 1. crystalline schists; 2.
wildflysch with olistoliths (K2); 3 Urgonian limestones (K1); 4.
Iuta strata (K1); 5. bedded limestones (K1); 6. nodular limestones
(J3); 7. conglomerates (J1); 8. crystalline basement (PreЄ); 9.
Diana Cave; 10. Diana 1 and 2 springs; 11. normal fault; 12.
thrust fault (Cerna fault).

2. Geology and cave settings
The geology of the Cerna Valley is complicated by the
occurrence of several nappe complexes, such as Getic,
Danubian, etc (Balintoni et al. 2010). Diana Cave develops
at the contact between nodular limestones (Late Jurassic;
J3) and dark grey Iuta marls (Late Cretaceous; K1), both part
of the sedimentary cover of the Danubian nappe
(Năstăseanu 1980) (Fig. 1). The major clay minerals within
the Iuta marls (forming the floor and lower part of the cave
walls) are illite, kaolinite, and chlorite (Diaconu and
Medeșan 1973). Their importance resides in the ions
released to the cave geochemical system upon reacting with
the H2SO4 that condenses on cave walls. Relevant to this
paper is that the cave passage formed along the Diana Fault
(Fig. 2), which brings in contact the Late Jurassic
limestones with the gray marls of Iuta strata (Năstăseanu
1980).

Diana Cave hosts two thermal springs (referred to as Diana
1 and 2, respectively; Povară et al. 2008). The waters are of
sodium-chloride-calcium type, contain on average 1,392.5
mg/L Na+, 725 mg/L Ca2+, 3,370 mg/L Cl-, and abundant
H2S degasses into the cave atmosphere. The thermo-mineral
water has a nearly neutral pH (~6.5), the total dissolved
solids amount ~5,760 mg/L, and its total sulfide and sulfate
concentration 37 and 92 mg/L, respectively (Marin 1984;
Wynn et al. 2010). In the early 70’s, the narrow cave
passage heading SE (Fig. 2) was enlarged to drain the
thermal water outside in a retention basin for further
therapeutic uses. During this work, the entrance cave

The regional hydrogeology of the region is rather complex;
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passage was also enlarged and the walls, especially where
the marl outcrops, were reinforced using concrete.
Therefore, the original cave morphology was heavily
altered, but since this happened, the strong acid sulfate
weathered the concrete and the cave walls are now exposed
on restricted areas allowing for sample collection.

4. Results

Corroborating the regional hydrogeology with springs
hydrochemistry, temperature, and sulfur isotopic
composition, Povară et al. (2008) and Onac et al. (2011)
concluded that the thermal waters around Băile Herculane
Spa (including the Diana Springs) represent deeply
circulating meteoric waters that are upwelling along
stratigraphic boundaries or faults.

Sulfur was first mentioned in this cave by Povară et al.
(1972) covering the halotrichite earthy aggregates. Later, it
has been documented as tiny aggregates suspended in the
upper part of the water column and as earthy masses
associated with other halotrichite-group minerals (Pușcaș
et al. 2013). The elemental sulfur forms when the sulphides
mobilized from deep anoxic reservoirs are rapidly oxidised
in the oxic section of the cave (see reactions below).

Using the methods listed in the previous chapter, we
positively identified 14 minerals that belongs to the group
of native elements, halogenides, carbonates, and sulfates
(Table 1).

HS- + ½O2 + H+ ➤ S0 + H2O
2H2S + O2 ➤ 2S0 + 2H2O
Halite occurs as sub-millimeter crystals intermixed with
tamarugite (Pușcaș et al. 2013). Its origin is most likely
related to the reaction between the Na+ in the Iuta marls and
the cave chloro-sodic thermal water (Diaconu 1974).
Calcite and aragonite are the only minerals in this cave that
are not related to the H2S-rich environment, being
precipitated by the percolating waters entering the cave.
Table 1. Minerals identified in the Diana Cave, type of speleothems
they form, and abundance (C: common; R: rare; VR: very rare).
Mineral
name

Chemical
composition

Speleothem type
and frequency

S

earthy aggregates, C

Halite

NaCl

crystals, R

Calcite

CaCO3

crusts; C

Sulfur
Figure 2. Map of the Diana Cave and the location of samples
(∨,⩛); dashed line = Diana Fault; arrows = air circulation pattern
(modified from Povară et al. 1972).

CaCO3

crystals, R

KAl3(SO4)(OH)6

efflorescences; R

Aragonite
Alunite

The water in the cave is milky due to suspended elemental
sulfur and sub-millimeter thin gypsum rafts precipitating at
its surface. The abundant sulfidic steam released by the hot
waters emerging from the Diana Springs condenses on the
colder bedrock surface. Subsequent oxidation/hydrolysis of
sulfides creates a sulfuric acid solution (pH between 2 and
4.5), which reacts with the bedrocks to form a variety of
sulfates and controls the resulting cave steam-condensed
weathering environment of the Diana Cave.

Anhydrite

CaSO4

crystals; R

Apjohnite

Mn Al2(SO4)4·22H2O

efflorescences; C

Bassanite

CaSO4·0.5H2O

crystals, R

Epsomite

MgSO4·7H2O

crystals; R

Gypsum

CaSO4·2H2O

crusts, rafts, flowers; C

Halotrichite

Fe Al2(SO4)4·22H2O

efflorescences; C

Pickeringite

MgAl2(SO4)4·22H2O

efflorescences; C

2+

2+

Rapidcreekite Ca2(SO4)(CO3)·4H2O
Tamarugite

3. Methods
Chemical analyses were performed using a JEOL 8900R
Superprobe electron microprobe (EMPA) instrument at the
Department of Earth Sciences, Florida International
University. The SEM investigations were carried out on a
JEOL 6490 LV operated in low vacuum mode and equipped
with an EDS analytical system in the Lisa Muma Weitz
Imaging Core Laboratories (University of South Florida).
Sulfur and oxygen isotopic composition of SO42- in bulk
sulfates and in specific minerals (hand picked under the
microscope) was measured in the Stable Isotope Laboratory
of the Department of Geology (USF) on a Delta V Isotope
Ratio Mass Spectrometer (IRMS) using a Costech
Elemental Analyzer. Analytical conditions and methods for
all these methods are available in Wynn et al. (2010), Onac
et al. (2009, 2011, 2013), Pușcaș et al. (2013).

NaAl(SO4)2·6H2O

crystals; VR
earthy aggregates, R

The first reported presence of anhydrite as a cave mineral
came from Diana Cave (Diaconu 1974), where it occurs as
acicular and prismatic crystals closely associated with
gypsum. Responsible for its precipitation seems to be the
presence in the CaSO4 solutions of high amounts of sodium
and magnesium. Gypsum is the primary speleogentic byproduct in Diana Cave and it occurs as crusts, crystals,
anthodites, moonmilk, and delicate rafts (Fig. 3a).
Halotrichite was one of the minerals identified and reported
by Povară et al. (1972). However, a year later Diaconu and
Medeșan (1973) published a more detailed study of the
yellowish-greenish efflorescences occurring on the Iuta
marls suggesting that the mineral is in fact pickeringite. The
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Figure 3. Diana Cave. Gypsum rafts (a); halotrichite-group minerals (b); SEM image of rapidcreekite (c).

site was resampled in 2007 and 2008 and X-ray analyses
not only confirmed the presence of halotrichite and
pickeringite, but also identified the Mn2+ end-member of
this group, apjohnite (Onac et al. 2009) (Fig. 3b). On three
of the X-ray spectrum peaks for alunite were also identified.
All these minerals formed in the acid-condensate microenvironment on the expanse of the clay minerals from Iuta
marls.

coordinates. Rapidcreekite unit-cell parameters are:
a 15.524(2), b 19.218(3), c 6.161(1) Å; V 1838.1 Å3, Z=8,
space group Pcnb. Chemical composition (wt. %): CaO
35.65, SO3 24.97, CO2 13.7, H2O 23.9, Na2O 0.291, MgO
0.173, Al2O3 0.07, total 98.75 %. The empirical formula
based on 11 oxygen atoms per formula unit is:
Ca1.98Na0.029Mg0.013Al0.004(S0.971O4)(C0.97O3)·4.13H2O, very
close to the ideal chemical formula.

Both bassanite and epsomite appear as fibrous micrometer
size crystals in patchy white efflorescence covering the cave
walls. The precipitation of epsomite is favored by the
presence of magnesium in the thermal water and limestone
bedrock, which combines with the sulfate-rich solutions
condensing on the walls. Bassanite likely resulted through
the partial dehydration of gypsum during winter seasons
when cold, drier air enters the cave and evaporation occurs.

The isotopic composition (δ34S and δ18O) of rapidcreekite,
gypsum, and bulk sulfate minerals occurring as crusts and
efflorescences is homogeneous, showing 34S-enriched δ34S
values (18 to 19.5 ‰ CDT) whereas the δ18O values (in the
sulfate site) range from -9.7 to -7.8 ‰ VSMOW.

Tamarugite forms dull white earthy aggregates that under
SEM reveal tabular subhedral crystals smaller than 15 μm
in length. The sulfuric acid alteration of marls (which
contributes Al3+ and Na+; see reaction below) seems to be
responsible for this unique occurrence of tamarugite
(Pușcaș et al. 2013).
Al2[(OH)4|Si2O5] (kaolinite) + 2Na+ + 4SO42- + 6H+ +

Considering that Diana Cave’s passages were heavily
impacted by the mining activities described earlier, it is
impossible to recognize any diagnostic features (cupolas,
feeders, etc.) of sulfuric acid speleogenesis. However, the
cave is an active sulfuric acid environment generated by the
oxidation/hydrolysis of the H2S in the hot thermal water and
cave atmosphere:

11H2O ➤ 2 NaAl(SO4)2·6H2O (tamarugite) + 2H4SiO4

H2S + 2O2 ➤ SO42- + 2H+

This is the first time when this minerals forms in a typical
limestone cavity that has no relationship to any past or
present volcanic activity.

Due to the presence of abundant H+ in the system (both in
the water and steam), limestone weathers according to the
reaction below:

The sulfate-dominated primary and secondary cave-mineral
assemblage also includes rapidcreekite, intimately
associated with gypsum and halotrichite group minerals.
Rapidcreekite forms bundles of colorless tabular rhombic
crystals elongated along [001] and reaching up to 1.5 mm
in length (Fig. 3c). The reaction suggested by Onac et al.
(2013) to lead to rapidcreekite deposition is:

CaCO3 + 2H+ ➤ Ca2+ + H2O + CO2

5. Conclusions

This very efficient aggressive weathering of the carbonate
bedrock (Polyak and Provencio 2001; Palmer 2007) extends
from below the water table up to the ceiling of the cave,
being responsible for the development and further
enlargement of its passages. In addition, the H2S-rich steam
condensate favors the development of an acid-sulfate
weathering environment that is conducive to the
precipitation of the primary and secondary speleogentic
minerals described above.

3Ca2+ + 2HCO3- + SO42- +3H2O ➤ Ca2(SO4)(CO3)·4H2O
+ CaCO3
For a confident identification of rapidcreekite from a karst
cave, a precision single-crystal study was performed at the
University of Vienna (Onac et al. 2013). The crystal
structure was refined starting from the atomic coordinates
given by Cooper and Hawthorne (1996). The increased
accuracy is mainly based on the larger number of observed
reflections due to the use of an area detector, which allowed
establishing the location of the H atoms in a difference
Fourier summation and the refinement of their atomic

The δ34S values of the sulfate samples from the Diana Cave
indicate an almost complete, sulfate-limited thermo-sulfate
reduction (high H2S/SO42-) under anoxic conditions; they
are consistent with an oxidation of dissolved sulfide in
springs of the lower Cerna Valley described by Wynn et al.
(2010). This suggests that S in the investigated sulfate
minerals is derived from dissolution of primary evaporites
from marine limestone followed by reduction in the thermal
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aquifer and re-oxidation in the cave atmosphere. The δ18O
values of the sulfate minerals indicate an abundant 18O
exchange with H2O(l) during hydration and near complete
exclusion of oxygen derived from O2(aq) in sulfate minerals
from the Diana Cave (Onac et al. 2011).
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The results reported in this note provide further evidence
that apart from expected speleogentic primary by-product
minerals such are gypsum and alunite, other rarer phases
(i.e. tamarugite and rapidcreekite) precipitate in the sulfiderich steam condensate environment of Diana Cave if
optimal pH, geochemical ingredients, and relative humidity
conditions are met. These settings, however, are essentially
different from other non-carbonate caves or terrestrial
records previously documented for the last two minerals.
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THE LIFE CYCLE OF SPELEOTHEMS,
WITH POSSIBLE IMPLICATIONS FOR RADIOMETRIC DATING
Charles Self
University of Bristol Spelaeological Society, UK, self@globalnet.co.uk

All speleothems have a natural life cycle, which begins with their initiation as a crystal embryo (crystallite). As a crystallite
grows and becomes a crystal, it now needs to compete with other crystals for growth space and the supply of new material.
Some crystals are competitively successful and continue their development, while others are not and their growth ceases.
This process is known as selection. The successful crystal individuals have a distinct pattern of boundaries with
neighbouring crystals (called texture) and the combined mineral body is now an aggregate. Most speleothems are mineral
aggregates.
There are four main factors which control the growth of a speleothem: the chemistry of the supply solution generally
determines the mineral species; supersaturation determines the size and structure of the mineral individuals from which it
is constructed; characteristic (Curie) symmetry controls texture and therefore what type of aggregate is formed; geometry
of supply determines the speleothem’s morphology. As a speleothem ages it may undergo alteration, either by replacement
(with another mineral species) or by recrystallization. The ultimate fate of any speleothem is disintegration, either by
solution or mechanical erosion.
Diagenesis poses a serious problem for palaeo-environmental studies. Partial dissolution of speleothems causes
micritization within crystals, with selective dissolution based on trace element chemistry. During recrystallization, the
cave water may introduce new material, or leach away trace elements such as uranium. The destruction of structure as
crystal boundaries are erased can bring sedimentary impurities such as thorium within the body of the new crystal. In this
way uranium and its daughter fission products become separated and the homogeneity of the sample is lost. Petrographic
and geochemical screening may be necessary before attempting radiometric dating of old speleothems.

1. Introduction

stalactites of the gravitational water environment become
overgrown by corallites of the capillary film environment.
Some old speleothems have gone through two or more
cycles of growth; for these mineral bodies, each cycle must
be considered separately.

The study of the origin and evolution of mineral bodies is
termed genetic mineralogy and includes nucleation,
initiation on a growth surface, development, alteration and
disintegration (Grigor’ev 1961). Genetic mineralogy has
two branches: phylogeny is the study of mineral species and
their paragenesis (i.e. their contemporary growth with other
mineral species); ontogeny is the study of individual
crystals (mineral individuals), how these combine as
aggregates, and their development as physical bodies.
Ontogeny can only be applied to minor mineral bodies, i.e.
those that have a “through” structure and/or texture (defined
below) and are a product of synchronous crystallization or
recrystallization in some geometrically defined space. Most
speleothems are minor mineral bodies and so can be studied
by mineralogic techniques such as ontogeny; only
spelothems that have gone through more than one cycle of
growth need be studied by petrographic techniques.

The terms structure and texture have very precise meanings
in ontogeny. Structure describes the physical nature of
crystal individuals and their bonding, while texture
describes the geometric aspects of construction of
aggregates made from these individuals. “Through”
structure therefore means that an aggregate is made from
individuals that have a similar structure. “Through” texture
means that a kora describes aggregates with a similar
texture that are growing independently and near to each
other. In this way, the rules governing the growth of
individuals and aggregates also apply to the higher
hierarchy levels. This introduction is intended as a brief
overview of the main terms and concepts of ontogeny. For
a detailed report, see Self and Hill (2003); for a more
concise version, see Self (2004) or Self and Hill (2005a).
For a modern crystallographic assessment of ontogeny, see
White (2012).

It is possible to recognise four levels of organisation of
minor mineral bodies. At the first level are individuals
which grow from a single crystal nucleus during one phase
of crystallization and which have a continuous
crystallographic structure. At the second level are
aggregates made from several (often many) of these
individuals; most single speleothems are aggregates. At the
third level the Russian term kora (meaning “crust”) is used
to link similar aggregates growing at the same time in the
same crystallization space; an example is the stalactite/
stalagmite kora, which is such a familiar feature of the cave
landscape. An ensemble is the fourth hierarchy level and is
necessary because each cycle of growth begins wet and
becomes steadily drier (Stepanov 1999); in this way

2. The life cycle of speleothems
2.1. Nucleation and initiation
Nucleation (in free space) and initiation (on a growth
surface) are alternative beginnings for a minor mineral
body. For homogeneous nucleation, forming directly from
the liquid, there is an energy barrier that needs to be
overcome to create a solid/liquid interface; this requires a
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significantly supersaturated solution (White 2012).
Initiation (heterogeneous nucleation) proceeds much more
easily, since there is already a growth surface to provide a
scaffold on which the crystal can build itself. For these
reasons, mineral deposition in ore veins and speleothem
deposition in caves is likely to be by initiation.

The component crystals of an aggregate do not simply grow
together; they compete for growth space and the supply of
new material. This competition leads to a reduction in the
number of competing individuals, a process called
selection. Geometric selection is the most important of the
selection processes as it allows the individuals that are best
aligned for mass transfer with their environment to continue
to grow; individuals of other orientations are “selected out”.
Competition and selection cause a specific pattern of crystal
boundaries to form in an aggregate, which is termed texture.

There are some cave situations which mimic nucleation.
Cave rafts form on the surfaces of pools that are
supersaturated with respect to calcite; the “growth surface”
on which they initiate is a grain of dust that has fallen from
the cave air. Similarly a cave pearl initiates on and
overgrows a grain of sand at the bottom of a shallow pool.

The various aggregate types are defined by their different
textures, and the underlying control of texture is the Curie
Universal Symmetry Principle. This states that the
characteristic symmetry (or dissymmetry) of an object or
medium must be found in the causes that generated that
object or medium (Curie 1894). For cave minerals, there
are three symmetry groups: spherical, cylindrical and
conical. For spherical symmetry, all directions from any
point are equivalent; in a supersaturated cave pool, crystal
embryos (crystallites) initiate on all available surfaces and
are randomly oriented during the first stage of growth. The
distinctive feature of cylindrical symmetry is growth along
one axis, with neighbouring crystals parallel to each other;
the classic example is a helictite. Conical symmetry has
neighbouring crystals diverging from each other; this is
typical for corallite speleothems growing in the capillary
film environment.

Both moonmilk and tufaceous speleothems appear to
nucleate within gravitational water streams. Moonmilk is a
coagulation of disordered acicular individuals of
microcrystalline to nanocrystalline size, which coats the
walls or floor of a cave passage. Tufaceous mineral bodies
are built from disordered microcrystals and form some of
the most massive stalactites, stalagmites and flowstones
seen in caves. Both types of deposit have been associated
with bacteria or algal cells, which provide both a substrate
and also an organically induced microclimate for their
initiation and development. Moonmilk and tufaceous
speleothems can also be of purely mineral composition,
growing in turbulent, highly supersaturated gravitational
water streams (Stepanov 1998). It has been suggested that
crystals are initiated on cavitation bubbles within the
feeding solution, later to be deposited as a disordered
sediment (Self and Hill 2003).
2.2 Growth and development
Calcite, aragonite and gypsum are the most common
mineral species in typical karst caves, but these minerals
can grow in a wide variety of speleothem forms. There are
four main factors which control the growth of speleothems:
chemistry of the supply solution, supersaturation,
characteristic symmetry, and geometry of supply. Chemistry
determines the mineral species which is deposited, though
temperature and humidity are contributing factors for some
mineral species. Chemical impurities adsorbed on or
incorporated into the lattice can change the deposition of
calcite to its calcium carbonate polymorph aragonite (White
2012).
Supersaturation determines the size and structure of the
mineral individuals which form aggregates such as
speleothems (Stepanov 1998). If a solution is only just
supersaturated, there will be few opportunities for initiation
and mineral growth will be slow and without defects; with
only a few individuals competing for material, the crystals
can grow very large. Very high supersaturation leads to the
rapid initiation of many small crystals, as in the case of
moonmilk and tufaceous speleothems. High levels of
supersaturation cause rapid growth of individuals, which
often lead to growth defects; these may accumulate and
result in crystal splitting. This is common in carbonate cave
minerals such as calcite and aragonite, where high levels of
supersaturation are created by a combination of evaporation
and carbon dioxide degassing. Aragonite in caves often
occurs as acicular visibly split crystals.

Figure 1. A parallel-columnar aggregate (cylindrical symmetry)
is produced when randomly oriented crystallites (spherical
symmetry) undergo geometric selection.

Dissymmetry may be regarded as the symmetry element
which is missing, thus changing the characteristic symmetry
of a phenomenon. Unidirectional forces such as gravitation
and geometric selection are dissymmetries. In the case of
spar crystals growing in a cave pool, the randomly oriented
crystallites all grow at the same rate until competition
begins; geometric selection then reduces the number of
crystals forming the aggregate, with only those oriented
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perpendicular to the substrate continuing to grow (a
parallel-columnar aggregate). At the local level, this
aggregate has cylindrical symmetry; the original spherical
symmetry survives in the uniform thickness of the spar
crystals in all parts of the pool (Fig. 1).

For a more detailed explanation of speleothem growth and
development, see Self and Hill (2005b) or Self (2009).

The various speleothem types were named by cavers, not
mineralogists, so generally these names are based on the
physical appearance (morphology) of the speleothem.
Morphology depends on the geometry of the supply scheme
(i.e. the supply of solute and/or loss of solvent). Bulk supply
is typically subaqueous (pool spar deposits) but also applies
to gravitational water streams (flowstone); in both settings
similar simple crystals form on all available surfaces. Area
supply is a two dimensional feeding scheme that applies to
capillary thin films; these are very sensitive to variations in
air flow and to surface irregularities, which cause
considerable variation in the morphology of the corallites
that grow in this environment (Fig. 2). Linear supply is
where a solution gathers into linear streams (from which
draperies form) or issues from fracture openings (producing
shields). Axial supply is a one dimensional feeding scheme
that applies to solutions that move through the middle of a
speleothem (such as a helictite) and to the “point source”
solutions that cause stalactites and stalagmites to grow out
into the cave void. Note that flowstones, draperies,
stalactites and stalagmites are all the same (parallelcolumnar) type of aggregate; their different morphologies
lie in their different supply schemes.

For cave minerals, there are two significant types of
alteration: replacement (of one mineral species by another)
and recrystallization. In palaeokarst settings, high
temperature and pressure forms of diagenesis should also
be considered.

2.3 Alteration and recrystallization

Replacement is rather rare in caves with one exception:
calcite pseudomorphs after aragonite. The original
morphology of the aragonite crystal is retained, often with
structural relicts, but the mineral species changes to calcite.
Since these two species have the same chemical
composition but different crystallographic structure, this is
sometimes called a polymorphic transformation (or
paramorphism). Solid state transformation at cave
temperatures is very slow (White 2012), but in the presence
of cave waters another process applies. Metastable
aragonite dissolves while stable (and less soluble) calcite is
precipitated. This commonly leaves relict fibres of aragonite
surrounded by new calcite growth (Martín-Garcia et al.
2009); the terms neomorphism and inversion may be used
to describe this process.
Calcite is the only thermodynamically stable form of
calcium carbonate at room temperature and pressure
(Kawano et al. 2009). However, aragonite grows in
preference to calcite in the presence of the trace elements
magnesium (which locally depresses the calcite
supersaturation) and strontium (which has the aragonite
structure and acts as a template). Aragonite then inverts to
calcite over a period of thousands of years; the trace element
strontium appears to delay this process (White 2012).
Moonmilk deposits are composed of very tiny crystals
which are thermodynamically unstable; this allows a much
quicker transformation. Onac and Ghergari (1993) have
identified calcite paramorphs after aragonite and vaterite
(another structural form of calcium carbonate), and calcite
pseudomorphs after monohydrocalcite in moonmilk
samples from caves in Norway and Romania.
Another form of replacement takes place continuously
during the growth stage of one relatively common type of
corallite, which forms when magnesium is present in the
feeding solution. A multi-corallite has at its base a calcite
“popcorn” coralloid speleothem; from this grows aragonite
needles tipped with a ball of a more soluble mineral such
as hydromagnesite. The hydromagnesite remains on the
needle tip as the speleothem grows, but with regard to any
fixed point it is being replaced by aragonite (otherwise it
would be incorporated within the needle).
Recrystallization is where there is a redistribution of the
constituents of a crystal or crystalline aggregate so that a
new crystal is formed. This usually involves the destruction
of structure and the growth of a new much larger crystal.
The aim is a reduction in the free energy, which is tied up
in the crystal surfaces (Gibbs function), a single large
crystal having greater thermodynamic stability than many
smaller ones. This can happen during the growth of a
mineral body in a subaqueous environment if the level of

Figure 2. A stalactite (parallel-columnar aggregate, axial supply)
has been overgrown by crystallictites(corallites built from faced
crystals, branching aggregate, area supply). This minor mineral
body is therefore an ensemble.
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3. Radiometric dating of speleothems

supersaturation is very low. The solution remains
supersaturated with respect to large crystals, but becomes
undersaturated with respect to small ones (because the ratio
of mass/surface energy is a function of size). Small crystals
dissolve while large ones continue to grow, thus minimizing
the stored energy (Grigor’ev 1961). This is particularly
relevant to the growth of readily soluble minerals such as
gypsum.

The primary assumption for all radiometric dating of
speleothems is that the material being tested is
homogeneous. The feeding solutions that form carbonate
speleothems have traces of uranium in solution which is
incorporated into the crystal lattice. Small sedimentary
inclusions containing the element thorium, which is not
water soluble, are also sometimes incorporated into the
growing crystal. 234Uranium decays to 230Thorium at a fixed
rate, so the proportion of the two elements in a speleothem
sample gives its age. Sedimentary thorium contains a
mixture of isotopes, including 230Thorium but, provided the
quantity of impurity is small, it is possible to calculate the
proportion that formed within the sample by radioactive
decay. On this basis, the sample can be considered
homogeneous and the calculated age reliable.

Recrystallization during growth is a feature of conical
stalactites: skeleton crystals are formed at the growth tip
during disconnection of each drip; these later recrystallize
into the central monocrystalline tube which is always
present in crystalline stalactites.
Recrystallization of older calcite speleothems is very
common in caves, though most stalactites, stalagmites and
flowstones retain their structures for hundreds of thousands
of years. When recrystallization begins, this is sometimes
visible on the surface of the speleothem, which develops
highly reflective, plate-like facets. One side effect of
recrystallization is that the speleothem develops a simpler
texture, which greatly reduces its shear and tensile
strengths; as a result, it is weaker and much more prone to
destruction.

Diagenesis changes everything. During partial dissolution,
the trace element and stable isotope chemistry of a
speleothem can change, making the sample unsuitable for
palaeo-environmental studies. During replacement and
recrystallization, the cave water may introduce new material
with a different chemistry. The destruction of structure
means that crystal boundaries, where insoluble impurities
might be expected, may become incorporated into a new
and larger crystal. Some parts of the new crystal will appear
“clean”, while other parts will be full of impurities. Over
longer periods of time, the new crystal lattice actively tries
to eject material that does not conform: this is known as
collecting recrystallization and is very obvious in mineral
veins, where dark metallic and pale gangue minerals are
clearly separated (Stepanov 1998).

2.4 Destruction and disintegration
There are occasions where the processes of destruction and
disintegration of a mineral body are incomplete. In a
country prone to earthquakes, broken stalactites and
stalagmites may litter the floor of a cave; this is destruction,
but not disintegration. New stalagmites may grow on the
tilted remains of the old, the cave environmental conditions
not having changed. Both the old and the new speleothems
are still part of the same stalactite/stalagmite kora, having
the same structural and textural regularities, but now
organized in a more complex manner.

The problem for radiometric studies is that sedimentary and
radiogenic thorium will collect together as recrystallization
progresses. Uranium is more mobile and may be leached
from the calcite lattice structure. This means that the
uranium and its daughter fission products become
separated, and homogeneity of the sample is lost. Where
there is a suspicion that recrystallization has taken place,
petrographic and geochemical screening should be used to
determine if a sample is of primary origin (Bruce Railsback
et al. 2002). Coarse clear columnar calcite and wide ranges
of uranium concentration in the same specimen are useful
warning signs.

Crystallization environments in caves evolve, becoming
successively drier until a new wet phase marks the start of
a new growth cycle (Stepanov 1999). These cycles are not
always complete, but the sequence remains the same. At the
end of one cycle of growth, a new one may begin with
further deposition of material rather than partial or complete
dissolution of the earlier mineral body. In this way, more
complex mineral bodies may form.

This conclusion applies to other uranium series dating
techniques, such as uranium-lead, since thorium is a link in
the chain of radioactive decay. The great age that the U/Pb
technique is able to measure means that many of the
speleothems being tested are likely to have recrystallized.
The trend towards smaller sample sizes means that local
inhomogeneities should be more clearly apparent, but only
if there are multiple tests of the same sample. This subject
warrants further investigation.

Partial dissolution is a very important diagenetic process
that can affect the rock surfaces of a cave (Zupan Hajna
2003) and also its speleothems (Martín-Garcia et al. 2009).
This process is also known as micritization, from the size
of the particles left behind. For aragonite speleothems, there
appears to be preferential dissolution of crystals (or zones
within crystals) with a high Sr content; for calcite
speleothems, it is zones with a high Mg content. There may
also be a change in the stable isotope signatures of carbon
and oxygen in the remaining micrite, as lighter isotopes
have a greater mobility (Martín-Garcia et al. 2009).
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Four types of natural cavities in magmatic rocks are known: (1) developed along fracture planes, (2) associated with
residual block fields, (3) tafone, and (4) lava tube. These openings are the only access for the runoff toward inside the
rocky massif. The water flows always of low velocity (trickles) weather the rock forming small fissural regoliths that are
moved by the water and then deposited, giving rise to granular detrital accumulations (primary speleothems) of openwork
texture. The porous system of these sediments is the temporal refuge for different microorganisms (bacteria, algae, fungi,
testate amoebae, spores, diatoms, collembola and mites, etc.), which inhabit the cavity during the humid stage. Their
organic activity provides the water with metabolic compounds able to solubilise ions, mainly Si, of the rock without
changes in pH which in the dry stage will precipitate by oversaturation as opal-A and other authigenic minerals that will
not only contribute to cement the primary speleothems but also to form the secondary speleothems. The shape of the
speleothems, either cylindrical or planar, is mainly defined by the way of the water circulation at low velocity by dripping,
capillarity, foam-drops like textures or by laminar flow. The relationship between the microbiological activity and the
processes of weathering, dissolution and sedimentation justifies their name as biospeleothems.

1. Introduction

2. Morphological features of the speleothems

The speleothems studied in this paper are formed during the
water circulation at low velocity (trickles) through the
fissural system of massifs of igneous rocks. In the water/rock
contact the physical weathering produces a heterometric
detrital aggregate of mineral grains which are first moved
by the water as a hydro-suspension (slurry) and then
deposited on the walls, floor or ceiling of the cave. These
types of speleothems may be considered as residual
materials because they derive from the rocky substratum of
the cavity, but other authigenic species are associated with
them, i.e. generated in the same cave at room temperature
as amorphous opal, evansite, bolivarite, struvite, pigotite,
taranakite, allophane, hematite, goethite. The most common
mineral species among these is the amorphous opal (called
coralloid in the old works (Caldcleugh 1829; Swarzlow and
Keller 1937), though here the term opal-A is used (Vidal
Romaní et al. 2010). An additional feature of the silica
hydrogel from which the opal-A speleothems are formed is
that it may be the base for the formation of new authigenic
mineral species called whiskers (Twidale and Vidal Romaní
2005). Whiskers twined crystalline aggregates of mineral
species such as halite, gypsum, siderite, cerussite, plumbean
aragonite, malachite, etc., though this list is growing every
day more. However, in the caves developed in basic igneous
rocks (gabbros, diorites, peridotites, basalts), the amorphous
opal speleothems are not very frequent, other minerals, also
authigenic, as the carbonates of Ca, Mg, Fe, Pb, etc. being
habitual. All these minerals were described in caves of very
different rock types and varied geographic-climatic
environments: temperate humid, arid to cold regions (Spain,
Portugal, Azof speleothems in cavities in magmatic
rocksores Islands, United Kingdom, Germany, Poland,
Czech Republic, Sweden, Finland, Corea), tropical (Brazil,
Venezuela, Madagascar), arid (South Australia, Argentina,
Nigeria, Botswana, Mexico, U.S.A., etc) (Willems et al.
1998, 2002; Twidale and Vidal Romaní 2005; Vidal Romaní
et al. 2010).

Speleothems are not only differentiated by their
mineralogical composition but also by their morphology.
For example, carbonates or whiskers associated with the
amorphous opal speleothems are always presented as
crystals of high idiomorphy in spite of their small size. On
the contrary, the amorphous mineral species are adapted to
the relief of the surface on which they deposit, and their
morphology is related to the features of the dynamics of the
fluid, which originates the speleothem.
The following types of speleothems in cavities in magmatic
rocks are distinguished:
2.1. Cylindrical speleothems
They are associated with water movement either by dripping
or capillarity. There are different types as follows:
Stalactites s.s.: they are formed on the upper part of rock
fissures (the ceiling or eaves of cavities) when the weight
of the drop overcomes the superficial stress (then dripping
is produced).
Grass-shaped speleothems: multiple associations of very
thin (maximum 1 mm) cylindrical forms and associated
with the ceiling, walls or floor of cavities. These
speleothems grow by deposition associated with capillary
movements of the water through the agglomerate mass of
clastic accumulations of angular grains soaked with water.
Anti-stalactites: These individual speleothems (Vidal
Romaní and Vilaplana 1984) grow by capillary movements
of the water from a clast grain mineral agglomerate soaked
in water. They are usually thicker (up to 4 mm of diameter)
and reach longitudinal developments between 4 and 10 mm.
Stalagmites s.s.: these speleothems are infrequent in the
igneous rock caves. They are formed by the precipitation
of the substances dissolved or dragged by the water which
fall from the stalactites s.s.
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4. Results and discussion

of these microorganisms promotes the dissolution of Si,
mainly, (Ehrlich 1996) providing with low molecular
weight organic acids (mainly oxalates) with chelant ability
without pH changes (McMahon and Chapelle 1991; Barker
et al. 1997). Later, the dissolved Si precipitates as
amorphous opal SiO2·15(H2O), 100 times more soluble in
water converting the generation of speleothems into a
continuous process always depending on the water
circulation through the fissure system. Each time it rains
again, the re-circulation of water through the fissural system
of the rocky massif produces the re-dissolution of the
amorphous opal and its later re-precipitation. This phase in
the evolution of the speleothem is favourable for the growth
of authigenic minerals of small size, whiskers, which are
located on the points where water accumulates; for the
cylindrical speleothems on their final edge and for the
planar speleothems or flowstone in the places where the
water accumulates in the microgour or pool. The
mineralogy of these whiskers is very varied: gypsum,
carbonates, halides, though the most common is gypsum
(CaSO4.2H2O). In some cases, whiskers appear as isolated
individuals except for gypsum which always gives nice
twinned crystalline associations in physical continuity, with
deposits of opal-A. Some authors attribute the presence of
S necessary for the formation of gypsum to the activity of
microorganisms (Franklin et al. 1994; Welch and Ulllman
1996) which are able to produce sulphate oxides from
oxidation of organic matter, this latter invariably associated
with the zones where the speleothems are observed (Vidal
Romaní et al. 2003). Some authors (García Ruíz and
Migues 1982) achieved to reproduce the process in
laboratory using a silica hydrogel base to obtain the growth
of crystals of different substances in very low
concentrations. In the cavities of igneous rocks, gypsum
whiskers are normally found, but also, in accordance with
our own observations, whiskers of calcite, aragonite,
plumboaragonite and phosphates are also formed. Some
authors (Van Rosmalen and Marcheé 1976) explain the
diverse morphology of the gypsum whiskers formed from
silica hydrogel by the presence of different additives or
impurities. The lowest abundance of opal-A speleothems is
symptomatic in cavities (e.g., lava tube) (Woo et al. 2008)
developed in basic igneous rocks (syenites, granodiorites,
diabases, etc.) and their physical association with calcite
crystals obviously formed (Beinlich and Austrheim 2012)
by combination of CO2 dissolved in water with brucite or
other carbonates existing in the rock. At pressure and room
temperature, Si does not form stable crystalline structures
but minerals of low temperature (opal-A) slowly evolve
toward more stable polymorphs of silica as opal-CT
(Bustillo 1995). Notwithstanding, the first essays to date
opal-A speleothems by OSL (Sanjurjo and Vidal Romaní
2011) seem to indicate that at least in some climatic
environments the transition Opal-A to Opal-CT may be
delayed many thousands of years.

The following stages are distinguished in the formation of
speleothems: (1) accumulation of the granular material
coming from the fissure regolith and transported by water;
(2) first colonisation by microorganisms as bacteria, algae,
fungi, amoebae, collembola and mites; (3) formation,
dissolution and precipitation of amorphous opal; and (4)
formation of whiskers from the silica hydrogel. The activity

These types of microenvironments developed in the porous
system of the speleothems either cylindrical or flowstones
with their small gours where water is kept temporarily are
a very suitable environment for the development of
microorganisms which develop their vital cycle while water
remains. Their disappearance by evaporation during the dry
stages causes the precipitation of amorphous opal dissolved

Club-like stromatolites s.l.: they are formed by the growth
of biofilms of blue-green algae while there is humidity
inside the cave. When the environment dries, the algae
transform into the substratum of the new generation of algae
that will grow in the following humid stage.
2.2. Planar speleothems
They may normally appear associated on any flat, low relief
surface (either ceiling or floor) but even in subvertical
surfaces as far as they do not overpass the threshold of
dripping, which is given by the stress adherence of the water
to the cave rocky surfaces. Different types of planar
speleothems are distinguished:
Flowstone, rimstones and microgours: they are continuous
covers of the cave rocky surface with variable thicknesses
and may also hide the rock micro rugosity. They are
disordered accumulations of mineral clasts pushed by the
water layer during the humid phases marked by lineal
accumulations with sinuous shape behind the ones that may
even hold water temporarily. Flowstones, rimstones and
associated pool (microgour) are associated with flat (either
ceiling or floor), gentle-sloped and inclined or even
subvertical surfaces when the flow speed does not overpass
the threshold of water-rock superficial adherence in the
trickles.
Water drop structures: they are similar to the foam-like
structures formed on the upper part of the beach when an
advance front of the water layer is individualized into small
drops. They are associated with the ceiling of the cavity
where the water is divided into small drops, which, by
superficial stress, attract a thin coat of clasts of minerals
that the water evaporation will cement as opal-A allowing
the conservation of the morphology of the drop.

3. Methods
Different analytical techniques have been used to study
these speleothems: ICP Mass Spectroscopy, XRD, XRF,
and mainly SEM; all of them, but the last, are destructive
analytical methods. Though SEM gives morphological
information (texture, structure, morphometry of grains), it
also gives data of elemental composition with the
backscattered X-R. From the first works (Caldcleugh 1829)
these speleothems were considered to be formed by water
dripping ignoring the existence of other types of
speleothems. In this work, the information obtained by
Stereoscopic Microscopy is included, allowing to
establishing the complete sequence of formation of
speleothems.
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in it fossilizing the microorganisms or their remains that are
immediately coated by opal-A. Each time the rain provides
the fissural system with water, life regenerates, at least
partially, in the speleothem producing the germination of
the latent or resistance forms developed in diatoms, spores,
algae, testate amoebae, etc, which live and develop in the
micro speleological system. At the same time, other
organisms (mites and collembola) use the speleothem as
physical support to move and feed on organic matter. The
growth processes of the speleothems are superposed to the
ones of the development of microorganisms in these
cavities causing subtle differences between life and
sedimentation, justifying the name of biospeleothems given
to these deposits.
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are natural environments with which different types of
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The phosphate minerals from three Romanian caves that host bat guano deposits have been investigated. The XRD and
SEM analyses have revealed the presence of seven phosphates (brushite, francoanellite, hydroxylapatite, leucophosphite,
taranakite, vashegyite and variscite) along with the more common gypsum, calcite and various allochthonous clay minerals.
The occurrence of these phosphate minerals highlights the decomposition and various reactions that take place between
the phosphate-rich solutions leaching out from the guano and different cave sediments and/or bedrock. The variation of
the environmental conditions in the vicinity and within the guano accumulations is responsible for the type of mineral
that is being precipitated. The abundance of specific phosphates indicates changes of the pH (from acidic to alkaline) and
moisture (both wet and dry conditions) in all the three caves.

1. Introduction

other cave sediments under different environmental
conditions precipitating a variety of phosphate minerals.

Phosphates represent the second largest group among cave
minerals (after sulfates), 55 out of over 300 being found in
different cave settings (Hill and Forti 1997; Onac 2012).
The most abundant phosphate minerals are hydroxylapatite, brushite, ardealite, taranakite and variscite, whereas the
rest are rare and form only if particular conditions are
present. The occurrence of phosphate minerals is related to
the accumulation of significant bat guano or bone
accumulations. The clay minerals from detrital sediments
in caves are a source for aluminum, silica, potassium, and
sodium, which, when combined with the phosphoric acid
will increase the chances for precipitation of rare phosphate
minerals (Hill and Forti 1997).

2. Cave settings
The Gaura cu Muscă is a 254 m long active cave developed
in Upper Jurassic limestones and opens in the left bank of
the Danube near the village of Moldova Nouă (CaraşSeverin county, SW Romania). The guano deposits in this
cave are related to the presence of large bat colonies (Myotis
myotis and Rhinolophus ferrumequinum) (Negrea and
Negrea 1979). The samples collected for this study were
taken from the Bats Passage, a short fossil gallery that
shortcuts the Water Passage (Fig. 2a) and consist of ochre
to dark brown earthy material interbedded within horizons
of fossil guano deposits.

The present study provides data on some phosphate
minerals identified in three Romanian caves (Zidită
[Walled], Gaura cu Muscă, and Gaura Haiducească; Fig. 1)
that host important guano deposits. The aim of the paper is
to emphasize that the phosphate solutions leaching from
underneath the guano have reacted with the bedrock and

The second cave, Gaura Haiducească, is developed in the
Lower Cretaceous (Barremian-Aptian) limestones of the
Locvei Mountains and is located north from the town of
Moldova Nouă. The cave, explored and mapped on 714 m
until 1976 (Bleahu et al. 1976) is presently a hydrological
traverse 1,370 m long and consists of three well
individualized sectors: a large entrance room (Great Hall,
180 m long, 60 m large and 25 m high) in its upstream part,
a small median passage, temporary active but which
sometimes may get completely flooded, and a larger
downstream active passage leading to the “spring” entrance
(Iurkiewicz et al. 1996). The phosphate samples were
collected from the slopes on the southern side of the Great
Hall (Fig. 2b), where they occur as white to yellowishbrown nodules, lenses, and earthy aggregates within a
significant guano accumulation.
Zidită Cave (also known as Dacilor) is an old cave fortress
in the Metaliferi Mountains (SE part of the Western
Carpathians) developed in Upper Jurassic limestones. The
cave is a fossil maze with a total length of 547 m (Fig. 2c)
and has several guano accumulations. The largest of them,
possibly belonging to a Rhinolophus colony, is a 1.5 m
guano deposit located in Bat Room, near the end of the cave

Figure 1. Gaura cu Muscă (GM), Gaura Haiducească (GH),
and Zidită (PZ) caves on the Romanian karst map.
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Francoanellite
[K3Al5(PO3OH)(PO4)2·12H2O]
identified in Gaura cu Muscă and Gaura Haiducească along
with taranakite and illite-group minerals (Nickel and
Nichols 2009). The likely process that leads to the
formation of francoanellite is the mechanism proposed by
Hill and Forti (1997), which suggests dehydration of
taranakite formed by the reaction between the clay-rich
sediments and guano solutions under acidic conditions.
The EDS spectrum of sample 1563 (Gaura Haiducească)
shows characteristic peaks for O, P, and Zn suggesting the
possibility that hopeite or another Zn-rich phosphate may
occur in this cave. More investigations are needed to fully
confirm the presence of any Zn-phosphate.
Hydroxylapatite Ca5(PO4)(OH), was identified in Gaura cu
Muscă and Zidită caves as light- to dark-brown or even
black thin crusts, which overlay the limestone bedrock. It
most occurrences is closely associated with gypsum. The
presence of hydroxylapatite indicates a slightly alkaline
environment as this mineral generally forms through the
reaction of phosphatic solutions derived from guano with
limestone when the pH is above 6 (Fiore and Laviano 1991;
Dumitraş and Marincea 2008).
Taranakite [K3Al5(PO3OH)6(PO4)2·18H2O] forms 3–7 cm
thick earthy white masses in Gaura cu Muscă and Gaura
Haiducească caves. Under ESEM, taranakite appears as
platy, pseudohexagonal crystals (Fig. 3). The interaction
between bat guano and clay (which provide the Al ions) in
acidic conditions is at the origin of taranakite.

Figure 2. Maps of the studied caves with location of samples
(stars): a. Gaura cu Muscă (simplified from Bleahu et al. 1976);
b. The Great Hall from Gaura Haiducească (simplified from
Bleahu et al. 1976); c. Zidită Cave (map by Proteus Hunedoara
Caving Club, used with permission).

(Fig. 2c). All the samples taken from this cave were
collected from the vicinity of this large deposit and consist
of crusts formed on limestone blocks and on clay deposits
from the room floor.

3. Methods
The X-ray diffractions were performed using a Siemens
D5000 diffractometer operated at 40 kV and 30 mA. The
instrument employs CuKα radiation. The step-scan data
were continuously collected over the range of 5° to 75° 2θ,
using a step interval of 0.05° 2θ. Counting time was 1
second per step. The scanning electron microscopy was
performed on a Hitachi S-3400N equipped with a Bruker
Energy Dispersive Spectroscopy (EDS) microanalyzer
system. All analyses were carried out using instruments at
the Serveis Cintificotècnics (Universitat des les Illes
Balears, Palma de Mallorca, Spain).

Figure 3. ESEM microphotograph of taranakite crystals (sample
1563; Gaura Haiducească).

Variscite [AlPO4·2H2O] was found in Gaura cu Muscă in
an interbedded guano/clay sequence. We attribute the
formation of variscite to the reaction between the
phosphate-rich leachates derived from guano and the
underlying clay sediments (Onac et al. 2004). Another
mineral earlier described from this cave is vashegyite (Onac
et al. 2006). It occurs as dull white nodules within a highly
phosphatized clay horizon interbedded and covered by
guano. The underground stream regularly floods the entire
deposit, thus permanent damp conditions prevail most of
the time.

4. Results
Brushite [Ca(PO3OH)·2H2O] occurs only in Zidită Cave as
a white-ivory paste-like material. It is a common cave
mineral, which is isostructural with gypsum and is stable
under acidic (pH < 6) and damp conditions (Hill and Forti
1997). It results from the reaction of carbonate bedrock or
calcite/aragonite speleothems with the phosphoric acid
derived from guano deposits (Fiore and Laviano 1991).

Leucophosphite [K(Fe3+)2(PO4)2(OH)·2H2O] is a rare
phosphate mineral and forms through the reaction between
H3PO4 (derived from leached guano) and clay minerals in the
presence of iron hydroxides. The XRD, SEM, and EDS
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This note presents a preliminary mineralogical study of the skarn-hosted Monte Guisi Cave in SW Sardinia (Italy).
X-ray diffraction (XRD) and environmental scanning electron microscope (including energy dispersive X-ray spectroscopy
microanalysis; EDS) analyses allowed us to identify some uncommon cave minerals such as: cerussite PbCO3, rosasite
(Cu,Zn)2(CO3)(OH)2, dundasite PbAl2(CO3)2(OH)4·H2O), brochantite Cu4SO4(OH)6, cuprite Cu2O, hemimorphite
Zn4Si2O7(OH)2·H2O, chrysocolla (Cu,Al)2H2Si2O5(OH)4·nH2O, shattuckite Cu5(SiO3)4(OH)2, and plancheite
Cu8(Si4O11)2(OH)4·H2O. Dundasite and plancheite are for the first time reported as cave minerals. All these species appear
to represent oxidation/hydrolysis products of the primarily Pb-Zn and Cu-rich ore mineralization that impregnates the
carbonate bedrock.

1. Introduction

low-grade metamorphism and several phases of magmatic
intrusion, some of which produced at the contact with the
carbonate rocks skarn deposits (Boni 2001). The IglesienteSulcis region in the SW Sardinia, Italy (Fig. 1) is one of the
oldest mining districts in the world, with ore exploitation
since Phoenicians times. In the early stages, the mining
activities focused on recovering silver, lead, and copper, and
later, zinc and barium deposits (Boni 2001). Most of the ores
are hosted in the Lower Cambrian carbonate formations of
Gonnesa Group. In mining areas such as Monteponi, San
Giovanni, or Barega, very spectacular and important
(mineralogically speaking) cavities were discovered during
the exploration and in the process of extracting the ore. Most
of these caves develop in the Lower Cambrian limestones,
with some (e.g., Monte Guisi Cave) carved in calcic skarns
in which rich Pb-Zn (±Ba) mineralizations of Mississippitype valley deposits (MVT) occur as veins, breccia cements,
void-filling, and diagenetic replacements. The most common
ore minerals are sphalerite, galena, and barite with variable
amounts of pyrite. Near the surface these minerals
oxidize/hydrolyze to form smithsonite, hydrozincite, and
cerussite (Aversa et al. 2002).

Caves are natural underground laboratories where the
precipitation of minerals can be directly monitored. The
caves carved in carbonate rocks (limestone, dolomite,
marble) normally display a monotonous mineralogy, with
calcite, aragonite, and gypsum being the most common
species (Onac 2012). If caves are active/fossil H2S systems
(e.g., Frasassi, Diana, Carlsbad, etc.) or host massive
accumulations of guano (Cioclovina, Rastoci, etc.), rich
association of sulfates and phosphates will normally be
encountered (Galdenzi and Menichetti, 1995; Polyak and
Provencio 2001; Onac et al. 2002, 2009). The mineralogical
situation changes dramatically when caves are located
nearby ore deposits or sometimes within them. Such
settings guarantee very diverse and unique assemblages of
secondary cave minerals (Maltsev 1997; Onac et al. 2002,
2007; Audra and Hofmann 2004; de Waele and Forti 2005;
Forti et al. 2006). These are formed by oxidation/hydrolysis,
acid/base, and redox processes (White 1997; Onac and Forti
2011a). The recent focus and more thorough investigations
conducted in these last types of caves added a significant
number of new minerals (Hill and Forti 1997; Onac and
Forti 2011b).
Over the past years, Sardinia, with its countless caves
discovered during mining activities, became a focal point
for mineralogical research (Naseddu 1993; Forti et al. 2005;
Boldoni et al. 2013). This paper reports on the cave minerals
precipitated in the unique environment of the Monte Guisi
Cave (SW Sardinia), from where all samples were collected
(not from mine passages).

2. Local geology and mining activities
Paleozoic sedimentary rocks dominate the geology of
Sardinia, but igneous and metamorphic rocks are also
common. The Variscan deformation phase is responsible for

Figure 1. Location of the investigated cave in the Iglesiente-Sulcis
region, SW Sardinia (Italy). Map from the National Geological
Service of Sardinia.
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3. Methods

seeping speleothems. The blue tint is likely due to the
presence of Cu-carbonates and sulfates. Cerussite is an
oxidation product of sphalerite, which is the main ore
mineral in the cave region.

The mineral samples collected in the Monte Guisi Cave,
were identified by means of a Siemens D5000
diffractometer with a monochromated (CuKα) diffractedbeam operated at 40 kV and 30 mA. Digitally recorded
patterns were collected between 5° and 75° 2θ (step size of
0.05° 2θ and count rate of 2 to 4 second/step) and compared
against the PDF2 mineral database using EVA software
(version 8.0). Silicon (NBS 640b) served as internal
standard. A Hitachi S-3400N environmental electron
scanning microscope (ESEM; operation parameters: 15 kV,
5 to 10 nA, defocussed electron-beam diameter of 30 µm)
equipped with a QUANTAX microanalysis system (Bruker
AXS Flash 4010) was used to observe freshly fractured
mineral fragments or hand-picked aggregates.

4. Results and discussion
The ongoing mineralogical study of the Monte Guisi Cave
highlighted, besides relatively common cave minerals (e.g.,
calcite, aragonite, malachite, azurite, goethite, lepidocrocite,
hematite, pyrolusite), a few others that are rather uncommon
in ordinary cave environments. Among these we identified
the following carbonates (rosasite (Cu,Zn)2(CO3)(OH)2,
cerussite PbCO3, dundasite PbAl2(CO3)2(OH)4·H2O),
sulfates (brochantite Cu4SO4(OH)6, anglesite PbSO4),
silicates (plancheite Cu8(Si4O11)2(OH)4·H2O, shattuckite
Cu5(SiO3)4(OH)2, hemimorphite Zn4Si2O7(OH)2·H2O,
chrysocolla (Cu,Al)2H2Si2O5(OH)4·nH2O), and one oxide
(cuprite, Cu2O). Below is an overview of the most abundant
species. A more thorough study on the new cave minerals
discovered in Monte Guisi Cave will make the topic of a
forthcoming paper.

Figure 3. Crusts of hemimorphite and brochantite (fieldview 30 cm
across).

Hemimorphite is the most important Zn ore mineral in the
region. As a cave mineral it has been already documented
from a number of mine-intercepted caves in SW Sardinia.
Probably the best mineral specimens are found in Crovassa
Quarziti (San Giovanni Mine; De Waele et al. 2013). In
Monte Guisi Cave this mineral is closely associated with
brochantite and forms millimeter-size crusts that cover the
walls over large areas. Hemimorphite forms brownish submillimeter crystals, whereas the majority of the brochantite
occurs as patchy green microcrystalline aggregates covering
hemimorphite crusts (Fig. 3).
Apart from the occurrences documented from this karst
region, brochantite is a rare cave mineral identified in very
few other locations (Hill and Forti 1997).

Figure 4. The ESEM microphotograph of massive hemimorphite
(1) and platy tabular crystals of brochantite(2).

The distinct morphology of each of these two minerals is
recognizable when observed under ESEM. Hemimorphite
builds up blocky, euhedral or/and subhedral crystals,
whereas brochantite is prismatic (Fig. 4). Both minerals
show their characteristic peaks on the X-ray diffraction
spectrum obtained on sample #1918 (Fig. 5).

Figure 2. Deposits of cerussite in the Monte Guisi Cave (field
of view: 50 cm).

Cerussite occurs as creamy white-bluish deposits (up to
1 cm in thickness) on the walls and floor of the cave
(Fig. 2). In one section, it forms delicate saw teeth-type
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Figure 5. The XRD spectrum of hemimorphite and brochantite
(sample 1918).

Crusts of cuprite and goethite appear in the upper section
of the cave. A close inspection of the crusts reveals that the
minerals are precipitated as paper-thin botryoids covering
highly weathered ochre clay-looking material (Fig. 6).
Cuprite was first identified in a cave in the Bisbee copper
mine (Arizona, USA; Graeme 1981) and more recently in
the Shopov cave system (Bulgaria; Shopov 1993).
Chrysocolla was identified by means of XRD analysis and
further documented by ESEM/EDS (Fig. 7). It forms dark
blue crusts directly overlying the cave walls along the main
passage. Under binocular, chrysocolla display botryoidal
aggregates, intimately mixed with some other Cu and Pb
secondary mineral species that are not discussed in the
present note. To our knowledge this is the second cave
occurrence of this mineral (Hill and Forti 1997; Onac and
Forti 2011b).

Figure 6. Botryoidal crusts composed of cuprite (dark red) and
goethite (light red) in the Monte Guisi Cave (fieldview 0.5 m
across).

(sphalerite, galena, and chalcopyrite). Two of the minerals
mentioned in the present report (dundasite and plancheite)
are new for the cave environment; however, additional
studies are needed before making clear statements regarding
their origin and significance in the mineral association
documented in the Monte Guisi Cave.
Figure 7. The ESEM microphotograph of the globular chrysocolla
aggregates and their EDS spectrum (upper right inset).

Thorough investigations, including single crystal X-ray,
electron microprobe, and stable isotope analyses on such
exotic minerals may provide important insight into the
chemical and physical conditions existing in the cave
environments at various times during the mineral formation.

5. Conclusions
The mining activities in the SW Sardinia, especially around
the city of Iglesias, led to the discovery of significant
number of mine caves. Given the particular geological
setting of this region (highly mineralized carbonate rocks),
most of the caves contain very rich mineral assemblages.
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1

Three new localities of coarsely crystalline cryogenic cave carbonates (CCCcoarse) have been recently discovered in the
Western Carpathians, Slovakia. CCCcoarse are secondary mineral formations in the cave and belong to speleothems. They
occur in the form of loose accumulations of calcite crystals and crystal aggregates freely deposited on the bottom of the
cavities. Their genesis is interpreted as related to slow karst-water freezing in pools inside the caves, in relation to the
existence of a permafrost zone during Quaternary glacials. The newly discovered CCCcoarse localities in Četníkova svadba
Cave, Demänovská j. mieru Cave and Zlomísk Cave are characterized by description and photodocumentation of the
present crystal forms, by preliminary C and O isotope data, and by their U-series ages. The ages of the cryogenic crystals
are in the range between 47 and 12 ka BP, corresponding to the latter half of the Last Glacial. Any new locality of CCCcoarse
formed during the Last Glacial represents an important source of information about paleoclimatic conditions of adjacent
areas. The U-series ages of the new localities support the earlier conclusion that the formation of CCCcoarse is related to
transitions from cold to warm climate periods within the Last Glacial.

1. Introduction

content of the dissolved compounds in the residual, as yet
unfrozen water (Žák et al. 2004). With respect to elevated
U content, which is typically higher than in usual
speleothems of the same cave, the CCCcoarse can be precisely
dated by the U-series disequilibrium method. They
represent an important source of information about the
paleoclimatic conditions during the Last Glacial, especially
about the thickness of the permafrost zone and periods of
its existence (Žák et al. 2012). Under present-day conditions
all samples contain calcite as the main mineral. Unstable
carbonate phases like ikaite could have been primarily
formed as well (cf. Onac et al. 2011), being later, under
warmer Holocene climates, all converted to calcite.

New evidence on the past glaciation in caves of Central
Europe was obtained during last several years based on
finds of a specific type of speleothems – cryogenic cave
carbonates (abbreviated CCC, Žák et al. 2004, 2008).
Generally, the CCC form in caves in two modes of
occurrence: fine-grained precipitates in areas of rapid
freezing of usually thin water films on the surface of ice
(CCCfine), and coarsely crystalline precipitates (CCCcoarse)
formed by slow water freezing in pools (Žák et al. 2008,
Luetscher et al. 2013). This contribution is focused only on
the CCCcoarse. The published models suppose crystallization
of CCCcoarse during complete, very slow freezing of water
cave pools. These carbonates typically occur in caves or
cave sections of moderate to low ventilation, usually far
from cave entrances. Such cavities can be cooled to freezing
temperature mainly in relation to a former permafrost
existence, their cooling exclusively by airflow is
impossible. Therefore, the caves hosting CCCcoarse are not
of the cold-air trap type.

During the earlier systematic study of CCCcoarse in Central
Europe several localities were discovered and studied also
in the Western Carpathians in the territory of Slovakia. First
information about the presence of these carbonate types was
published by Tulis and Novotný (1989) from the Stratenská
Cave (without interpretation of their origin), the same
locality was later studied by Žák et al. (2004). A locality
from the Studeného vetra Cave (Cold Wind Cave) was
described by Žák et al. (2009). Šmída (2010) described a
locality in the Hačova Cave in the Lesser Carpathians (the
most south-located locality). Another locality of CCCcoarse
was recently reported from the Mesačný tieň Cave (Moon
Shadow Cave) by Šmída in Žák et al. (2011), another one
from the Verných Cave (Faithfull People Cave) and V
Záskočí Cave by Orvošová and Vlček (2012). The number
of known caves with published occurrences of CCCcoarse in
Slovakia reached 6.

The presented models (Richter and Riechelmann 2008,
Richter et al. 2010, Žák et al. 2012) indicate that the
infiltration into these cavities was restricted during
permafrost formation. In contrast, during permafrost
destruction related to a surface warming (permafrost
“thawing”, both from above and below), karst water
penetrates into a cavity which is still within relic permafrost
zone, and first forms a water pool here. The water pool slowly
freezes. Formation of water surface ice cover and freezing
from the pool bottom can proceed simultaneously. Depending
on the climate, the process can be repeated several times, with
new water pools formed on the surface of earlier cave ice fill.

Owing to the increasing number of amateur speleologists and
scientists searching for CCC, the number of localities known
in Slovakia is still increasing. The authors of this contribution
checked tens of caves in Slovakia, mainly situated at higher
altitudes. These caves frequently show morphological
indications of former frost and ice action (Orvošová et al., in
press). Three new localities of CCCcoarse are presented here,
with preliminary results of their geochemical study.

The size of CCCcoarse crystal aggregates usually ranges from
1 mm to approximately 35 mm. The crystals and crystal
aggregates show highly variable morphologies. Their
morphologies and C and O isotopic compositions reflect
progressive water freezing, accompanied by an increasing
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2. New CCC sites in Slovakia
The three new sites with the occurrence of CCC are located
in the Četníkova svadba Cave situated in the Strážovské
Hills, and in two caves situated in the Nízke Tatry Mts. –
Demänovská j. mieru Cave and Zlomísk Cave. For the
location of all caves known to host the CCCs in the territory
of Slovakia see Figure 1.

Figure 2. A general view of the central part of the Braňové ozveny
Hall, Četníková svadba Cave, with the occurrence of CCC. Photo
by M. Orvošová.

Figure 1. A map showing the positions of caves hosting CCCcoarse
in Slovakia (full circles are new localities described in this paper).
1 – Stratenská Cave, Slovak Paradise (main cave entrance at 991
m a.s.l.); 2 – Studeného vetra Cave, Nízke Tatry Mts. (main cave
entrance at 1,678 m a.s.l.); 3 – Verných Cave, Vysoké Tatry Mts.
(cave entrance at 1,522 m a.s.l.); 4 – Mesačný tieň Cave, Vysoké
Tatry Mts. (cave entrance at 1,767 m a.s.l.); 5 – Hačova Cave,
Malé Karpaty Mts. (cave entrance at 690 m a.s.l.); 6 – V Záskočí
Cave, Nízke Tatry Mts. (cave entrance at 1,332 m a.s.l.); 7 –
Zlomísk Cave, Nízke Tatry Mts. (cave entrance at 854 m a.s.l); 8
– Demänovská j. mieru Cave, Nízke Tatry Mts. (main entrance at
812 m a.s.l.); 9 – Četníkova svadba Cave, Strážovské Hills (cave
entrance at 1,075 m a.s.l.).

Figure 3. A detailed view of CCC (indicated by arrows) mixed with
limestone fragments, freely deposited on the thin muddy layer
covering the limestone blocks. Četníková svadba Cave. The photo
width is about 20 cm. Photo by M. Orvošová.

2.1. Četníkova svadba Cave
2.2. Demänovská j. mieru Cave

The cave is a part of the cave system located in the Strážov
Hills in the NW part of Slovakia (the highest peak has an
elevation of 1,213 m a.s.l.). The cave is 1,276 m long and
78 m deep (Kortman 2012). It is developed along a system
of faults and fissures in Triassic limestone and dolomite.
The cave entrance is located at an altitude of 1,075 m a.s.l.

The Demänovská j. mieru Cave is an extensive sector of the
much larger Demänová Cave System developed in the right
(eastern) side of the Demänová Valley. The whole
Demänová Cave System is 35,358 m long, developed at
altitudes between 771 and 966 m a.s.l., which gives an
elevation difference of 195 m. The Demänovská j. mieru
Cave itself consists of large or smaller domes
interconnected by wide horizontal corridors, inclined
corridors and vertical shafts, including numerous chimneys
connecting the cave levels. The cave is hosted by Triassic
limestones and dolomites, mainly by the Gutenstein
Limestone. The cave sections hosting three sites of CCCcoarse
show limited ventilation and their yearly average cave
temperature is stable at ca. 6 °C. The cave has no large open
entrance.

The only occurrence of CCCcoarse in the cave was found in
a flat hall 4 m high and 10 m × 5 m in area (Fig. 2).
Crystalline aggregates consist of semi-transparent calcite
scalenohedrons, yellow in color, forming radially-arranged
aggregates several mm to about 20 mm in size (Fig. 10J).
They form loose accumulation, together with fragments of
limestone, on the thin muddy layer coating the surface of
limestone blocks covering the bottom of the hall (Fig. 3).
Some aggregates were found fallen down into the gaps
between these blocks. Two up-sloping, fissure-controlled
corridors lead from this hall in the direction to the surface.
The cave has now a moderate ventilation (semi-dynamic
cave, with several small and partly restricted entrances,
enlarged by excavations) with temperatures slightly
oscillating around a yearly average of ca. 5 °C.

The first site is located in the Dukelský pomník Hall, just
few hundred meters from the artificial cave entrance in the
Vyvieranie Valley (800 m a.s.l.). The CCC concentrate in
gaps between limestone boulders or on theirs surfaces (Figs.
4, 5). The second site is located in the Waterfall Hall at the
same altitude. The CCCcoarse occur in layers up to 20 cm
thick around a large, cryogenically damaged stalagmite.
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2.3. Zlomísk Cave
The cave is located in the Triassic Gutenstein Limestone in
the left (western) side of St. Ján Valley. An extensive maze
cave is developed at several levels. The cave is 11,036 m
long and 147 m deep. The meandering galleries are
intersected by larger halls with break-downs. The main
course of the cave is parallel to the S–N course of the valley.
Most passages are located at the elevation of 800 to 835 m
a.s.l. At the same cave level, four CCC sites are located,
consisting of 15 smaller CCC accumulations. The
morphology of the halls is widely affected by freezing:
abundant stony debris is present and walls are broken. The
former ice-fill presence is documented by CCC finds. The
CCC crystals and crystal aggregates are located mostly in
the debris or among the boulders on the bottoms of passages
and halls (Fig. 7). The sites are mostly small, several tens
of cm across. Crystals and crystal aggregates are less than
1 mm to 20 mm in size, variously shaped, with common
spherical forms and their intergrowths, locally resembling
expanded polystyrene beads (Fig. 8); they can be also
radial, hemispherical or cauliflower-shaped. The cave has
a moderate ventilation. The average annual temperature is
5.8 °C (Hochmuth and Holúbek 2001).

Figure 4. Small accumulation of CCC on the collapse block
(arrows) on the bottom of the Dukelský pomník Hall, Demänovská
j. mieru Cave. Photo by L. Vlček.

Figure 5. A close-up view of crystals and aggregates of CCC in
the Dukelský pomník Hall, Demänovská j. mieru Cave. The width
of the photographed area is 15 cm. Photo by L. Vlček.

Figure 7. Typical CCC accumulation (“coarse sand”) in debris
on the bottom of halls (Sieň večných priekov Hall) in Zlomísk
Cave. The camera cap is 5 cm across. Photo by M. Orvošová.

Figure 6. A photomicrograph of mainly skeleton-shaped,
occasionally spherical aggregates of CCC from the Waterfall Hall,
Demänovská j. mieru Cave. The width of the photographed area
is 2 cm. Photo by M. Orvošová.

Both skeletal aggregates and spherical forms are present
(Fig. 6). The third site is located at the highest cave level
(848–860 m a.s.l.). Crystalline forms occurring in a small
accumulation (30 × 40 cm) are similar to those at the
previous site. Indicators of former freezing and ice action
are present as well.

Figure 8. A close-up view of another aggregate type (resembling
expanded polystyrene beads) from the CCC site in the Pilierová
sieň Hall, Zlomísk Cave. The camera cap is 5 cm across. Photo
by M. Orvošová.
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Figure 9. Stable isotope data of CCCcoarse for all Slovak localities. Asterisks indicate previously published data: * data from Žák et al.
(2004); ** data from Žák et al. (2009); *** data from Žák et al. (2011). See text for further explanation.

3. Discussion and conclusions

changes, probably also accompanied by changes in the
precipitation quantity and permafrost depth oscillation,
seem to be optimum conditions for the CCC formation.

Besides the typical morphology and typical mode of
occurrence, another method useful for the confirmation of
the cryogenic origin of the studied crystals and crystal
aggregates is their carbon and oxygen stable isotope
geochemistry. The published model of formation (e.g., Žák
et al. 2012) explains C and O isotope data as a result of
equilibrium isotope fractionation between ice, water and
carbonate during slow water freezing. Ice incorporates
preferentially the heavier 18O isotope, which results in a
decrease in δ18O values of the unfrozen portion of the
solution. Since the oxygen isotope exchange between
dissolved carbonate and water is slow (Scholz et al. 2009),
freezing of the water pool must have been also very slow,
otherwise the decrease in δ18O of the solution would not be
reflected in the carbonate data.

The caves hosting CCC localities today show temperatures
similar to the mean annual air temperature of the outside
atmosphere. Their ventilation is low to moderate. None of
the described caves is of a cold-air trap type. Therefore, they
could not have been cooled to a freezing temperature by
trapping of cold dense winter air.
The only probable process which can cool the cavities down
to freezing temperatures was cooling of the limestone
massif itself and thus the existence of permafrost. The
depths of the sites can therefore indicate the minimum
permafrost depth of the Last Glacial. The CCC sites in the
Jaskyňa Zlomísk Cave lie mostly at depths between 50 m
and 110 m under the surface. One site is located only 25 m
under the surface. The described CCC site in the Četníkova
svadba Cave is located at a depth of only 10 to 20 m under
the surface. The three sites of the Demänovská jaskyňa
mieru Cave are located 80 m to 180 m from the nearest
surface.

Preliminary C and O isotope data for the new localities
exhibit typical negatively-sloped trends in the δ13C vs. δ18O
diagram, reaching to very low δ18O values. Carbonate data
are shifted towards extremely low δ18O values and slightly
elevated δ13C values as the slow water freezing and
carbonate precipitation proceeds (Fig. 9). Water freezing
and carbonate precipitation occurred under isotope
equilibrium between ice, residual water and carbonate.

The caves seem to be the unique underground environment
with suitable conditions for the preservation of former
permafrost markers. The finds of CCC show that the Last
Glacial subsurface freezing and permafrost occurrence in
Slovakia was not a domain of the high mountains only. It
occurred also in lower mountains and hills. Correlations of
CCC formation and surface climatic changes are not
straightforward, since the subsurface climatic changes in
low ventilation caves can be significantly delayed with
respect to surface climates.

The U-series ages of the new sites (13 samples, Orvošová
et al., submitted) lie in the range from 47.3 to 12.08 ka BP.
Seven of the dated samples were formed during a more
restricted age interval between 17.2 and 12.08 ka BP. This
Late Glacial age interval is characterized by variable
climates after the Last Glacial Maximum, with abrupt
climatic changes (Blockley et al. 2012). Rapid climatic
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Figure 10. Characteristic morphology of crystals and
crystal aggregates from new localities of CCCcoarse in
Slovakia (Photo A, C, J by J. Česla; F by Ľ. Zachar; the
others by M. Števko); A–D Zlomísk Cave, Nízke Tatry
Mts., A, B, D – Večných priekov Hall, C – Pilierová Hall;
E – I Demänovská j. mieru Cave, Nízke Tatry Mts., E, F –
Dukelský pomník Hall, G, H, I – Waterfall Dome; J –
Braňové ozveny Hall, Četníková svadba Cave, Strážovské
Hills.
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The high morphological variability of CCC crystals and
aggregates and their causes are the the subject of current
continuous research (Fig. 10). Regional mapping of CCC
sites, their morphology, ages, and geographic distribution
should provide important information about the distribution
of Glacial temperatures and help in the study of terrestrial
paleoclimates of the Western Carpathians.

Orvošová M, Vlček L, 2012. Nové nálezy kryogénnych
jaskynných agregátov – čudesných kryštálikov z doby ľadovej.
Spravodaj SSS, 1, 76–82.
Orvošová M, Vlček L, Holúbek P, Orvoš P, in press. Frost and
cave ice action as a cause of speleothem destruction during the
Glacial: examples from selected caves of Slovakia. Acta
Carsologica Slovaca.
Orvošová M, Žák K, Deininger M, Milovský R, under review.
Detection of permafrost depth penetration and permafrost
duration in caves: Methodology based on cryogenic cave
carbonate and a case study of the Last Permafrost Maximum
in Western Carpathians, Slovakia. Boreas, submitted.

Nowadays, there are 9 CCC localities known in the caves
of Western Carpathians, Slovakia. The last three – the
Četníkova svadba Cave in the Strážovské Hills, the
Demänovská j. mieru Cave and Zlomísk Cave in the Nízke
Tatry Mts. – are newly introduced in this paper.

Richter DK, Riechelmann DFC, 2008. Late Pleistocene cryogenic
calcite spherolites from the Malachitdom Cave (NE Rhenish
Slate Mountains, Germany): origin, unusual internal structure
and stable C-O isotope composition. International Journal of
Speleology, 37, 2, 119–129.
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