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Abstract:

Hermeneutics is the theory of interpretation. One of its major components is recognizing
prejudgments, or forestructures, that we bring to our objects of study. In this paper, we
construct a historical narrative of the evolution of thinking about the role of caves in relation
to groundwater flow in limestone, and we tabulate forestructures as they appear in the story.
This account consists of three overlapping time periods: the before and after of an incident
that repelled hydrogeologists and students of karst from each other in the middle of the 20th
century; a period, up to around the turn of this century, when karst science and mainstream
hydrogeology were on different tracks; and a period of convergence, now intertwining,
beginning roughly in the last quarter of the 20th century. Two influential players in our story
are M.K. Hubbert, whose introduction of the Eulerian perspective of flow was a force for
divergence, and R.M. Garrels, whose founding of the field of sedimentary geochemistry was a
force for convergence. Other key players include F.T. Mackenzie, J.E. Mylroie, V.T. Stringfield,
the U.S. Geological Survey, the Bermuda Biological Station, and the Gerace Research Center
in the Bahamas, along with the historical accounts of W.B. White. Our narrative ends with the
broader acceptance of the concept of multiple-permeability karst aquifers. We flag in our
construction a total of 43 forestructures distributed amongst the categories of hermeneutic
theory: 14 in the category of preconceptions; 9 in goals; 14 in tools such as skills; and 6 in
tools such as institutions. These counts are an example of the concept of social construction
of statistics, and we discuss the implications in terms of the huge number of potential
combinations of forestructures that could shape alternative historical narratives of this subject
over this time frame.
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INTRODUCTION
Philosopher of science Robert Frodeman’s recent
paper on geology as an interpretative, that is to say
hermeneutic, enterprise contains the following passage
(Frodeman, 2014, p. 74):
One consequence of the hermeneutic circle is
that it puts to rest the claim that it is possible to
approach an object in a neutral manner. Rather,
we always come to our object of study with a set
of prejudgments: an idea of what the problem is,
what type of information we are looking for, and
what will count as an answer. What keeps these
prejudgments from slipping into dogmatism and

*lflorea@bsu.edu

prejudice—what makes science still possible
as distinguished from ideology—is the fact that
they are not blind. We remain open to correction,
allowing the text or object to instruct us and
suggest new meanings and approaches.

That statement effectively captures the theme of
this paper, the third in a series applying Frodeman’s
view of geology (Frodeman, 1995, p. 962–964) as a
way to organize one’s thinking on the history of a
geologic topic. For the first paper (Vacher & Rowe,
1997), the topic was the Pleistocene sea-level history
of Bermuda, a classic site of eogenetic karst (Vacher
& Mylroie, 2002). For the second (Florea & Vacher,
2011), the topic was the origin of caves in relation to
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the water table. For this paper, the topic is caves in
relation to groundwater flow in carbonate aquifers.
Other applications of Frodeman’s hermeneutics to
geologic subjects include Speidel (1996) on seismic
records and Miall & Miall (2004) on stratigraphic
correlation.
Principles of hermeneutic geology
Hermeneutics is the theory of interpretation, “the art
or science of interpreting texts…” which can be viewed
as “a system of signs, the meaning of which is not
apparent and must be deciphered” (Frodeman, 1995,
p. 962). In geology, the concept of a ‘text’ extends to
the observations in the field.
The “founding concept” (Frodeman, 1995, p. 963)
is the hermeneutic circle formulated by Heidegger’s
Sein and Zeit (Heidegger, 1962) and referred to in the
quotation in the introduction. By this concept,
understanding is fundamentally circular; when
we strive to comprehend something, the meaning
of its parts is understood from its relationship to
the whole, while our conception of the whole is
constructed from an understanding its parts….
Thus, our understanding of a region is based
on our interpretation of the individual outcrops
in that region, and vice versa (Frodeman,
1995, p. 962).

The second principle is represented by the
“prejudgments” that we bring to our object of
study—as mentioned in the introductory quotation.
These prejudgments are forestructures in the
language of hermeneutics. There are three kinds:
preconceptions, goals, and tools. The preconceptions
are “the ideas and theories that we rely on when
thinking about an object.” The goals include “our
sense of what will count as an answer.” The tools
are the “implements, skills, and institutions that one
brings to the object of study… The nature of these
tools shape the type of information collected.” The
tools include “the social and political structures of
science… The work of science proceeds through
having colleagues to bounce ideas off of, professional
societies and journals to define ‘hot’ topics and
favored lines of research, and graduate students for
help with running labs and collecting samples” (all
from Frodeman, 1995, p. 964).
The third principle is that human understanding
has a historical component because of an inheritance
effect due to the cascade of activities from our
prejudgments as thought about a topic passes
through what amounts to a branching decision tree.
As put by Frodeman (1995, p. 964):
Hermeneutics argues (that) our original goals
and assumptions result in certain facts being
discovered rather than others, which in turn
lead to new avenues of research and sets of
facts… As these decisions get multiplied over the
decades the body of scientific knowledge comes
to have a strongly historical component.

In the following we give a historical account leading
to the recognition of multiple permeability elements
in conceptual models of karst aquifers and, in the
process, identify forestructures as they occur in

the story. We will label them according to the types
identified above. The labels are:
FS 1. Preconceptions
FS 2. Goals
FS 3a. Tools: Skills
FS 3b. Tools: Institutions
We will also count them as we go (FS n–m, where n
and m refer to the forestructure type and the specific
example, respectively). At the end of the paper, we
list the forestructures to begin to grasp the comment
“consider the alternatives” when one contemplates
a research study or the evolution of thought on a
subject. We list the forestructures at the end rather
than at the beginning, because they were a finding of
the account rather than a guide for it.
An account such as this is obviously biased by the
history and background of the storytellers. In a paper
about forestructures, it would be inappropriate not to
acknowledge our own. LJF, a passionate caver and
life member of the National Speleological Society, was
raised in Kentucky and studied caves therein. HLV was
introduced to carbonates in Bermuda during 1967 for
his dissertation because his advisor (Fred Mackenzie),
who had funding, was interested in Pleistocene sealevel history. After that dissertation, he was hired by
the Bermuda Government to advise them about their
fresh groundwater and then, in that context, learned
what he could about hydrogeology and freshwater
lenses. We met in 2002 at a meeting of the Karst
Waters Institute in Gainesville, Florida, where LJF
learned of the Floridan aquifer with grainstone matrix
permeability centered on 10-12.4 m2 (Budd & Vacher,
2002, 2004). LJF then pursued doctoral studies at the
University of South Florida, with a dissertation entitled
“The Karst of West-Central Florida” (Florea, 2006).
We divide the account into three roughly
chronologic sections. The first focuses on an oftencited incident that repelled hydrogeologists and
students of karst from each other in the middle of
the last century. The second discusses aspects of the
two separate threads—karst science and mainstream
hydrogeology—to around the turn of this century. The
third is a personal, 50-year-long chain of observations
that optimistically note that the two threads are
intertwining within Atkinson’s (1985) triangle of
conduit, fissure, and matrix porosity. The sections
overlap chronologically, rather like range zones in a
biostratigraphic chart.

THE BLAST FROM HUBBERT
The magnificent account of the history of American
theories of cave origin by Watson & White (1985) in
the Geological Society of America (GSA) Centennial
volume on the history of American geology refers
to the period 1942–1957 as “The Hiatus.” Before it,
there was the “classic period” in the wake of “Origin
of Limestone Caverns” (Davis, 1930). After it is the
“modern period.” The hiatus (Watson & White, 1985,
p. 115):
came with World War II and a virtual absence of
studies of cave origin from 1942 to 1957. It was
not so much that no papers about caves were
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being published as it was a dearth of new ideas
about cave origin.

Allyn Swinnerton, a professor at Antioch College,
tried to bring the hydrogeology and karst communities
together with a series of seven status reports between
1938 and 1949 with titles such as “Research on
hydrology and physiography of limestone terrains” in
the Transactions of the American Geophysical Union
(Garrels, 1953, p. 145). This step toward a field of
karst hydrology was “a promising start,” but it was
“squelched” (White, 2000, p. 40). It was squelched
as a result of an intense criticism of Swinnerton’s
1932 paper “Origin of Limestone Caves” (Swinnerton,
1932) by M. King Hubbert (1940) According to White
(2000, p. 40):
Swinnerton’s ideas were discredited. For the next
20 years it was held that karst aquifers were
not intrinsically different from any other porous
aquifer, and that caves had little if anything to
do with the movement of groundwater.

Communication between the two sciences was dead,
which presumably played a role in “the hiatus.” This
incident, the buildup to it, and its aftermath are rife
with forestructures.
Setting the stage: the classic period of the history
of American speleogenesis.
There is no question from the description in Watson
& White (1985) that the guiding forestructure in
the classic period of American speleogenesis is “a
presumption of two epochs in the history of cave
development,” which, in turn, was derived from
the underlying forestructure of the cycle of erosion
of Davis (1899) (FS 1–1). Thus (Watson & White,
1985, p. 111):
What is striking about this hypothesis (explaining
the change from earlier excavation to later
deposition) is that it is presented to explain two
epochs (emphasis added) of cave history which
Davis merely assumes without explicit argument
to have taken place. Presumably, he reasons
that the cave opening must have been excavated
before it can be filed with deposition. This is
reasonable, but it is gratuitous to go on to assert
that there is first an epoch (emphasis added) of
excavation and then an epoch (emphasis added)
of deposition. If one does assume that these
successive epochs took place, then the problem
does arise as to what caused the change from
excavation to deposition. What Davis has done is
taken as a given two-epoch picture of cave origin
that should really be part of his hypothesis.
Why does Davis see the problem of cave origin
in the two-epoch, two-cycle way? It is most
probably that he is fitting a theory of cave
origin to his larger theory of regional landform
development according to which long epochs of
stable peneplanation are interrupted by regional
uplift which is followed by erosional formation of
landforms in stages from youth to old age.

Davis’s two-epoch forestructure (FS 1–2), and his
interpretations of developing ideas in groundwater
flow (e.g. King, 1913), led him to the deep-phreatic
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theory for the excavation epoch (FS 1–3). Swinnerton
(1932) in a paper with the same title and in the same
journal as Davis (1930) developed the water-table
(shallow-phreatic) cave theory (Fig. 1). In an earlier
paper (Swinnerton, 1929a) given at the GSA Annual
Meeting, he applied it as a forestructure to interpret
changes of base level (FS 1–4) in Kentucky and in
Bermuda. Regarding Kentucky, he clearly was not
agreeing with Davis that all the levels of in Mammoth
Cave were excavated at the same time. Regarding
submerged decorated caves of Bermuda, he wrote:
… various data point to a comparatively recent
moderate submergence of the islands. The
caves in Bermuda extend below sealevel and,
in themselves, may be regarded as indicative
of at least one stage of greater elevation in the
history of the islands. From measurements of
depth of water in the caves, allowing for fallen
roof fragments, it seems evident that the islands
have been submerged between 50 and 60
feet. The relation between caves and baselevel
permits a quantitative approach to the problem
of change of level.

In a contemporaneous paper, he was explicit and
combined three forestructures (FS 1–2, FS 1–3, and
FS 1–4) (Swinnerton, 1929b, p. 84).
If this correlation is correct, the evidence suggests
strongly that caves were actively excavated
during the first glacial advance, and that during
this Nebraskan stage sea-level in Bermuda was
50 to 60 feet lower than at the present time

Two years later, Sayles (1931), his colleague in
the Bermuda research, published the classic
account connecting Bermudian stratigraphy with
glacioeustatic sea level.

Fig. 1. Two models of cave development as recounted in this paper.
A) The deep phreatic model, was that proposed by Davis (1930).
B) The water-table model, that was presented by Swinnerton (1932),
based upon his observations at Mammoth Cave. Figure adapted with
permission from Ford and Williams (2007, Figure 3.17).

Sayles’ correlation of Bermuda’s stratigraphy
of limestone-soil alternations with Pleistocene
interglacial-glacial cycles would be revised some thirty
years later by Bretz (1960). According to Watson &
White (1985, p. 114), Bretz “was a brilliant thinker
who defended Davis’ two-cycle theory with many
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observations in the field.” They go on to note (Watson
& White, 1985, p. 115) that at the end of the classic
period Bretz (1942, p. 789) argued
… that many levels, e.g., in Mammoth Cave,
could form at the same time in the phreatic zone,
draining only as surface stream entrenchment
lowers the water table.

thus preserving the deep-phreatic forestructure
(FS 1–3).
As an aside it is worth noting the small-world
aspects of our subject: many years earlier, Bretz, a
phenomenal teacher at the University of Chicago
according to Heinz Lowenstam’s oral history
(Lowenstam, 1991, session 6), had been Hubbert’s
undergraduate advisor and was fondly remembered
in Hubbert’s oral history (Doel, 1989, session 1).
Setting the stage: Early hydrogeology
From inception until the middle of the 20th century,
karst science and hydrogeology existed in relative
isolation from each other. While karst scientists
initially addressed questions of the origin of landforms
and the evolution of landscapes, hydrogeologists were
asking practical questions about groundwater as a
resource. Deming (2001, p. 6) speaks to the guiding
forestructure (FS 2–1) for hydrogeology:
Most of the advances that were made in the
nineteenth century were pragmatic studies, made
with the goal of obtaining a better understanding
of how to use groundwater as a resource….
Most hydrogeological research during the first
part of the twentieth century was devoted to
groundwater utilization.

These needs led to an institution, another
forestructure (FS 3b–1, the United States Geological
Survey—the USGS), as described by Maxey (1979,
p. 1–2):
Acceleration of agricultural, industrial and
municipal development following the American
Civil War resulted in unprecedented demands
for knowledge in all areas of water-resources
development. These demands were, in part,
answered by the government in the organization
and execution of the early geographical surveys
sponsored by the U.S. War Department and by
Congress in the late 1860’s and the early 1870’s.
These surveys produced much substantive data
but, more important, resulted in the establishment
of the United States Geological Survey (USGS)
in 1879, which, in turn, cleared the way for
systematic studies involving sources of water
supply including groundwater investigations. By
1903, the USGS had established a Division of
Hydrology which by 1908 had evolved into the
Division of Ground Water.

Deming (2001, p. 9) speaks to the primacy of that
institution:
By 1930, there were approximately 20
professionals in the Ground Water Branch at
the USGS. At the same time (1930) there were
perhaps 30 to 40 individuals seriously studying
groundwater in the western world.... The USGS
was the center of groundwater studies in the

western world. It would stay the center for
groundwater studies until the 1970s.

Karst science and hydrogeology of these early
years were inherently regional, and they focused on
different areas. In the U.S., karst studies centered
on the Mammoth Cave region of Kentucky and the
Appalachian states of West Virginia and Virginia.
Meanwhile, hydrogeologists, most notably of the
USGS, emphasized the evaluation and analysis of
groundwater in the western states. As colorfully put
by Deming (2001, p. 9):
In the early part of the twentieth century the
working schedule for geologists at the USGS was
to go to the field in the summers and return to
Washington, DC in the winter.

The blast
The issue raised by Hubbert contra-Swinnerton
was in a 4-page section entitled “Flow near the water
table” (Hubbert, 1940, p. 166):
Apparently because of the resemblance between
the topography of the water-table surface and
that of the surface of the ground, it used to be
commonly supposed, and the idea still prevails
to some extent, that the ground-water flow
is concentrated near the surface of the water
table and that the flow down the slope of the
water table resembles the corresponding flow
down a topographic slope. The intensity of flow
was supposed to diminish rapidly with depth,
becoming substantially zero in a region of more
or less uniform permeability at depths below
the level of the lowest parts of the water table.
This led to the conception of a large body of
stagnant ground water beneath the superficial
zone of flow.

In particular, Hubbert focused on and reproduced a
diagrammatic cross-section from Swinnerton’s paper
that showed three possible flow paths diverging from
a point in a regional flow system in rocks of uniform
permeability (Hubbert, 1940, Fig. 43; Swinnerton,
1932, Fig. 1). Swinnerton had used the figure to claim
that water would select the path of least resistance,
the path along the water table (FS 1–3), the shortest
and shallowest between the point in question and the
outlet point in the valley (Fig. 2).
Hubbert’s contention was that multiple paths
emanating from a single arbitrary point would
violate conservation of mass and, more instructively,
that the shortest distance has nothing to do with
the question. Rather, the question relates to the
distribution of force potential within the cross-section,
which he went on to deduce in terms of flow sources
distributed uniformly across the water table and a
flow sink at the outlet. He culminated his exposition
with a cross-section showing the distribution of
potential and streamlines in a uniformly recharged
upland between two rivers (Hubbert, 1940, Fig. 2).
This figure now is a commonplace of hydrgeology
textbooks (e.g., Freeze & Cherry, 1979, Fig. 6.1;
Deming, 2002, Fig. 7.9).
The figure put to rest the notion that water passing
through a homogeneous medium takes a right-angle
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on Swinnerton’s diagram to make a point about
ground-water flow in general. This section, “Flow near
the water table,” appeared as Hubbert’s first example
under the general heading of “Application to Problems
of Current Interest.” In his introductory remarks
beneath this heading, Hubbert pointed out that he was
selecting examples “upon which disagreements have
arisen or upon which opinions contrary to the present
deductions have been held.” He went on to remark
that since his new theory was based on fundamental
principles of physics—namely the conservation of
mass and the conservation of energy—any “postulated
motion of ground water” that did not conform with
his theory would “be demonstrated” to be in violation
of “of one or another of these principles” (all from
Hubbert, 1940, p. 926). On this guiding forestructure
for Hubbert (FS 2–2), Deming (2001, p. 320) says:
Fig. 2. A) Swinnerton’s depiction of water flow in a homogeneous
fractured aquifer (Fig. 1 of Swinnerton, 1932). Flowpath 1, being
the shortest and along the water table, offers the least resistance
to groundwater flow and, in Swinnerton’s view, is the focus for the
formation of caves; B) Hubbert’s flow net in a homogenous, isotropic,
uniformly recharged porous medium between two rivers based upon
principles of field theory and Darcy’s Law (Fig. 45 of Hubbert, 1940).

turn at the water table after descending vertically
through the vadose zone. Thus (Hubbert, 1940, p. 170):
Hence, in Swinnerton’s problem the flowlines at
their points of origin, on the air-water interface
always dip more steeply than the interface
itself, becoming vertical at the ground-water
divide..., and, across the divide, dipping in the
opposite direction. Accordingly, at the divide the
stream tubes descend vertically; and away from
the divide, toward the valleys on either side, the
angles of pitch of the flowlines gradually approach
the angle of dip of the interface…. In such a region
there can exist no body of stagnant water unless
it be a body of water such as salt water, which
is physically different from that flowing. The
region of most intense flow is not a zone parallel
to the air-water interface but a region where the
flowlines converge toward a sink.

Hubbert’s analysis was a devastating blow to
Swinnerton’s concept of cave development at the
water table. In retrospect, it was also beside the point.
Swinnerton drew his conclusion from the geological
evidence of cave levels (tiers) grading to the position
of rivers (FS 1–4) in strata of low structural dip and
high fracture permeability—the ‘ideal watertable cave’
example in the Four–State Model of Ford & Ewers
(1978). The conclusion was supported by Swinnerton’s
(faulty) analysis of flow in a homogeneous medium,
but it did not require that support. Now the argument
for initial undersaturation with respect to calcite at the
water table can be made on geochemical grounds (e.g.,
Thrailkill, 1968). Once the dissolution is initiated, the
medium is no longer homogeneous. Flow is diverted
into the channels of solution-enhanced permeability,
and Hubbert’s diagram is no longer relevant.
More to the point of the 1940 paper, Hubbert was
not at all interested in the origin of caves. He had a
different goal, a different forestructure. He had seized

Hubbert was evangelical in his primary cause—
the application of physics and mathematics
to geology. His contemporaries found this zeal
irritating; but without it, the geological sciences
would not have advanced. Simultaneously
sensitive and abrasive, Hubbert inspired in his
disciples the dual emotions of awe and sorrow.
Sorrow, because Hubbert was egotistical, had
a short temper, and was totally incapable of
accepting criticism of any kind. Awe, because
despite these personality flaws, Hubbert was a
true genius who made gargantuan contributions.

Aftermath: Hydrogeology
It is impossible to overstate the importance of
Hubbert’s elegant, 159-page “The Theory of GroundWater Motion.” By his account (Hubbert, 1969,
p. 12), he wrote the paper following his analysis of the
subject in preparation for his lectures on groundwater
in his full-year course on geology for mining and
civil engineering students at Columbia University in
1935-1937. The paper not only spells out for the first
time the correct field equations of steady-state flow
and the proper context of Darcy’s Law. It makes the
crucial distinction between pressure and potential. It
defines hydraulic conductivity. It lays the foundation
for quantitative hydrogeology, using concepts of
mathematics within reach of confident students in
first-year physics and calculus.
Although Hubbert himself considered that “the
reception of this paper by ground–water hydrologists
and petroleum-reservoir engineers was largely
negative” (Hubbert, 1969, p. 19), that paper along with
others marked a new day for hydrogeology. According
to Deming (2002, p. 7):
The mathematical basis of hydrogeology was
then complete. Darcy (1856) had shown that
groundwater flow occurs in response to potential
energy gradients. Hubbert (1940) made a
complete exposition of fluid potential energy,
specifying the respective roles of fluid pressure
and elevation. Finally, Jacob (1940) derived
an equation that made it possible to predict
how potential energy gradients and thus
groundwater flow would change and evolve
within a porous medium.
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Domenico & Schwartz (1990) include Theis (1935)
in the transformation because he recognized the
analogy between the flow of heat and the flow and
groundwater and its application to well hydraulics.
Why? “The significance of this finding was that
heat flow was already mathematically sophisticated
whereas hydrogeology was not” (Domenico & Schwartz,
1990, p. 4). Put another way, from that point on,
mathematics became a desired forestructure for
hydrogeology in terms of skills (FS 3a–1), and Darcy’s
Law became an implement in the toolbox (FS–3a–2).
Regarding the heat flow analogy and returning
to Hubbert (1940), it is clear from his retrospective
(Hubbert, 1969) that his guiding interest (FS 1–5) was
the search for the scalar that would be analogous to
voltage in Ohm’s Law and temperature in Fourier’s
Law. Although one might think (Hubbert, 1969, p. 12)
“as a first guess,” it would be pressure, that “could not
be so…by inspection.” And so, it becomes clear from
the retrospective that Hubbert’s main target was the
just-published, 700-page The Flow of Homogeneous
Fluids through Porous Media (Muskat, 1937) that was
the ‘Bible’ in the petroleum industry, for that ‘Bible’
was based on the (incorrect) formulation of Darcy’s Law
as volumetric flow being proportional to the negative
gradient of pressure. The forestructure (FS 1–5) is
similarly spelled out in Hubbert’s oral history. Neither
retrospective source mentions the origin of caves or
Swinnerton. They were collateral damage.
Hubbert (1940) promoted an entire point of view that
is fundamental to physics: the concept of a potential
field (FS 1–6). Thus (Hubbert, 1969, p. 10):
In it (the 1940 paper) is developed in broad outline
a two-field physical theory which encompasses
not only the steady-state flow through porous
solids of a single homogeneous fluid, but also the
mutual behavior of multiple fluids in the same
space. For a single fluid, the two-field theory is
closely analogous to that developed a century
ago for the steady-state conduction of electricity
in three-dimensional space. It involves a field of
force (potential) per unit of mass and a field of
flow whose separate properties, together with
the coupling between the two fields, determine
the flow behavior.
Of these two fields, that of the force (potential)
per unit mass is the most general since, for a
specified fluid, it has determinate values not
only in all points of space occupied by that fluid,
but also at all points in exterior space capable of
being occupied. This fact immediately lends itself
to the treatment of the problem of multiple fluids,
since there will exist a separate determinate
field of force for each separate fluid throughout
the same region of space.

This quotation underscores the impact of Hubbert’s
figure of the uniformly recharged, uniformly permeable
upland between two rivers (Hubbert, 1940), for it
shows both fields: the equipotentials are contours of
the force potential per unit mass, and the streamlines
are field lines of the velocity field (tangent to the velocity
vectors) (Fig. 2). As worked out in his paper, Darcy’s
Law is the relationship that ‘couples’ the two fields.

The quotation also reveals the hugeness of Hubbert’s
intentions (FS–2–2). By applying the field concept to
disparate fluids occupying the same mathematical
space, his approach opened up to analysis the entire
arena of petroleum reservoirs where gas, oil, and
water reside (Hubbert, 1953, 1956), and coastal zones
where fresh groundwater meets saltwater (Hubbert,
1940, p. 868–870).
Thus with Theis (1935) Hubbert (1940), and Jacob
(1940), quantitative hydrogeology was, by definition,
Eulerian; that is, the flow variables were described
in terms of fields, e.g., without regard to what is
happening to individual particles. The Eulerian
description contrasts with the Lagrangian description
of flow, which focuses on the individual particles. In
the Lagrangian perspective, the position and velocity of
individual particles are described as functions of time.
The disparate points of view make a preconceptiontype forestructure (FS 1–7), which also defines goals,
because it answers the question: what counts as an
answer? For Eulerians, the answer is to determine the
potential field (FS 2–3): a potentiometric map, or a
cross–section showing equipotentials, or an analytical
solution showing potential as a function of spatial
variables and/or time. For Lagrangians, it may be to
inject a tracer.
Aftermath: Caves and karst
Watson & White (1985) point out that two important
things happened during the hiatus of 1942–1957,
during which there was, in general, disdain for caves
and karst in the geological community. First was the
formation of the National Speleological Society (1941)
and the Cave Research Foundation (1957), which
set up a mechanism of support, communication and
publication. Second was a gathering of determined,
communicating, young cavers (Watson & White,
1985, p. 116):
[T]he explosion of cave studies that began in
1957 was a result of a great deal of ferment
between 1942 and 1957. We are products of
this era, and what we were doing—like many
others—was going to school. After 1945, many
of us were entitled to the G.I. Bill of Rights and
universities expanded. Some of us amateur cave
explorers were severely discouraged by our
professors from working on karst and caves. In
a cave was not where it was at. But there were
a fair number of us; we knew and encouraged
one another.

In other words, the young cavers mentioned in the
quotation planted a forestructure (FS 3b–2), which
grew into a research program that budded and bloomed
the “modern period” (1957–present) of Watson &
White (1985). That community effectively founded a
multidisciplinary science, speleology (e.g., Moore &
Sullivan, 1964), that was in existence in Europe since
the late 1800s and is (Ford & Cullingford, 1976, p. ix),
(the) science of the cave environment (that) treats
both its physical and biological aspects. It may
be closely compared with oceanography, which
deals with the same features of the marine
environment.
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SEPARATE PATHS
Speleology and karst hydrology
Watson & White (1985) credit geochemical work,
and specifically the paper by Kaye (1957) on the
process of dissolution as it occurs in flowing solvent,
as initiating “the true beginning of the modern
period” (Watson & White, 1985, p. 119). One of the
principal hallmarks of the modern period was a
focus on process (FS 1–8). In terms of the connection
between speleogenesis and groundwater, it was no
longer appropriate simply to posit that dissolution
happens, and it seems to happen here as opposed to
there; now the question became, how does it happen
(FS 2–4)? What are the chemical processes involved?
How do those processes interact with the flow?
Thus knowledge of dissolution geochemistry was
becoming prerequisite, a forestructure (FS 3a–3), of
a class of speleological studies. The other hallmarks
recognized by Watson & White (1985, p. 116) for
the post-hiatus revival were the accumulation of
data from mapping caves (FS 2–5, FS 3a–4); the
incorporation of quantitative methods, particularly
statistics (FS 3a–5); and arguments based on the
globalized database (FS 1–9).
The dissolution geochemistry of Kaye’s study was
kinetics, which expanded the FS 2–4 and FS 3a–3
forestructures from that of carbonate equilibrium
geochemistry alone. In particular, Kaye showed that
the rate of dissolution increases with the rate of flow
and thus the possibility for a positive feedback for the
dissolution of a fluid pathway. Thus (Watson & White,
1985, p. 119),
[Kaye] postulates what can be called the
‘principle of self–acceleration’ of cave conduits.
Of the various pathways through the aquifer,
some will have less resistance to flow than
others and thus flow velocities will be higher
along these pathways. If the rate of solution
increases with flow velocity, openings along
these favored routes will dissolve faster. As
they become larger, flow velocities will increase
more, thus increasing the rate of solution still
more. This is a runaway process in which the
favored paths enlarge at the expense of others
and ultimately become the master conduits.

Further work put the runaway process into the
perspective of an evolving pore space (White, 2000,
p. 41):
Cave development is effectively a runaway
process, requiring that an evolving system
of enlarging fractures exceed thresholds in
kinetics, in the onset of turbulence, and in the
onset of clastic sediment transport. Although
independent, all three thresholds are reached by
coincidence, when the aperture of the enlarging
fractures reaches about 1 centimeter. The 1
centimeter critical aperture provides a convenient
boundary between fracture aquifers and karstic
aquifers (White, 1993).

By this perspective and as illustrated by the preceding
quotation, karst hydrogeologists distinguished different
types of karst aquifers (FS 1–10). In the most basic
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classification, White (1969) distinguished between
diffuse-flow aquifers, in which
solutional cavities are limited in size and number,
often being mainly solutionally widened joints or
bedding planes (p. 15)

and free-flow aquifers, in which

the ground-water flow paths have been localized
by solutional modification into well integrated
systems of conduits (p. 17).

Atkinson (1985) used a triangular diagram (Fig. 3)
to show the triple-porosity mix of granular, fissure,
and conduit character within an aquifer (% diffuse, %
fissure, % conduit, respectively; cf. Ford &Williams,
2007, Fig. 5.29). Smart & Hobbs (1986) cleverly divided
a cube into behavioral blocks defined by three, ordinalscale Cartesian axes: (1) flow from diffuse to conduit—
successively (a) fracture and intergranular, (b) fissure
and network, and (c) conduit); (2) storage from low
to high—successively (a) soil and subcutaneous, (b)
seasonally saturated, and (c) perennially saturated;
and (3) recharge from point to dispersed—successively
(a) stream sinks, (b) subcutaneously fissures, and (c)
fracture and intergranular (Ford & Williams, 2007,
Fig. 5.30).
These classification schemes, among others,
emphasize that there is more to the flow of water in
karst aquifers than the Darcy’s Law of Hubbert (1940),
no matter how fundamental that is to mainstream
hydrogeology. For example, in his textbook, White
(1988, p. 160) starts his discussion on the mechanics
of groundwater flow, with the bold statement:
Karst hydrology is a tale of flowing water. Unlike
groundwater flow in most other aquifers, water
in karstic aquifers flows in pipelike conduits and
open cave stream channels as well as through
fractures and pores.

Then he goes on in successive subsections to discuss
the equations of (1) conduit flow, (2) open channel
flow, (3) porous media flow, and (4) fracture flow.
For example, it is obvious that the Darcy-Weisbach
equation for turbulent flow in pipes is another
implement for the toolbox (FS 3a–6). The benchmark
application of the Darcy-Weisbach equation was
Thrailkill (1968), which discusses Mammoth Cave.
Reflecting the point of view of speleology of the day,
the context of the paper was process (FS 1–8), and it
addressed both the hydraulics and chemistry of the
flowing water.
The “flow considerations” part of Thrailkill (1968)
treated a hypothetical karst flow system as an elongate
network of pipes conducting turbulent water from
recharge areas to a discharge site. An actual network
of connected conduits worked out by Smart (1983)
is shown in the textbook of Ford & Williams (2007,
Fig. 6.43). Such pipe-network conceptualizations
stand in stark contrast to sandbox conceptualizations
of intergranular, diffuse-flow aquifers, such as that of
Hubbert (1940, Fig. 45). The two represent different
ways of metaphorizing conceptual models (Vacher et
al., 2006) of the permeability structure of a carbonate
aquifer (FS 1–11).
Smart (1983) determined the pipe network using the
premier tool of karst hydrology: dye tracing (FS 3a–7)

International Journal of Speleology, 44 (3), 207-230. Tampa, FL (USA) September 2015

214

Vacher and Florea
many contributions from scientists whose primary
interest was not caves and karst

Books on karst appeared in the 1970s (Jennings, 1971;
Sweeting, 1972), and books on karst hydrology appeared
in the 1980s (Bogli, 1980; Bonacci, 1987; White,
1988; Ford & Williams, 1989; White & White, 1989).
Meanwhile, the standard textbooks of mainstream
hydrogeology included little if any mention of dye
tracing, underground rivers, springs or turbulence.
While dye tracing (FS 3a–7) and spring discharge
monitoring (FS 3a–8) were distinctive to karst
hydrology, the objective of determining the water
chemistry was common to both mainstream and karst
hydrology. Obviously fundamental to the question of
whether or not dissolution was occurring was the
saturation index of the water and what was happening
with the PCO2 (Holland et al., 1968; Langmuir, 1971;
Shuster & White, 1972).
Fig. 3. Ternary diagram of types of karst permeability adapted from
Atkinson (1985).

(Smart & Laidlaw, 1977; Jones, 1984). The purpose of
this technique is to determine where a tracer that is
placed in a conduit emerges and how long it takes to
get there (FS 2–6), thus emphasizing the Lagrangian
orientation (FS 1–7). Karst hydrologists have mapped
complicated multi-level and branching networks of
underground rivers. They have documented how
different parts of the network are activated at different
stages of flows. They have shown why some springs
flow only part of the year. Particularly influential in
the U.S. is the work of Bill Jones in West Virginia
(Jones, 1973) and Jim Quinlan at Mammoth Cave
(e.g., Quinlan & Ewers, 1989; Quinlan, 1990). Dye
tracing is a skill, and maps that connect sinks to
springs (e.g., Ford & Williams, 2006, Fig. 6.39) are
implements in the toolbox.
Karst hydrology gives particular attention to
springs and commonly involves monitoring the spring
discharge (FS 2–7, FS 3a–8). Hydrographs are the
implements in the toolbox, and their utility can be
enhanced by chemistry (FS 2–8); spring-flow analysis
is the interpretive skill. Applications aim to quantify
and understand the flood peaks (quick flow) and the
sustained low flows (base flow), and in the process the
relative importance of diffuse and conduit flow (White
and Reich, 1970; Shuster and White, 1971; White,
1976, 1977; Atkinson, 1977)
Karst hydrology developed its own literature (FS 3b–3).
Technical papers began appearing in the 1960s, many
of them in the National Speleological Society Bulletin,
and its successor, Journal of Cave and Karst Studies.
Papers on karst invaded the mainstream geological
literature (FS 3b–4) in the 1970s; for example, quoting
White & Culver (2007, p. 183),
By 1971, by and large, investigations of karst had
achieved (or recovered, sic) status as respectable
topics for research within the mainstream
scientific community. Papers concerning karst
could be submitted to the highest prestige journals
with the expectation of a fair hearing and in many
cases acceptance for publication. The result was
a great enlargement of the literature including

Mainstream hydrogeology (Floridan aquifer
perspective)
Stringfield
The first groundwater publication of the USGS was
an explanation of regional, artesian aquifers by T.C.
Chamberlin (1895). This publication is said to mark
the beginning of hydrogeology as an organized science
(Freeze & Back, 1983, p. 291; Meyer et al., 1988,
p. 2). It was followed two years later by N. Darton’s
description of the Dakota aquifer, the type example
of a regional artesian aquifer (Darton, 1897). The
USGS was especially interested in artesian aquifers
in the days of exploration for obvious reasons
(FS 2–1); the natural rise of water in the well meant a
ready supply of water for irrigation. About a century
later, both Groundwater (Freeze & Cherry, 1979) and
Applied Hydrogeology (Fetter, 1988) were published and
became leading textbooks for undergraduate courses in
hydrogeology. The chapter in Fetter on regional ground
water flow contained two case studies of regional
artesian groundwater flow systems. One of them was
Darton’s Dakota aquifer. The other was the Floridan
aquifer, encompassing all of Florida, together with the
adjoining Coastal Plain of Alabama and Georgia.
The premier study of this great limestone aquifer
was by V.T. Stringfield of the USGS (Stringfield,
1935; 1936; 1966). The work included a map of
the potentiometric surface of the Floridan aquifer
(Fig. 4), “a forerunner of the synoptic potentiometric
maps now released annually” (Meyer et al., 1988, p. 4).
The map clearly shows that just as the flow system in
the Dakota aquifer is established by the water table in
the outcrop area, the flow system of the Floridan aquifer
in peninsular Florida is established by the water table
in the outcrop area of West-Central Florida and the
potentiometric surface in the Lake District of Central
Florida. The outcrop area is the West-Central Florida
karst, where the Floridan aquifer is overlain with little or
no younger sediments (Lane, 1986; Florea, 2006). The
Lake District is a buried karst terrain (Stringfield 1966;
LaMoreaux, 1983), where the aquifer is confined but
recharge occurs through lakes and cover-subsidence
or cover-collapse sinkholes (Tihanski, 1999).
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Fig. 4. Potentiometric map of the Floridan aquifer. Plate 12 of Stringfield (1936).
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The potentiometric map of the Floridan aquifer was
one of the first and major products of a cooperative
agreement worked out between Stringfield of the
USGS and H. Gunter (Fig. 5), the second State
Geologist of Florida (Meyer et al., 1988). The
cooperative program that resulted from the agreement
pooled the manpower, funds, and equipment of the
federal and state agencies to address the major waterresources questions of the state. So successful was
this cooperative program that the concept of federalstate cooperation was adopted by the USGS and the
State Geologists of neighboring Georgia, Alabama,
Mississippi and Louisiana. Cooperative programs
spread rapidly over the U.S. (LaMoreaux, 1983).

Fig. 5. Pivotal characters in Florida Hydrogeology during the mid-1940s.
From left to right. Hilton Cooper (USGS), N.D. Hoy (USGS), Robert
Vernon (State Geologist of Florida 1958 – 1971), Herman Gunter (State
Geologist of Florida 1919 – 1958), Vic Stringfield (USGS), and Gerry
Parker (USGS). Photo from the archives of the late Gerry Parker.

From 1941 to his retirement in 1972, Stringfield
was Regional Division Chief of the USGS, eastern
half of the U.S. Toward the end of his career and even
after he retired, Stringfield produced a remarkable
succession of summary publications, many with his
USGS colleague Harry LeGrand. The publications
were not only on the great limestone aquifer of the
Southeast U.S. (Stringfield, 1966; Stringfield &
LeGrand, 1966). Of particular interest here was
an outpouring of papers on what they called karst
hydrology (Stringfield & LeGrand, 1969a; LeGrand
& Stringfield, 1973). These papers stressed the
role of geologic factors and geologic history in the
development of permeability in limestone aquifers
(Stringfield & LeGrand, 1969b; LeGrand & Stringfield,
1971) and the hydrologic interactions of karst and
coastal groundwater (Stringfield & LeGrand, 1971).
Despite this effort, Stringfield’s work was not
incorporated into the mainstream publications of
karst hydrology. For example, White (1988) cites only
three of Stringfield’s publications. Ford & Williams
(1989) cite only one, a different one than those cited by
White. All references are in passing. So are references
to Florida karst. Neither was Stringfield’s work on
karst included much in the mainstream publications
in hydrogeology. For example, the eight pages on
the limestone flow system of the southeastern U.S.
in Fetter (1988) feature the potentiometric map of
Stringfield (1966) but do not include the word ‘karst’
and mention caves only once (Fetter, 1988, p. 240):

In areas where the upper Floridan aquifer is
unconfined, transmissivities [are extremely high]
because of sinkholes and caves” (Fetter, 1988,
p. 240).

Stringfield and LeGrand were not cavers, nor
evidently did they interact with Florida cavers. They
were unable to report about the many air-filled caves
that are now known (Lane, 1986; Florea, 2006; Florea
et al., 2007). Thus their papers on Florida karst
lacked first-hand knowledge about caves, the premier
component of karst. Although short on observations
about caves, the papers were long on speculation about
speleogenesis. The mainstream karst community had
moved on to processes of speleogenesis, particularly
geochemical processes (FS 2–4, FS 2–8). There was
little of that in the papers of Stringfield and LeGrand.
Moreover, the papers on the hydrology of karst were
behind the times relative to Europe. Here is how
White & Culver (2007, p. 81) summarize the situation
as they introduce the section on 1961–1970 in their
Benchmark Papers in Karst Science:
The most important event of the period was
the initiation of the International Hydrological
Decade beginning in 1964…. The European
members of IHD had placed karst hydrology high
on their list of priorities because work in Europe
was making good progress… Hydrologists in
the United States found that they really didn’t
know much about karst hydrology. What they
did know was nicely summarized in a lengthy
review paper (Stringfield and LeGrand, 1969a)
prepared as a baseline against which progress
could be measured.

Stringfield’s potentiometric map as a forestructure
What did contribute to progress was the
potentiometric map (FS 2–3, FS 3a–9). In a
groundbreaking hydrogeochemcial study, Back &
Hanshaw (1970) used the knowledge of the flow
system provided by the potentiometric map to lay
out a fence diagram of three cross-sections and 19
wells to determine the spatial variation of carbonate
geochemistry in the regional aquifer (FS 2–8). The
water chemistry showed systematic increases in
calcium, magnesium, bicarbonate, and sulfate down
gradient from the potentiometric high. To the point
of mineral-rock interaction, it showed a systematic
increase down gradient in calcite saturation, dolomite
saturation, and Mg/Ca ratio. It also included
contours of radiocarbon age at 1, 3.5, 10, and 18
thousand years.
Plummer (1977) and Plummer & Back (1980) used
four of the wells from the earlier study of Back &
Hanshaw (1970) to determine the chemical reaction
that can account for the down-gradient changes in
chemistry. Their method was to solve a geochemical
mass-balance problem consisting of a system of
simultaneous equations, one for each constituent.
For example, the question of what happens to a given
volume of water sampled from the potentiometric
high to make it like a sample of the same volume from
a downgradient site was answered by the chemical
equation (Plummer & Back, 1980, Fig. 3):

International Journal of Speleology, 44 (3), 207-230. Tampa, FL (USA) September 2015

Quantitative hermeneutics and multiple-permeability karst aquifers

PCGW + 2.24 CaMg(CO3)2 + 3.56 CaSO4∙2H2O +
+ 0.76 CO2 = 3.88 CaCO3 + AGW
where PCGW is Polk City groundwater (potentiometric
high) and AGW is Arcadia groundwater (down–gradient
site). In a later paper, Plummer et al. (1983) extended
the study to develop a reaction-path simulation
model using three wells in a down-gradient series
and additional data on carbon and sulfur isotopes.
The net chemical reactions were “dolomite dissolution
with calcite precipitation (incongruent reaction
driven irreversibly by gypsum dissolution), with
accompanying sulfate reduction and conservation of
iron and sulfide in iron hydroxide and iron sulfide
precipitation” (Morse & Mackenzie, 1990, p. 369). The
modeling produced a figure showing the reaction path
in terms of water chemistry—calcium and magnesium
concentrations, δ13C, and pH—vs. a progress variable,
the sulfate concentration. These geochemical reaction
models were used by Plummer & Sprinkle (2001)
to improve the radiocarbon dating of the dissolved
inorganic carbon in the groundwater.
Stringfield’s potentiometric map was also the
starting point for computer modeling of the flow
system for the four-year (1978-1982) regional aquifer
system analysis (RASA) study of the Floridan aquifer
system. The study produced nine reports (chapters of
USGS Professional Paper 1403). Two of them are of
particular relevance to this paper: Bush & Johnston
(1988) for the entire aquifer system, and Ryder (1985)
for West-Central Florida, where the active karst occurs.
Both studies used the three-dimensional, finitedifference model of Trescott & Larson (1976). Both
studies simulated the predevelopment flow system.
In the regional study (Bush & Johnston, 1988), the
grid consisted of 65 rows and 80 columns, each tile 8
miles (12.8 km) on a side. In the sub-regional study
(Ryder, 1985), the grid consisted of 29 rows and 47
columns, each tile 4 miles (6.4 km) on a side.
According to an early report specifically on the
predevelopment flow system (Bush, 1982), the total
recharge needed to balance the total discharge occurs
in the unconfined and thinly confined parts of the
aquifer and amounted to about 11 cm/year (about 8%
of the rainfall) over the recharge area. Regarding the
flow system (Bush, 1982, p. 17),
The highest discharge is from the delineated
areas of greatest recharge…. This implies a
relatively high rate of ground-water flow in
these areas where the aquifer is unconfined or
partially confined, compared to that of areas
where the limestone aquifer (is confined)…
Another implication of high recharge and
discharge in the same areas is that flow paths
are relatively short…. The bulk of the recharge
does not move many tens of miles from recharge
areas to discharge areas. Rapid flow along short
flows paths suggests a very active shallow flow
system in the unconfined and partially confined
parts of the limestone.

The fitted transmissivity values used in the cells are
aerially distributed in a reasonable way. They are
high in the unconfined and semi-confined parts of
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the aquifer, especially where the natural recharge and
discharge are highest (e.g., springs).
Three forestructures immediately come to mind from
the foregoing account of the regional hydrogeology of
the Floridan aquifer. First is the significant role of
the USGS in both the research and as a knowledge
resource (FS 3b–1). It is also relevant that these
studies, spurred by the forestructure of practical
application (FS 2–1), led to new understandings of
the science and new tools, both skills (modeling) and
artifacts (models). In this regard it is revealing that
the story involved five winners of the Meinzer award of
the Hydrogeology Division of the GSA: V. Stringfield in
1970, Back and Hanshaw in 1973, Plummer in 1993,
Thorstenson in 2008, and Parkhurst in 2012.
The new artifacts point to a second obvious
forestructure. The USGS has long been the go-to
agency for topographic maps (FS 3a–10) and geologic
maps (FS 3a–11) to support geological research. Now,
it is additionally the go-to agency for models. The flow
model we mentioned (Trescott & Larson, 1976) was
one of several that was used in different research
groups in the USGS. But (McDonald & Harbaugh,
2003, p. 30),
As models became widely used in USGS studies,
the benefit obtained from creating one program
that combined the best capabilities of all the
variations of model programs used in the USGS
became apparent.

The result was MODFLOW (FS 3a–12). Similarly,
there is a rich collection of predictive geochemical
models (FS 3a–13). The USGS National Research
Program and the USGS Water Resources Division
provides a project to consolidate them and make them
accessible (Parkhurst et al., n.d.).
The third forestructure (FS 1–12) is a necessary
aspect of reconciling what Hubbert (1946, p. 275)
called the “macroscopic and microscopic scales” of
the porous medium. He presented the concept of the
representative elemental volume (REV) as the minimum
ΔV to average out the binary 1s and 0s inside the ΔV
(1s at grains, 0s at non–grains). Those binary elements
are present at the microscopic scale like pixels in order
to make a continuum like a grey scale in a photograph
at the macroscopic scale. With the concept of an
REV, he could then proceed with continuum-based
mathematics such as the Navier-Stokes equation. The
classic figure of porosity vs. ΔV (Hubbert, 1956; Fig. 6),
which is reproduced in many textbooks (e.g., Domenico
& Schwartz, 1990, Fig. 3.16), shows the porosity
fluctuating widely within the microscopic domain
and settling down where ΔV reaches the REV value.
The idea then is that we don’t care what goes on at
the microscopic scale, i.e., inside the REV. With digital
models (e.g., finite difference), we now have contiguous
‘microscopic’ tiles (pixels) kilometers on a side; two such
tiles from Bush & Johnston (1988) laid side-by-side
would exceed the size of many small carbonate islands.
Also, it has been found, not unreasonably, that hydraulic
conductivity increases with increasing scale (Bear,
1972), i.e., the size of the averaging volume, especially
in carbonate aquifers with secondary permeability
(Rovey, 1994; Rovey & Cherkauer, 1995) (Fig. 7).
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hypothesize that many of the cuspate beaches
along the east coast of the Yucatan formed in
this manner….

Fig. 6. The representative elementary volume concept in the ‘microscopic’
and ‘macroscopic’ regime of aquifers as adapted from Hubbert (1956).

The textbook by White (1988) cites the paper by
Back et al. (1979) along with another paper on the
hydrochemistry of the northern Yucatan Peninsula,
and five papers by Plummer and colleagues from
1976 to 1982, mostly on the solubility of CaCO3
phases and the kinetics of calcite dissolution. The
textbook by Ford & Williams (1989) cites a different
paper on Caleta Xel Ha (Back et al., 1984) and a more
general paper by Back & Zötl (1975) on applications
of geochemistry to chemical principles. It also cites
five papers by Plummer and colleagues, including one
of the initial theoretical papers on the mixing of fresh
and salty groundwater (Plummer, 1975). Obviously,
the reception of these geochemical, process-oriented
papers (FS 1–8) met with a different reaction than
those of Stringfield and LeGrand a few years earlier.
As for the argument specifically for dissolution from
freshwater-seawater mixing, it certainly helped that
the ground had been prepared by Mischungskorrosion,
dissolution by the mixing of waters of different PCO2
(Bögli, 1964, 1980).
Geochemistry raised geologic explanation to a
new level. Before geochemical models (FS 3a–13)
became a part of process-oriented thinking (FS 1–8),
geologic explanation of karst was simply story telling
by comparison.
Garrels, Mackenzie, and the Bermuda Biological
Station for Research

Fig. 7. Scales of permeability measurements in a karst
aquifer. Terminology adapted from Bear (1972).

INTERTWINING
Geochemists bring fields together
Plummer & Back (1980) did not limit their application
of mass-balance calculations to the Floridan aquifer.
One of their other examples was an evaluation of mixing
of fresh groundwater with salty groundwater along
the fringes of Caleta Xel Ha, a coastal lagoon along the
eastern coastline of the Yucatan Peninsula, Mexico.
The geomorphic significance of the geochemical work
was presented by Back et al. (1979) and Back et al.
(1986). Quoting the abstract of the first (p. 1521):
Where these two end-member groundwaters
mix to form the brackish dispersion zone, the
resulting solution is undersaturated with respect
to calcite. This was confirmed by mass transfer
and isotopic modeling which show that the mixing
of two solutions of different ionic strength, each
saturated with respect to calcite, can result in
an undersaturated solution. Model calculations
indicate that as much as 1.23 mmol of CaCO3
may be dissolved per kilogram of water. We

According to Plummer et al. (1983), the theoretical
groundwork of the mass-balance geochemistry was
laid by Mackenzie and Garrels (1966), Garrels &
Mackenzie (1967), Helgeson (1968), Helgeson et al.
(1969), and Truesdell & Jones (1974). White & Culver
(2007, p. 119) in their Benchmark Papers in Karst
Science commented that the first version of their
eighth selection, Back (1961), was written as a term
paper in a course given by R.M. Garrels, who, “more
than any single individual, can be considered the
father of aqueous geochemistry.”
As described by Berner (1989, p. 200) in connection
with Garrels’s Harvard years (1955–1965),
Because of Garrels, graduate students could
obtain invaluable training in theoretical and
experimental aspects of geochemistry, practically
unobtainable elsewhere.

Berner then noted his contemporaries in the ‘hub of
activity’ that was Garrels’s lab: Hanshaw, Helgeson,
Truesdell, Langmuir, and Bricker, to name only those
referenced in this paper. Before Harvard, Garrels
headed the Solid State Group, Geochemistry and
Petrology Branch, of the USGS (FS 3b–1), where he
worked with Swinnerton (Garrels, 1953). After Harvard,
Garrels was at Northwestern University (1965–1969),
where he recruited Fred Mackenzie. Mackenzie’s
Northwestern students who are referenced in this
paper are Plummer, Thorstenson, Lafon, Upchurch,
and Vacher. All of them did dissertations or other
research on Bermuda. If the forestructure, ‘tools’, is
to include “social and political structures” that lead to
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“colleagues to bounce ideas off of” (Frodeman, 1995,
p. 964), then it seems reasonable to consider networks
of academic descendants as an instantiation of the
idea (FS 3b–5) and identify the Garrels network as an
example. Obvious examples for karst hydrology are
Will White and Derek Ford (Harmon & Wicks, 2006).
Fred Mackenzie met Bob Garrels at the Bermuda
Biological Station for Research (BBSR; now, the
Bermuda Institute for Ocean Sciences, BIOS) in
1962 shortly after Fred completed his PhD at Lehigh
University. According to Mackenzie (1989, p. 497),
The station was an institution away from home
for both us, and it became the site of many of our
collaborative research efforts in the 60s and 70s.

In a later retrospective in Mackenzie & Andersson
(2013, p. 11), he recalled
Hal Helgeson convinced me of the importance
of theoretical geochemistry in the solution of
problems involving sediments and sedimentary
rocks. Indeed, it was on a roll out of computer
paper at BBSR that the papers to appear in
Geochimica et Cosmochimica Acta (Helgeson,
1968; Helgeson et al., 1969) dealing with the
evaluation of irreversible thermodynamics
in geochemical processes were first worked
out – Hal doing theory and Bob Garrels
and I applications.

It was Keith Chave, one of his PhD advisors at
Lehigh and a long-time friend of Garrels, who
convinced Mackenzie to take a residential position
at the BBSR in 1963. Chave also had two students
do field work at BBSR for dissertations in Bermuda:
Conrad Neumann on processes of sedimentation
in one of the inland sounds, completed in 1963;
and Lynton Land on meteoric diagenesis of the
island’s biocalcarenites, completing in 1966. One
step further up the genealogical tree, Chave was a
PhD student of Heinz Lowenstam at the University
of Chicago (Dodd & Stanton, 1990, p. 69), and so
was Robert Ginsburg (e.g., Ginsburg & Lowenstam,
1958). At that time, Lowenstam, who did pioneering
studies of paleoecology of carbonate environments,
organism-sediment relations, and biomineralization,
was his Chicago colleague, Harold Urey’s “Atomic
Paleontologist” (Kirschvink, 2003, p. 13). Lowenstam
did many disparate studies in Bermuda, including
groundbreaking
work
in
paleo-temperature
determinations (e.g., Epstein & Lowenstam, 1953)
in the early days of isotope geochemistry, which is
now a valued tool-type forestructure (FS 3a–14). A
few years later, Lowenstam, had moved on to the
California Institute of Technology, where he had a
student take the first hard look at the diagenesis of
Bermuda’s limestone (Gross, 1961), and naturally the
work included stable isotopes (Gross, 1964). About
that time, Lowenstam was joined in the field (BBSR)
by his former senior colleague at Chicago, Bretz, as
part of a study of Bermuda’s geologic history. The
resulting paper (Bretz, 1960) was a milestone for
its reinterpretation of Bermuda’s stratigraphy, the
details of which Bretz said Lowenstam would publish
“before long” (p. 1732), but it didn’t happen. The title
of Bretz’s paper, “Bermuda: A partially drowned, late
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mature, Pleistocene karst” lives on as a testament to
the long life of the cycle of erosion (FS 1–1).
The BBSR played an important role in the developing
fields of carbonate geochemistry and carbonate
sedimentology with all their many interactions and
individual facets. One of the individual facets was
meteoric diagenesis, which is a contemporaneous
phenomenon on Bermuda. The phenomenon became
a theme of research for some BBSR academic
descendants of Lowenstam as well as the branches
from Chave, and Mackenzie (e.g., Gross, 1964; Land
1967, 1979; Land et al., 1967; Lafon & Vacher,
1975; Plummer et al., 1976; Vacher et al., 1990;
summary in Morse & Mackenzie, 1990, p. 330–352).
David Budd and Vacher, who are academic cousins
(two generations down from Chave), took the theme
from island-realm meteoric diagenesis (e.g., Land
et al., 1967; Budd, 1984) to confined–aquifer-realm
meteoric diagenesis (e.g., Niemann & Read, 1988) by
moving to the grainstone of the confined part of the
Floridan aquifer and the flow paths defined by the
work of Stringfield and used by Back and Plummer
(Budd et al., 1993; Jones et al., 1993).
The setting and focus on meteoric diagenesis at
BBSR recalled the distinction of stages of diagenesis
(i.e., porosity evolution) made by Choquette & Pray
(1970). Quoting the summary in Moore (2001, p. 42),
The eogenetic stage is the time interval between
initial sediment deposition and sediment burial
below the influence of surficial diagenetic
processes. The upper limit of the eogenetic zone
is generally a depositional interface, which can
be either subaerial or subaqueous….
The mesogenetic stage is the time interval
during which the sediments are buried at depth
below the major influence of surficial diagenetic
processes…. In general, diagenesis in the
mesogenetic zone … is dominated by compaction
and compaction–related processes….
The telogenetic stage is (when) carbonate
sequences that have been in the mesognetic zone
are exhumed in association with unconformities
to once again be influenced by surficial diagenetic
processes. The term telogenetic is reserved
specifically for the erosion of old rocks, rather
than the erosion of newly deposited sediments
during minor interruptions in depositional cycles.

The distinction became a point-of-view forestructure
for thinking about different types of karst (FS 1–13)
Overall, the forestructure for this meteoric diagenesis
thread of the story is clearly field research stations
and field schools (FS 3b–6). This forestructure is
of the “social and political structures” type, under
“tools.” Throw groups of researchers and their
graduate students together and they interact, share
ideas, develop collaborations, and disperse. The BBSR
example is situated in eogenetic karst. A teachingoriented example situated in telogenetic karst is
the Karst Field Studies Program program of weeklong karst field studies courses at Mammoth Cave
National Park, which was started by Nick Crawford of
Western Kentucky University in 1979 and continues
to this day.
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The Gerace Research Centre, and Mylroie
The Gerace Research Centre opened in 1971 on San
Salvador Island in the Bahamas as the College Centre
of the Finger Lakes (CCFL) Bahamian Field Station. It
is on the site of an abandoned U.S. Naval Base that
Don Gerace, the center’s founder, bought for one
dollar (Freid, 2011). From the beginning, Gerace’s
goal was to provide teaching facilities for visiting
groups to conduct field courses. Now the field station
(FS 3b–6) is The College of The Bahamas Gerace
Research Centre. According to its website, “Each
year, more than 1200 students from over 80 colleges,
universities, and educational organizations participate
in archeology, biology, geology, and marine science field
courses.” In addition, there is a regular Symposium
on the Geology of the Bahamas that started in 1982.
The proceedings volumes are available on the Center’s
website. The geology proceedings volumes contain a
considerable island karst literature (FS 3b–3).
In 1977, John Mylroie and James Carew began
a collaboration to establish a geologic framework
for San Salvador Island (Carew & Mylroie, 1985).
Carew’s role was to develop the stratigraphy (FS
2–9). Mylroie’s role was to develop a dataset of the
caves (FS 2–5) (Mylroie, 1983; 1984). As was the case
in Bermuda (Bretz 1960), the cyclic alternation of
limestone (largely eolianite) and red soils was seen
to reflect Pleistocene sea-level cycles (interglacial
and glacial periods, respectively). Carew and Mylroie
found that nearly all of the exposed eolianites and
associated coastal deposits were from the last
interglacial (MIS 5e), with the coastal deposits
extending up to 6 m elevation. Mylroie and Carew
found that many caves on San Salvador, and on other
islands in the Bahamas, occur within these young
rocks and cluster at elevations consistent with the
MIS-5e highstand. Mylroie and Carew concluded that
these caves are markers of former sea levels, and they
must have been produced rapidly (< 10 ky), within
recently deposited sediments. These caves, which
formed contemporaneously with the early diagenesis
of the rocks enclosing them, are flank margin caves,
so named because they are along the flanks of eolian
ridges at positions occupied by the margin of the
former freshwater lenses (Mylroie & Carew, 1990;
Mylroie & Carew, 1995; Palmer, 2007, p. 211).
Early interpretations of cave origin for these islands
were challenging. In the first two Geology of The
Bahamas Symposia, Mylroie (1982, 1984) referred to
the caves he was mapping as conduits, a loaded word.
Ten years later, he had this to say about the distinctive
morphology (Mylroie & Carew, 1995, p. 63):
That morphology includes large, globular
chambers, bedrock spans, thin bedrock partitions
between chambers, tubular passages that end
abruptly, and curvilinear phreatic dissolutional
surfaces. These caves lack ablation scallops,
stream channels, and other indications of
turbulent conduit flow. Flank margin caves are
not conduits, but rather mixing chambers. They
receive water from the lens in the island interior
as diffuse flow, and discharge that water, after
mixing, as diffuse flow to the sea.

Now the morphology of globular chambers and
terminating passages is summed up with the word,
spongework (e.g., Palmer, 1991). The glossary in
Palmer (2007, p. 413) defines spongework as
Interconnecting voids like those in a sponge,
usually formed by the solutional enlargement
of intergranular pores. A spongework maze
contains openings large enough to explore.

The idea that the flank margin caves are mixing
chambers rather than conduits led Mylroie & Carew
(1995, p. 63) to add these two key sentences to the
paragraph quoted above:
The caves develop without an external opening
to the sea or the land. Entry today is gained as
a result of surface erosion breaching the cave.

In other words, by their view, flank margin caves
are hypogenic (Klimchouk, 2007), meaning “they
owe their origin to processes beneath the surface” as
opposed to epigenic, meaning “their origin depends on
acids derived from surface or near-surface processes,
such as CO2 production in the soil” (both from Palmer,
2007, p. 209). Indeed, Palmer (2007) includes caves
formed in seacoast mixing zones as the first example
in his section on hypogenic caves. The other types are
hydrothermal caves and sulfuric acid caves such as
Carlsbad Caverns.
The contrast in terminology between Mylroie (1982,
1984) and the quotation from Mylroie & Carew (1995)
suggests a shift in a preconception-type forestructure
when looking at Bahamian caves (FS 1–14). It is
normal when thinking of caves to think of epigenic
origins. After all (White, 1988, p. 284):

seen in true context, the theory of cave
origins is nothing more than the theory for
the development of the conduit permeability
of a carbonate aquifer.

But then, 12 years later (White, 2000, p. 42),

Throughout the classic period, and well into
the modern period, the one paradigm that was
agreed upon was that solution caves formed by
the dissolution of carbonate rocks by shallow
circulating groundwater carrying dissolved
carbon dioxide. One of the most significant
discoveries of the latter part of the modern period
is that at least three alternative mechanisms
(mixing zone, hydrothermal, sulfuric acid) lead to
the formation of caves, and the caves formed by
these processes are by no means rare.

The emergence of these new cave types happened
about the same time. In particular, the new
interpretation of Carlsbad Caverns (Hill, 1987, 1990)
especially excited the karst community and likely was
a forestructure (FS 1–9) for Mylroie. It can be noted
too that the hypogenic, sulfuric-acid interpretation of
Carlsbad replaced the earlier epigenic interpretation
by Bretz (1949).
The hypogenic speleogenesis of flank margin caves
(Palmer, 2007, Figs. 8.38, 8.44) focuses on mixing
and the margin of freshwater lenses, though recent
geochemical data draw attention to increased PCO2
in the vadose zone (Gulley et al., 2014a). At the water
table, there can be Mischungskorrossion of Bögli
(1964), and, at the base of the lens, there is freshwater-
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seawater mixing (Plummer, 1975; Back et al., 1979).
The two dissolution zones merge at the shoreline
edge of the lens (Mylroie & Carew, 1995; Mylroie et
al., 1995), where both the tidal motion and the net
shoreward drift of water are greatest. The enlarging
voids, and the focused recharge into them, would
result in landward progression of the reaction front
as theorized in a different environment and context
by Rhoades & Sinacori (1941). The mixing chambers
can become the site of brackish sea-level pools, and
vadose freshwater drips into them can continue to
produce undersaturated water (Palmer et al., 1977;
Palmer, 2007). The flank margin caves develop as
“beads on a string” (Mylroie & Carew, 1995), and
the strings successively parallel the shoreline with
fingering extensions inland. The process continues
until the favorable geochemical conditions change, for
example, as a result of sea-level change.
The Karst Waters Institute
Mylroie was deeply entrenched in the speleological
community. A member of the NSS since 1970, his first
publication cited in Palmer (2007) is from epigenic karst
of the Helderberg Plateau, New York (Mylroie, 1977),
and he served in various organizational and editorial
positions for the society in the 1970s and 1980s.
He was an instructor (advanced cave exploration;
karst geology; cave survey and cartography) at the
Summer University in the Park Series, Mammoth
Cave National Park for eleven years beginning in
1985. Then, in 1988–1991, he worked with cave
biologist Dave Culver (American University) and karst
hydrologist Bill Jones (West Virginia) on the notion
of a U.S. karst research institute. That effort led to
the formation and, in November 1991, incorporation
of the Karst Waters Institute (KWI). The mission of
the 501 (c)(3) non–profit institution is “to improve the
fundamental understanding of karst water systems
through sound scientific research and the education
of professionals and the public.” Mylorie was its first
president (1991–1995) and remained on the board for
several more years.
The KWI (FS 3b–2) is known for its history of
multidisciplinary conferences and symposia beginning
in 1994. Several of them have resulted in proceedings
volumes (FS 3b–3). Particularly relevant to this paper
is the volume from the conference on karst modeling
in 1999. The editor focused the introduction on the
multiple-porosity nature of karst aquifers (Palmer,
1999, p. 2)
…Most karst specialists center their attention on
solution conduits (especially caves, which are
voids large enough to enter). Karst hydrology
also involves the hydraulics of pipes and open
channels. In contrast, traditional hydrologists
view karst mainly from well data, and petroleum
geologists rely mainly on borehole data and
geophysics. These latter methods provide
useful information about porosity and geology
structure but tend to overlook the influence of
solution conduits.
…Most water wells in karst draw their supply
from narrow fissures and intergranular pores
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that support laminar flow…. The majority of the
storage volume is normally in the laminar-flow
openings….
Karst specialists are usually alone in emphasizing
the turbulent-flow portions of the aquifers. Although
conduits represent only a small percentage of
the porosity, they carry most of the discharge,
and at velocities that are extraordinarily high by
groundwater standards. They behave in the same
manner as surface rivers – serving as outlets for the
surrounding laminar flow during low flow, leaking
water to the surrounding parts of the aquifer when
perched, supplying ”bank storage” during floods,
and influencing local heads within the aquifer.
Any karst study involving contaminant studies or
well-head protection zones that does not consider
conduit flow is seriously flawed.

Within the volume, White (1999) called attention to
the ‘triple permeability’ conceptual model consisting
of the matrix (or granular) permeability of the bedrock
itself, fracture permeability, and conduit permeability
(Fig. 3). Following Teutsch & Sauter (1991), he
reviewed how the three types operate at different
scales (FS 1–12): the rock matrix measurable at the
laboratory scale; the fracture permeability needing
to be averaged over a large volume of rock; and the
conduit scale operating on a scale of kilometers to tens
of kilometers (Fig. 7). Worthington (1999) attached
numbers for porosity, permeability, proportions of
storage, and proportions of flow for the three types of
porosity from review of a Silurian dolostone aquifer in
Ontario, the Mississippian aquifer at Mammoth Cave,
the Cretaceous Chalk in Britain, and the limestone
aquifer in the Yucatan Peninsula. According to
Worthington (1999, p. 35)
In all four cases, more than 90% of the aquifer
storage is in the matrix and more than 90% of
the flow is in channels (conduits), with fractures
playing an intermediate role

Also in that volume, Halihan et al. (1999) focused on
the Edwards Aquifer in Texas, compiling permeability
data from 493 core samples (“small scale”), 1072
drawdown and specific capacity tests (“well-scale”),
and 3 regional modeling and hydrographic analysis
studies (“regional scale”). Plotting cumulative
frequency distributions for log permeability, they
showed that the three sets of data were roughly log
normal, with the permeability types differing by 2–4
orders of magnitude (median k at 10–15, 10–11, and
10–9 m2, for small-scale, well-scale and regional-scale
populations, respectively).
Three years later a symposium was held in
Gainesville, Florida, in the heart of the karst area of
the Floridan aquifer. In the introduction to the special
volume, Martin et al. (2002, p. 1) explain the theme of
the symposium,
Relatively little work has focused on porous
unaltered carbonate settings compared with
earlier work on recrystallized rocks. For example,
major textbooks … all mention Florida as an
important karst area, but spend relatively little
time describing and explaining the karst found
there. This hole in the knowledge of hydrologic

International Journal of Speleology, 44 (3), 207-230. Tampa, FL (USA) September 2015

222

Vacher and Florea
behavior of porous karst was the primary
impetus for holding the symposium, “Karst
Frontiers: Florida and Related Environments”….

For many, the highlight of the meeting was the
keynote talk given in the opening evening session by
Bill Wilson. He pointed out (Wilson, 2002, p. 5),
In the absence of useful results from karst
hydrogeologsts, hydrologic modelers (have)
resorted to applying diffuse flow equations to
cavernous aquifers saying, ‘…at the scale of
a coarse mesh digital model (with grid–block
spacing of 5-10 km or more), flow in the karst
springs area realistically can be treated as
porous–media flow.’ This nonsensical statement
claims that first-magnitude karst springs basins
can be ‘realistically’ modeled with fewer than
four points. Even more disturbing is the fact that
transmissivity values used to balance the water
input and output are so high that they cannot exist
in granular media, even if the Floridan Aquifer
was made of bowling balls! Such models should
be immediately recognized as intellectually
dishonest. They predict contaminant transport
velocities that are too fast for the matrix
and too slow for the conduit networks. Both
permeability components are poorly modeled
and accurate contaminant migration predication
are impossible.

Wilson (2002), a cave diver, environmental consultant,
and avid collector of data on underwater caves, went
on to summarize what he knew of the conduits from
underwater cave maps and heights of caves intersected
by wells (FS 2–5). He reported (Wilson, 2002, p. 6),
among other things,
The probability of intercepting a cave is commonly
about 25% per 30 m of drilling and rises to about
50% in some zones.
The median height of 128 cavities, intercepted
by 400 wells in Polk County was 1.28 m and the
geometric mean was 0.76 m.

From the cave diving data, he approximated that the
conduits are elliptical with a geometric–mean heightweight ratio of 0.32. Using the aspect ratio and the
relation between average and maximum intercepts
for an ellipse, the adjusted values for the geometric
means for the minor and major axes were 0.98 m
(height) and 2.9 m (width) giving an area of 2.2 m2
from the bit drop data, assuming similar ellipticalsection conduits. Cave density he estimated to be at
least 1600 km/km3! Continuing (Wilson, 2002, p. 7),
If distributed uniformly, then the average
distance between cave passages would be
about 100 m both horizontally and vertically…
Analysis of cave lengths for 223 surveyed
caves…shows that the median cave length is
38 m. This is probably a reasonable measure of
typical abandoned cave segment length.

There were 47 other papers at the symposium. Four
of them of them dealt specifically with hydrogeologic
properties or behavior of one or a combination of the
porosity elements of the Floridan aquifer (White, 2002;
Budd & Vacher, 2002; Smith et al., 2002; Palmer,
2002). There were also groups of papers about young

carbonate islands, the Yucatan, and the Edwards
aquifer. The field trip (Martin & Portell, 2002) was
the vicinity of Ichetucknee springs, in the boundary
zone of the confined and unconfined portions of
the Floridan aquifer, the general hydrogeochemical
setting of which Upchurch (2002) summarized the
preceding day. The main attraction was the Santa
Fe Sink/Rise system where Martin & Dean (2001)
had evidence that water flows from the conduits into
the matrix during floods and from the matrix into
the conduits during low-flow conditions. Tragically,
Bill Wilson suffered a fatal heart attack on the bus
during the field trip. KWI awards an annual memorial
fellowship in his honor.
In the following few years, there was an outpouring of
new papers on the exchange of water between conduits
and matrix, the resultant enlargement of the conduits,
the role of diffuse recharge in supplying the springs,
the role of the high matrix permeability in shaping the
spring hydrographs, the morphology of the caves that
do not appear to be conduits, the occurrence of caves
in levels, and the origin of the conduits in a time frame
of Pleistocene eustasy (Screaton et al., 2004; Martin et
al., 2006; Florea, 2006; Florea & Vacher, 2006, 2007;
Ritorto et al., 2009; Moore et al., 2009, 2010; Gulley
et al., 2011, 2013, 2014a and b). In all these papers,
the guiding thought was that the Floridan aquifer
represents a karst with high matrix permeability due
to its intergranular porosity as opposed to closely
spaced fissures (FS–11). This mirrors an overall
rise in published literature about karst at the same
time, captured in Fig. 8 as the increase in abstracts
on karst presented at GSA meetings. In fact, karst
as a discipline was incorporated as an official GSA
Division in October of 2014.
In the midst of that outpouring of new data,
acceptance of karst research, and new thoughts
about the Floridan aquifer, the KWI held a Frontiers
of Karst Research workshop in San Antonio in 2007.
One of the focus groups was on conceptual models,
aquifer characterization, and numerical modeling of
karst aquifers. Here are two short excerpts from their
report the section on conceptual models (Sauter et al.,
2008, p. 77 and 78):
In recent decades, it has been realized that
karst processes must be considered in a broader
context than the traditional dissolution in
circulating meteoric water…. Models for karst
aquifers developed in diagenetically mature, wellcompacted carbonate rocks usually need to take
account only of the conduit permeability and the
fracture permeability. Matrix permeability is often
very low although it is sometimes substantial….
Other aquifers develop in young carbonates
where diagenetic processes may be incomplete.
In (these) karst aquifers, matrix permeability
is usually a dominant part of the flow system.
Fractures may be a relatively minor feature.
The high matrix permaeability creates a
large accessible storage that is a significant
contribution to the flow system. Flow in the
matrix can be modelled as classical Darcian flow.
However, it is difficult to account for extensive
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Fig. 8. Percent of abstracts at Geological Society of America meetings with best-fit polynomial regressions that include the
word ‘karst’ (open squares – solid line), ‘cave’ (open diamonds – short dash line), and ‘speleothem’ (open triangles – dash
and dot line). Data from the Geological Society of America.

conduit development in such aquifers, but the
conduits are definitely present. Quantitative
models must then address the interchange of
conduit flow and matrix flow.

A NOTE AT THE END OF OUR PATHWAY
As expected, the account ends with triple permeability
in karst aquifers—conduits, fissures, and matrix.
Combinatorially, that means 23–1, or 7, possible
combinations of one or more of the permeability
elements: (1) conduits, (2) fissures, (3) matrix,
(4) conduits and fissures, (5) conduits and matrix,
(6) fissures and matrix, and (7) conduits, fissures and
matrix. These are the three vertices, three sides, and
interior region of the triangle proposed by Atkinson
(1985) (Fig. 3).
Interestingly, as our conception of karst moves
forward, so do our forestructures and therefore the
system of signs that comprise the language. The
revised language may open the door for renewed
discussion and new interpretations. For example,
long-term investigations from the Madison Group
of the Black Hills, summarized in Palmer & Palmer
(2008), demonstrate that paleokarst can be polygenetic
and multi-generational, including eogenetic through
telogenetic phases of dissolution, brecciation, void
filling spar, and overprinting of earlier voids. Another
example, from north-central Ohio, by Torres (2012),
also suggests a polygenetic origin for paleokarst in
Silurian–Devonian limestone comprising an upper
permeable zone associated with a telogenetic phase of
conduits linked with the Pliocene pre-glacial surface
and the deeper Newburg Zone with characteristics
reflective of eogenetic karst developed during shifts of
eustatic sea level along the flank of the Findlay Arch.

The above examples suggest directionality to the
evolution of carbonate aquifers that includes karst
processes at all stages. Is there, perhaps, a fourth
permeability element brought about by the recognition
of early eogenetic, or more generally, hypogenic
karst? For example, picture, as in the Black Hills, a
permeability assemblage for an aquifer reflecting a
multi-generational, or polygenetic situation: an early
stage with isolated cave blobs (spongework porosity,
Palmer, 2007, Fig. 9.72) scattered through a fissured
rock with high intergranular porosity, overprinted
by a modern epigenic stage with circulating meteoric
water. With such thinking involving a spongework
element in addition to conduit, facture, and matrix
elements, we would have more than twice as many
combinations: 24–1 or 15.

A MULTITUDE OF PATHWAYS
The three principles of hermeneutics outlined by
Frodeman (1995) are the hermeneutic circle, the
relevance of forestructures, and “the decisive role
of narrative logic in (the) explanations” of historical
sciences (Frodeman, 1995, p. 966). He cites the claim
of Ricoeuer (1985) that “narrative is our most basic
way of making sense of experience” (p. 966), and we
have constructed one such narrative concerning the
lead up to a karst topic of particular interest to us.
The overall approach prompted this welcome response
from one of our reviewers:
(The) human element – how the ideas of each
person writing the research papers were
influenced by their personal experiences,
collaborations, and education – is just as
important (in some cases, perhaps more
important) in understanding the evolution of
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research ideas as the data presented in the
papers that present those ideas.

We obviously agree, and we wish to add the notion
that the inherent subjectivity of the “human
element” means that any one narrative is necessarily
limited. How limited? Perhaps we can get a feel
for the immensity of the universe of possible
constructions from the count of forestructures
flagged in our narrative.
The forestructures flagged in our constructed story
are collected in Table 1. The count is 43 in the four
categories: 14 in preconceptions, guiding concepts,
and points of view; 9 in goals; 14 for tools, skills,
and implements; and 6 for institutions. But “people
count” (Best, 2002), and so statistics (i.e., counts) are
themselves socially constructed (Best, 2001, 2008).
Without question, other narrative accounts starting
with W.M. Davis and ending with the concept of
multiple-permeability karst aquifers would take
different routes and produce different collections
and counts of forestructures. Our construction is
heavily influenced by the historical writings of Will
White (Watson & White, 1985; White, 2000; White &
Culver, 2007), the history of one of us in Bermuda,
the history of the other of us in Kentucky, and the
history of both of us in Florida and the Bahamas.
How many other possible lists of forestructures could
there be for narratives bridging between those two
points in the evolution of thinking about groundwater
flow in karst aquifers?
Any answer would require arbitrary assumptions,
but the message from Table 1 is that combinatorial
consideration of forestructure counts will produce
huge numbers of possibilities for alternative lists
and alternative narratives. For example, focusing
solely on the 14 preconception-type forestructures of
Table 1, and considering alternative narratives involving
combinations of five to nine of those 14 forestructures,
there could be some 13 thousand pathways (stories,
constructions) from Davis to multi-permeability karst
aquifers (where two stories are ‘different’ if they involve
a different set of preconception-type forestructures).
Moreover, we certainly do not make any claim that our
list is exhaustive. Suppose, for example, that our list of
FS–1 forestructures is only 2/3 complete, i.e., suppose
the list was increased from 14 to 21 preconceptions.
That would increase the 13 thousand combinations
of five to nine of the 14 FS–1 forestructures to
about 688 thousand combinations of five to nine of
21 FS–1 forestructures.
Then how would the stories told from the different
viewpoints, meaning different and likely larger lists
of forestructures, differ from our construction? For
example, we would be interested to see our subject
through the lens of Peter Smart and his career
pathway including examples from dye tracing
(Smart & Laidlaw, 1977), telogenetic karst (Smart &
Christopher, 1989), and eogenetic karst (Smart et al.,
2006)? Additionally, we wonder how Ronald Green
would write this story, incorporating his perspective
from numerical modeling of karst aquifers and
conceptualizing their multiple permeability (Green et
al., 2006; Sun et al., 2012)? Such, it seems, is the

Table 1. Forestructures identified in the narrative.

Preconceptions, guiding concepts, points of view
FS 1–1

Cycle of erosion

FS 1–2

FS 1–4

Two-epoch cave development
Vadose, deep-phreatic, or shallow-phreatic (water-table)
speleogenesis
Base levels and base-level cycles

FS 1–5

Concept of potential

FS 1–6

Concept of field

FS 1–7

Eulerian vs. Lagrangian description of flow

FS 1–8

Process-oriented thinking

FS 1–9

Awareness of other examples and settings

FS 1–10

Classification of karst aquifers

FS 1–11

Metaphors such as pipe netoworks and sandboxes

FS 1–12

Scale of averaging volumes

FS 1–13

Eogenetic vs. telogenetic karst

FS 1–14

Epigenic vs. hypogenic karst

FS 2–1

Practical application

FS 2–2

Apply fundamental principles of physics

FS 2–3

Map the potential field

FS 2–4

Understand dissolution processes

FS 2–5

Locate and map the caves

FS 2–6

Join sinks to resurgences

FS 2–7

Monitor and interpret spring discharge

FS 2–8

Determine the water chemistry

FS 2–9

Establish the stratigraphic framework

FS 3a–1

Mathematics

FS 3a–2

Darcy’s Law

FS 3a–3

Aqueous geochemistry

FS 3a–4

Cave mapping and cave maps

FS 3a–5

Descriptive statistics

FS 3a–6

Darcy-Weisbach equation

FS 3a–7

Dye–tracing and maps connecting sinks to springs

FS 3a–8

Spring discharge monitoring and hydrographs

FS 3a–9

Potentiometric maps

FS 3a–10

Topographic maps

FS 3a–11

Geologic maps

FS 3a–12

MODFLOW

FS 3a–13

Geochemical models (e.g., PHREEQC)

FS 3a–14

Isotope geochemistry

FS 3b–1

US Geological Survey

FS 3b–2

Karst organizations, e.g., NSS, KWI

FS 3b–3

Karst literature, e.g., Journal of Caves and Karst Studies

FS 3b–4

Mainstream geological literature

FS 3b–5

Networks of academic descendants

FS 3b–6

Teaching and research field stations

FS 1–3

Goals

Tools, skills and implements

Institutions

nature of hermeneutics in making sense of the union
of our experiences: we need to collect the stories.

CONCLUDING REMARK
Our account gives a perspective of nearly a hundred
years of evolving thoughts leading to the concept of
multiply permeable karst aquifers. While we believe
that some aspects of the our constructed story
will be new to many readers of this journal, we are
particularly struck by the immensity of how many
other stories could be constructed from other points
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of views, experiences, and reading. With regard to
the latter, we note that the written and oral personal
histories cited in this manuscript (e.g., Garrels, 1953;
LaMoreaux, 1983; Watson & White, 1985; Meyer, et
al., 1988; Doel, 1989; Mackenzie, 1989; Lowenstam,
1991; Berner, 1992; Mackenzie & Andersson 2013)
have certainly influenced our perspective and
deepened our sense-making of our own experiences.
As for the experience of constructing this narrative
and the new understandings it has brought us,
the deepest lesson is the value of oral and written
histories. Metaphorically, they serve as outcrops
for hermeneutic explorations in any “interpretive
and historical science” (Frodeman, 1995, p. 960)
such as geology.
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Abstract:

Cave Cyanobacteria - thriving in an ‘extreme’ environment with interesting species
biodiversity - are supposed to be a potential source of bioactive compounds. Lipid extracts
from pure cultures of two recently established Cyanobacteria from Greek caves, Toxopsis
calypsus and Phormidium melanochroun, were used for antibacterial screening against
human pathogenic bacteria (reference and clinical isolates). Antimicrobial Susceptibility
testing for both taxa was carried out using the disc-diffusion (Kirby Bauer) method, while
preliminary data applying the standard broth microdilution method for the determination
of the Minimal Inhibitory Concentration (MIC) are given only for T. calypsus. Antibacterial
activity was demonstrated against the Gram-positive clinical and reference bacteria,
mostly pronounced in enterococci; no activity was observed against the Gram-negative
bacteria. The above screening is the first record of antibacterial activity from lipid extracts
of cave Cyanobacteria enhancing the importance of cave microbiota and the necessity
for cave conservation.
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INTRODUCTION
Cyanobacteria represent a group of Gram-negative
photoautotrophic prokaryotes thriving in almost all
aquatic and terrestrial habitats on earth, including
extreme environments. This widespread distribution
reflects the tolerance of Cyanobacteria towards
environmental stress due, inter alia, to a broad
spectrum of specific properties in physiology (Uzair
et al., 2012). Generally, microorganisms forming
microbial mats in extreme environments have been
recently identified as a good source of bioactive
compounds for different biotechnological applications
(Harvey, 2000; Dobretsov et al., 2011).
Modern research has focused on a variety of bioactive
compounds produced by Cyanobacteria. After analysis
of a great number of marine cyanobacterial natural
products, lipopeptides seem to prevail followed at
much lesser proportions by amino acids, fatty acids,
macrolides and amides (Burja et al., 2001; Singh et
*aamilli@biol.uoa.gr

al., 2011; Engene et al., 2013). These interesting and
biochemically active compounds possess biological
activity covering a wide range of antibacterial (Mundt
et al., 2003; Kaushik & Chauhan, 2008; Ramadan
et al., 2008; Asthana et al., 2009; Kaushik et al.,
2009; Khairy & El-Kassas, 2010; Suhail et al., 2011),
antifungal (MacMillan et al., 2002), antialgal (Papke et
al., 1997), antiviral (Hayashi et al., 1996; Zainuddin et
al., 2002), anti-thrombotic (Antonopoulou et al., 2002;
2005a,b) and also anticancer effectiveness (Luesh et
al., 2001; Simmons et al., 2005).
Many Cyanobacteria from various biotopes have been
tested for antibacterial activity, e.g. marine (Luesh et
al., 2001; Simmons et al., 2005; Mathew et al., 2008;
Vijaya Baskara Sethubathi & Ashok Prabu, 2012),
freshwater (Østensvik et al., 1998; Mian et al., 2003;
Madhumathi et al., 2011) and terrestrial (Mian et al.,
2003; Abdel-Raouf & Ibraheem, 2008; Ramamurthy
et al., 2012). Considering cave ecosystems as an
extreme environment (due to the insufficient light

Lamprinou et al.

232

and nutrient limitation), antibiotic effectiveness by
cave bacteria has recently been recorded (Montano
& Henderson, 2013); however, no studies have yet
identified the antibacterial potential of cyanobacterial
isolates from caves.
Exploitation of new natural products as antibacterial
agents against resistant pathogens is very important
for clinical medicine and public health, and a limited
number of new antimicrobial classes have been
developed by the international pharmaceutical industry
in the last 20 years (Infectious Diseases Society of
America, 2007). The aim of the present study is to
assess the potential antibacterial activity of extracts
from two recently established Cyanobacteria from
Greek caves, i.e. Toxopsis calypsus and Phormidium
melanochroun (Lamprinou et al., 2012, 2013). It
is noted that cave environments are still relatively
underexploited, and may prove to be a rich source of
novel biodiversity possessing bioactive compounds
potentially useful in biotechnology.

MATERIAL AND METHODS
Sampling
Fresh material, as scrapped mats and pieces of
rocks of ≤5 g, was collected from ‘Francthi’ Cave
(37°25’21.01”N, 22°17’51.18”N; altitude 12.5 m
a.s.l.), an exposed, non typical cave, with partly
collapsed roof, located in Argolida (Peloponnese,
Greece). Sampling was conducted seasonally at seven
selected sites from the entrance inwards. Temperature
(average 18.26ºC, min 11.53ºC, max 25.94ºC), Relative
Humidity (average 66.20%, min 50.73%, max 93.51%)
and photosynthetically active radiation (average
3.09 μmol·s-1·m-2, min 0.08 μmol·s-1·m-2, max 26.70
μmol·s-1·m-2) were measured at each sampling site
and sampling date by a LI-1400 data logger (LI-COR
Biosciences, USA). Four subsamples were collected
from each sampling site. Two of them were incubated
in situ into sterile transparent vials and, the other
two were partly fixed with formaldehyde solution at
2.5%. Enrichment cultures were obtained in flasks
and petri dishes with culture media (BG11o and BG11,
Stanier et al., 1971) and under proper conditions
(Gallenkamp, Sanyo incubator; 23ºC, 80% RH,
7 μmols·s-1·m-2). The two Cyanobacteria selected for
antibacterial screening (Tables 1 a,b) were: (i) Toxopsis
calypsus (type strain: ATHU-CY 3314, GenBank acc.
Nr. JN695681-JN695685) found at the nearest to the
entrance site, and (ii) Phormidium melanochroun (type
strain: ATHU-CY 3315, GenBank acc. Nr. JQ692233)
found in almost all sampling sites. The required time
for attaining sufficient biomass for lipid extraction
was 150-200 days.
Lipids Extraction and Thin Layer
Chromatography (TLC)
Total lipids were extracted from cell suspensions of
cultures using the Bligh Dyer method (Bligh & Dyer,
1959). Total lipids (TLs) were then separated into
polar (PLs) and neutral lipids (NLs) by countercurrent
distributions in a binary system formed by mixing
three volumes of pre-equilibrated petroleum ether and

one volume of pre-equilibrated 87% ethanol (Galanos
& Kapoulas, 1962). The PLs were further fractioned
by Thin Layer Chromatography (TLC) on ten (10)
TLC plates using chloroform/acetone/methanol/
acetic acid/water at a ratio of 100:40:34:10:10
(v/v/v/v/v) as developing system. Appropriate
standards of phospho- and glycol-lipids were also
used. After exposure of the TLC plate to I2 vapor, the
fractions of PLs were scraped off separately,
centrifuged, and the organic solvents were phased by
adding appropriate volumes of chloroform, methanol
and water at a ratio of 1:2:0.8 (v/v/v). All reagents and
chemicals were of analytical grade and supplied by
Merck (Darmstadt, Germany). The chromatographic
material used for TLC was silica gel H-60 (Merck,
Darmstadt, Germany).
Antibacterial activity determination
The potential antibacterial activity was tested in
both Cyanobacteria strains by the disk diffusion
method with Mueller-Hinton II agar (OXOID, UK)
according to CLSI guidelines. Dried extracts were
dissolved in methanol. The plates were inoculated
with a suspension of each strain adjusted to
a turbidity of 0.5 McFarland. Sterilized blank
(3 mm Chr Whatman) paper disks (6 mm diameter)
were applied to the surface of the inoculated agar
and were loaded with a total amount of 10 μl and
20 μl of each extract solution. The antibiotic disks
(BIORAD, UK) gentamicin 10 μg (GEN), ampicillin
10 μg (AMP), cefoxitin 30 μg (FOX), tetracycline
30 μg (TET), ciprofloxacin 5 μg (CIP) and co-trimoxazole
1.25 / 23.75 μg (SXT) were used as positive controls
depending of the bacterial species. Methanol alone
was used as a negative control since a volume of
V ≥5 μl pure methanol was inhibitory to bacterial
growth. The plates were left to dry for 15 min and
were incubated for 18 h at 35º ± 2ºC. For all agents
the diameters of zones of inhibition were measured
to the nearest millimeter and for the positive controls
the results were interpreted according to CLSI (2012)
breakpoints. Each fraction of PLs, as well as the NLs
as a whole, was tested in vitro for their ability to inhibit
growth of the following eight reference or clinical
isolates: S. aureus NCTC 6571, Methicillin-Resistant
S. aureus (MRSA) 1629, Methicillin-Susceptible S.
aureus (MSSA) 1646, Enterococcus faecalis ATCC
29212, Vancomycin-Resistant E. faecalis (VRE)
880, Vancomycin-Resistant E. faecium (VRE) 1291,
Escherichia coli ATCC 25922, and Pseudomonas
aeruginosa ATCC 27853.
After the initial evaluation of antibacterial activity,
the Minimum Inhibitory Concentrations (MICs) were
determined only for T. calypsus by broth microdilution
method as recommended by CLSI. The tests were
performed in sterile 96-well microtiter plates.
Briefly, 50 μl of two-fold serial dilutions of examined
samples was added to 50 μl microbial suspensions
adjusted to yield approximately 5×105 CFU/ml. MIC
was encountered as the lowest concentration of the
examined sample that inhibits the visible microbial
growth after 24 h incubation at 37ºC. Negative
controls (methanol) were included, too.
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14/16

S. aureus 1646

9

E. coli ATCC 25922

13

E. coli ATCC 25922

13/14

19

E. faecium 1291

P. aeruginosa ATCC 27853

18/20

E. faecalis 880

17

15/17

S. aureus 1646

E. faecalis ATCC 29212

16

17/18

S. aureus MRSA 1629

T1

S. aureus NTCC 6571

T. calypsus 20μl

9/10

14

E. faecium 1291

P. aeruginosa ATCC 27853

12/13

E. faecalis 880

12

14/16

S. aureus MRSA 1629

E. faecalis ATCC 29212

11

T1

S. aureus NTCC 6571

T. calypsus 10μl

13/14

12/13

19/20

17/19

18

16/17

16/18

18

T2

10

9

13

13

12

13

11/13

14

T2

13

14

19

15/17

17/18

18

17/18

T3

10

10

14

13

12

13

14/13

T3

8/9

9

14

11

12

8

8

10/13

T5

9

9

13

12

12

12

6/7

10/13

T6

9

10

14

12

13

12/14

12

13

T7

9

11

14

13

13

11/13

13/14

13

T8

Fractions (T1-T12) of Polar Lipids (PL)

10

10

13

13

13

13

13/14

10/13

T9

13

12/13

19

18

17

17

15

17

T4

13

14

19

15,17

17

16

15/16

17

T5

13

14

19

18

16/19

16

15/16

17

T6

14

14

20

18

18

17/19

18

18

T7

12/13

13/14

19

18

18

17

18

18

T8

13

13/15

18/19

18

18

17

16/19

19

T9

Fractions (T1-T12) of Polar Lipids (PL) in mm

9

9

13

13/14

14

12

12/13

10/13

T4

13

14/15

18/19

18

20

10

16/18

18/19

T10

9

11

13

12

13

13

14

14

T10

12

13

10

11

11

9

10

13

T11

9

8

9

7

8

7

7

10

T11

13

12

13

12/13

11/12

13/14

13/14

14

T12

10

9

9

9

8/9

10

9

10

T12

12/13

11

18/19

16/17

16/17

11

10

15

PL

9

10

13

12

11/12

8

9

9/15

PL

13

14

18/19

12

20

11/13

12/13

18/19

NL

Lipids

9

9

13

9

13

8

10

13

NL

Lipids

12/13

12

12

12/13

10/16

11

10

11/16

TL

9/10

9

9

9

7/11

9

8

8

TL

13

14

12

12

12

12

12

14

Meth-

9

9

9

9

9

9

9

10

Meth-

32

19

Fox+

27

Amp+

6

6

28

25

Cip+

32

19

Fox+

27

Amp+

Controls (-) and (+)

6

28

25

Cip+

Controls (-) and (+)

20

20

20

Gen+

20

20

20

Gen+

Table 1a. Results obtained by applying the Kirby-Bauer method on 10 μl and 20 μl of methanol extract solution of Toxopsis calypsus showing the inhibition zones (in mm) of each fraction (T1-T12) of Polar Lipids,
of Polar Lipids (PL), Neutral Lipids (NL), and Total Lipids (TL) in relation to the inhibition zones of the negative control (Meth = methanol) and the positive controls (Gen = gentamicin, Amp = ampicillin, Fox = cefoxitin,
Tet = tetracycline, Cip = ciprofloxacin) when tested against eight (8) reference or clinical isolates.
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9

9

E. coli ATCC 25922

P. aeruginosa ATCC 27853

15

18

E. faecium 1291

16/19

E. faecalis 880

E. faecalis ATCC 29212

17

S. aureus MRSA 1629

S. aureus 1646

17

14/15

S. aureus NTCC 6571

P1

14

P. melanochroun 20μl

12/13

E. faecium 1291

12

E. faecalis ATCC 29212

E. faecalis 880

11

S. aureus 1646

8

12/13

S. aureus MRSA 1629

P1

S. aureus NTCC 6571

P. melanochroun 10μl

21

17

17/19

15/16

16

17/18

P2

9

19

13

12/13

12

12

12

8

P2

9

9

13

11

11

9

9

8

P4

9

9

13

9

12

9

9

8

P5

9

9

13

9

10

9

9

8

P6

5*

5*

5*

5*

5*

5*

5*

5*

P7

8

9

14/15

12

12

10

10

10

P8

19/20

15

18/19

15/18

17/18

18

P3

17

12

15,17

12

12,13

16

P4

18/19

12

15/17

13

12/14

17

P5

18

12

15

12

13/14

17

P6

5*

5*

5*

5*

5*

5*

P7

18

14

14

14

12/13

15

P8

Fractions (P1-P10) of Polar Lipids (PL) in mm

9

9

13

9

13/14

12

10/13

11

P3

Fractions (P1-P10) of Polar Lipids (PL) in mm

17

11

11/12

12

12

13

P9

8

9

12

9

8

9

9

9

P9

13

13

12

11/12

12/13

13

P10

8

10

9

10

8

9

9

9

P10

12

11

9

11

11

10

PL

8/9

7

8

8

8

6/7

8

8

PL

14

12

12/14

11/12

12/13

14

NL

Lipids

8,9

10

12/13

8

9

10

9

9/10

NL

Lipids

12

12

10

13

10

12

TL

8

9

9

8

8

9

9

7

TL

12

12

12/13

12

12

15

Meth

-

8/9

9

9

9

9

9

9

9

Meth-

6

6

21

28

24

Cip

+

6

6

21

28

24

Cip+

27

Amp+

32

18

Fox+

27

Amp+

Controls (-) and (+)

32

18

Fox+

Controls (-) and (+)

20

Gen+

20

20

20

Gen+

6

Str+

6

Str+

Table 1b. Results obtained by applying the Kirby-Bauer method on 10 μl and 20 μl of methanol extract solution Phormidium melanochroun showing the inhibition zones (in mm) of each fraction (P1-P10) of Polar Lipids,
of Polar Lipids (PL), Neutral Lipids (NL), and Total lipids (TL) in relation to the inhibition zones of the negative control (Meth=methanol) and the positive controls (Gen = gentamicin, Amp = ampicillin, Fox = cefoxitin,
Tet = tetracycline, Cip = ciprofloxacin) when tested against eight reference or clinical isolates.
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RESULTS
Extraction of lipids from the Cyanobacteria T.
calypsus and P. melanochroun yielded about 31 mg and
51 mg of total lipids (TLs), respectively. Polar lipids (PLs)
were further fractioned by TLC, and after exposure in
I2 vapor a total of 12 and 10 bands were revealed for
T. calypsus and P. melanochroun, respectively. The
retention factors (Rfs) for each band of polar lipids
compared to that of standards are shown in Table 2.
As examined by the Kirby Bauer Method, each fraction
of PLs from both Cyanobacteria species, as well as TLs,
PLs and NLs as a whole, yielded an inhibition halo
against the examined Gram-positive bacteria, whereas
none of the examined lipids was effective against the
Gram-negative bacteria (Tables 1 a,b).
Among the Gram-positive bacteria, the reference and
clinical isolates of enterococci were mostly affected
since a greater number of fractions of PLs (including
NLs and PLs as a whole) showed zones of inhibition.
The highest zones of inhibition (20 mm) were observed:
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(i) against Enterococcus faecium (VRE) by the fractions
T2 and T7 of T. calypsus, and by the fraction P3 of
P. melanochroun, at a total volume of 20 μl, and (ii)
against Enterococcus faecalis (ATCC) by the fraction
T9 of T. calyspsus also at a total volume of 20 μl.
One fraction of polar lipids (P7) from P. melanochroun
showed no zone of inhibition eliminating the expected
halo of pure methanol (see Table 1 a,b).
The results obtained by the broth microdilution
method (MICs) for T. calypsus confirm those of the
disk diffusion method (Table 3). Antibacterial activity
of the 12 fractions of PLs (including NLs and PLs as
a whole) extracted from T. calypsus was recorded
against staphylococci and enterococci in MIC values
0.256 μg/ml and 0.512 μg/ml. Seven (7) fractions of
PLs (T1-T3, T7-T10) showed the greatest MIC values
against enterococci (0.256 μg/ml). Moreover, one of
the above fractions (T10) showed antibacterial activity
against S. aureus (MRSA) at MIC value of 0.256 μg/ml.
The fractions T11 and T12 indicated no antibacterial
activity at MIC ≥ 0.512 μg/ml.

Table 2. Retention factors (average ± standard deviation) for each fraction (T1–T12) of Polar Lipids of Toxopsis
calypsus and for each fraction (P1–P10) of Polar Lipids of Phormidium mealanochroun compared to the
retention factors given for the following standards: LPC = lysophosphatidyl-choline; SM = sphingomyelin;
PC = phosphatidyl-choline; PE = phosphatidyl-ethanolamine; SULF = sulfatides; DGDG = digalactosyldiglycerides; GALCER = galactosyl-cerebrosides; CERA = ceramides.
Retention Factors (Rf)
Toxopsis calypsus

Phormidium melanochroun

T1

0.153 ± 0.009

P1

0.151 ± 0.024

T2

0.202 ± 0.027

P2

0.196 ± 0.018

T3

0.256 ± 0.020

P3

0.268 ± 0.015

T4

0.304 ± 0.017

P4

0.355 ± 0.050

T5

0.394 ± 0.033

P5

0.422 ± 0.040

T6

0.450 ± 0.037

P6

0.514 ± 0.017

T7

0.517 ± 0.034

P7

0.690 ± 0.032

T8

2.217 ± 0.801

P8

0.844 ± 0.049

T9

0.712 ± 0.035

P9

0.922 ± 0.038

T10

0.804 ± 0.038

P10

0.959 ± 0.031

T11

0.875 ± 0.031

T12

0.918 ± 0.037

Standards

LPC = 0.08
SM = 0.17
PC = 0.28
PE = 0.57
SULF = 0.61
DGDG = 0.71
GALCER = 0.78
CERA = 0.93

Table 3. Minimum Inhibitory Concentration (MIC) values (in μg/ml) determined for each methanol fraction (T1-T12) of Polar Lipids, as well as of
Polar Lipids (PL), Neutral Lipids (NL) and Total Lipids (TL) of Toxopsis calypsus when tested against eight reference or clinical isolates.
S. aureus
NTCC 6571

S. aureus
MRSA 1629

S. aureus
MSSA 1646

E. faecalis
ATCC 29212

E. faecalis
VRE 880

E. faecium
VRE 1291

E. coli ATCC P. aeruginosa
ATCC 27853
25922

T1

0.512

0.512

0.512

0.256

0.256

0.256

-

-

T2

0.512

0.512

0.512

0.256

0.256

0.256

-

-

T3

0.512

0.512

0.512

0.256

0.256

0.256

-

-

T4

0.512

0.512

0.512

-

-

-

-

-

T5

0.512

0.512

0.512

-

-

-

-

-

T6

-

-

0.512

-

-

-

-

-

T7

0.512

0.512

0.512

0.256

0.256

0.256

-

-

T8

0.512

0.512

0.512

0.256

0.256

0.256

-

-

T9

0.512

0.512

0.512

0.256

0.256

0.256

-

-

T10

0.512

0.512

0.256

0.256

0.256

0.256

-

-

T11

-

-

-

-

-

-

-

-

T12

-

-

-

-

-

-

-

-

PL

-

-

-

0.512

0.512

0.512

-

-

NL

-

-

-

0.512

0.512

0.512

-

-

TL

-

-

-

0.512

0.512

0.512

-

-
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DISCUSSION
Natural products have been attributed to a few
genera within Cyanobacteria, given that some of
them were proved to be polyphyletic groups, e.g.
genus Lyngbya was shown to be composed of several
phylogenetically distant and unrelated lineages (Sharp
et al., 2009; Engene et al., 2010, 2012, 2013; Komárek
et al., 2013). Moreover, phylogenetic inferences of
marine cyanobacterial strains responsible for over 100
bioactive secondary metabolites revealed an uneven
taxonomic distribution, with a few groups being
responsible for the vast majority of these molecules
(Engene et al., 2013). These data suggest a high degree
of novel biodiversity among natural product-producing
strains that was previously overlooked by traditional
morphology-based taxonomic approaches.
The two species selected for this study are new
Cyanobacteria from Greek caves established by
both the traditional and the molecular (polyphasic)
approach (Lamprinou et al., 2012, 2013): a) Phormidium
melanochroun is an oscillatorialean species characterized
by a blackish thick mucilaginous sheath (autapomorphic
character), and b) Toxopsis calypsus is a nostocalean
species characterized by both isopolar and heteropolar
life cycle (autapomorphic character). The observed outcompeting behaviour of the former species towards
other Cyanobacteria in our cultures and the fact
that previous studies were focused on different
antibacterial compounds extracted from genus
Phormidium (e.g. Madhumathi et al., 2011; Vijaya
Baskara Sethubathi & Prabu, 2012) making this genus
a target in the search for a potential lipid antibacterial
activity. On the other hand, the taxonomic position
of the latter species (T. calypsus) among Nostocales
has been crucial in the search for a similar activity of
lipids, since the order Nostocales is known for intense
antibacterial and antifungal activity and has been
the focus of many relevant investigations with Nostoc
and Anabaena being the most well studied genera
(Mundt et al., 2001; Abdel-Raouf & Ibraheem, 2008;
Asthana et al., 2009; Kausik et al., 2009).
Lipids and some free fatty acids from microalgae
and Cyanobacteria are known to display antibacterial
properties (Borowitzka, 1995; Desbois & Smith, 2010;
Plaza et al., 2010; Najdenski et al., 2013). In our study,
most of the lipids extracted from P. melanochroun and
T. calypsus demonstrated potential activity against
the Gram-positive clinical and reference bacteria with
pronounced effectiveness against the enterococci; on
the contrary, no activity was observed against the
Gram-negative bacteria (cf. Ramadan et al., 2008).
Although the exact mechanism is rather unknown,
lipids are supposed to be the responsible disrupting
agents of the bacterial cellular membranes by
penetrating into the thick peptidoglycan wall layer of
the Gram-positive bacteria, but not affecting the thin
peptidoglycan wall layer of the Gram-negative bacteria
(Najdenski et al., 2013).
The MIC values of lipids from Toxopsis calypsus
(0.256 μg/ml) were highly active against all tested
enterococci in comparison with previously reported
MIC values from crude extracts of other cyanobacterial

strains (ranging from 0.5 mg/ml to 512 mg/ml; e.g.,
Kaushik & Chauhan, 2008; Asthana et al., 2009;
Kumar et al., 2012). These data and future similar
research on Phormidium melanochroun, accompanied
by precise composition and characterization of these
active compounds, are highly promising steps for
developing effective antibiotics from cave Cyanobacteria
in pharmaceutical industry.
Extreme habitats experiencing steady or fluctuating
exposure to one or more environmental factors, i.e.
salinity, osmolality, desiccation, solar irradiance,
barometric pressure, pH, temperature, nutrient
limitation (Seufferheld et al., 2008; Dapkevicius,
2013) are considered as one of the most promising
sources of biotechnologically useful compounds. As a
result, several studies have been devoted to screening
secondary metabolites produced by microorganisms
inhabiting such environments (e.g., Harvey, 2000;
Nicolaus et al., 2010; Chang et al., 2011; Singh & Gabani,
2011). Caves are considered as extreme environments
in terms of nutrient limitation and insufficient light
with rather understudied microorganisms; thus, caves
are promising sources for successful natural product
research, justifying their conservation and our effort of
screening the isolated Cyanobacteria.

REFERENCES
Abdel-Raouf A.N. & Ibraheem I.B.M., 2008 - Antibiotic
activity of two Anabaena species against four fish
pathogenic Aeromonas species. African Journal of
Biotechnology, 15: 2644-2648.
Antonopoulou S., Oikonomou A., Karantonis H.C.,
Fragopoulou E. & Pantazidou A., 2002 - Isolation and
structure elucidation of biologically active phospholipids
from Scytonema julianum (Cyanobacteria). Biochemical
Journal, 367: 287-293.
http://dx.doi.org/10.1042/BJ20020146
Antonopoulou S., Nomikos T., Oikonomou A., Kyriacou
A., Andriotis M., Fragopoulou E. & Pantazidou A.,
2005 a - Characterization of bioactive glycolipids from
Scytonema julianum (Cyanobacteria). Comparative
Biochemistry and Physiology Part B: Biochemistry and
Molecular Biology, 140: 219-231.
http://dx.doi.org/10.1016/j.cbpc.2004.10.006
Antonopoulou S., Karantonis H.C., Nomikos T.,
Oikonomou A., Fragopoulou E. & Pantazidou A.,
2005 b - Bioactive polar lipids from Chroococcidiopsis
sp. (Cyanobacteria). Comparative Biochemistry and
Physiology Part B: Biochemistry and Molecular Biology,
142: 269-282.
http://dx.doi.org/10.1016/j.cbpc.2005.07.007
Asthana R., Deepali A., Tripathi M., Srivastava A., Singh
A., Singh S., Nath G., Srivastava R. & Srivastava B.,
2009 - Isolation and identification of a new antibacterial
entity from the Antarctic cyanobacterium Nostoc CCC
537. Journal of Applied Phycology, 21: 81-88.
http://dx.doi.org/10.1007/s10811-008-9328-2
Bligh E. & Dyer W.J., 1959 - A rapid method of total
lipid extraction and purification. Canadian Journal of
Biochemistry and Physiology, 37: 911-917.
http://dx.doi.org/10.1139/o59-099
Borowitzka M., 1995 - Microalgae as sources of
pharmaceuticals
and
other
biologically
active
compounds. Journal of Applied Phycology, 7: 3-15.
http://dx.doi.org/10.1007/BF00003544

International Journal of Speleology, 44 (3), 231-238. Tampa, FL (USA) September 2015

Cave Cyanobacteria showing antibacterial activity
Burja A.M., Banaigs B., Abou-Mansour E., Grant
Burgess J. & Wright P.C., 2001 - Marine cyanobacteria
- A prolific source of natural products. Tetrahedron, 57:
9347-9377.
http://dx.doi.org/10.1016/S0040-4020(01)00931-0
Chang C.C., Chen W.C., Ho T.F., Wu H.S. & Wei Y.H.,
2011 - Development of natural anti-tumor drugs
by microorganisms. Journal of Bioscience and
Bioengineering, 111: 501-511.
http://dx.doi.org/10.1016/j.jbiosc.2010.12.026
CLSI, 2012 - Performance standards for antimicrobial
susceptibility testing. Twenty-Second Informational
Supplement. CLSI document M100-S22. Wayne, PA:
Clinical and Laboratory Standards Institute.
Dapkevicius MdLNE, 2013 - Cave biofilms and their
potential for novel antibiotic discovery. In: Cheeptham
N. (Ed.), Cave microbiomes: A novel resource for drug
discovery. Springer Briefs in Microbiology. Springer,
New York, p. 35-44.
Desbois A.P. & Smith V.J., 2010 - Antibacterial free
fatty acids: Activities, mechanisms of action and
biotechnological potential. Applied Microbiology and
Biotechnology, 85: 1629-1642.
http://dx.doi.org/10.1007/s00253-009-2355-3
Dobretsov S., Abed R.M.M., Maskari S., Sabahi J. &
Victor R., 2011 - Cyanobacterial mats from hot springs
produce antimicrobial compounds and quorum-sensing
inhibitors under natural conditions. Journal of Applied
Phycology, 23: 983-993.
http://dx.doi.org/10.1007/s10811-010-9627-2
Engene N., Coates R.C. & Gerwick W.H., 2010 - 16S
rRNA gene heterogeneity in the filamentous marine
cyanobacterial genus Lyngbya. Journal of Phycology,
46: 591-601.
http://dx.doi.org/10.1111/j.1529-8817.2010.00840.x
Engene N., Rottacker E.C., Kaštovský J.H., Byrum T.,
Choi H., Komárek J. & Gerwick W.H., 2012 - Moorea
producens gen. nov., sp. nov. and Moorea bouillonii
comb. nov., tropical marine cyanobacteria rich in
bioactive secondary metabolites. International Journal
of Systematic and Evolutionary Microbiology, 62:
1172-1179. http://dx.doi.org/10.1099/ijs.0.033761-0
Engene N., Gunasekera S.P., Gerwick W.H. & Paul
V.J., 2013 - Phylogenetic inferences reveal a large
extent of novel biodiversity in chemically rich tropical
marine cyanobacteria. Applied and Environmental
Microbiology, 79: 1882-1888.
http://dx.doi.org/10.1128/AEM.03793-12
Galanos D.S. & Kapoulas V.M., 1962 - Isolation of polar
lipids from triglyceride mixtures. Journal of Lipid
Research, 3: 134-137.
Harvey A., 2000 - Strategies for discovering drugs from
previously unexplored natural products. Drug Discovery
Today, 5: 294-300.
http://dx.doi.org/10.1016/S1359-6446(00)01511-7
Hayashi T., Hayashi K., Maeda M. & Kojima I., 1996
- Calcium spirulan, an inhibitor of enveloped virus
replication, from a blue-green alga Spirulina platensis.
Journal of Natural Products, 59: 83-87.
http://dx.doi.org/10.1021/np960017o
IDSA (Infectious Diseases Society of America), 2007 - Bad
bugs, no drugs: as antibiotic discovery stagnates…a
public health crisis brews. http://www.idsociety.org/
uploadedFiles/IDSA/Policy_and_Advocacy/Current_
Topics_and_Issues/Advancing_Product_Research_
and_Development/Bad_Bugs_No_Drugs/Statements/
As_Antibiotic Discovery Stagnates A Public Health
Crisis Brews.pdf [accessed: January 3, 2007].

237

Kaushik P. & Chauhan A., 2008 - In vitro antibacterial
activity of laboratory grown culture of Spirulina
platensis. Indian Journal of Microbiology, 48: 348-352.
http://dx.doi.org/10.1007/s12088-008-0043-0
Kaushik P., Chauhan A., Chauhan G. & Goyal P.,
2009 - Antibacterial potential and UV-HPLC analysis
of laboratory-grown culture of Anabaena variabilis.
International Journal of Food Safety, 11: 11-18.
Khairy H.M. & El-Kassas H.Y., 2010 - Active substance
from some blue green algal species used as antimicrobial
agents. African Journal of Biotechnology, 9: 2789-2800.
Komárek J., Zapomelová E., Smarda J., Kopecky
J., Rejmánková E., Woodhouse J., Neilan B.A.
& Komárková J., 2013 - Polyphasic evaluation
of Limnoraphis robusta, a water-bloom forming
cyanobacterium from Lake Atitlan, Guatemala, with a
description of Limnoraphis gen. nov. Fottea, 13: 39-52.
http://dx.doi.org/10.5507/fot.2013.004
Kumar M., Tripathi M.K., Srivastava A., Nath G.
& Asthana R.K., 2012 - A comparative study of
antibacterial activity of brackish and fresh water
cyanobacterial strains. Asian Journal of Experimental
Biological Sciences, 3: 548-552.
Lamprinou V., Skaraki K., Kotoulas G., Economou-Amilli
A. & Pantazidou A., 2012 - Toxopsis calypsus gen. nov.,
sp. nov. (Cyanobacteria, Nostocales) from cave ‘Francthi’,
Peloponnese, Greece - Morphological and molecular
evaluation. International Journal of Systematic and
Evolutionary Microbiology, 62: 2870-2877.
http://dx.doi.org/10.1099/ijs.0.038679-0
Lamprinou V., Skaraki K., Kotoulas G., Anagnostidis K.,
Economou-Amilli A. & Pantazidou A., 2013 - A new
species of Phormidium (Cyanobacteria, Oscillatoriales)
from three Greek caves - Morphological and molecular
analysis. Fundamental and Applied Limnology, 182:
109-116.
http://dx.doi.org/10.1127/1863-9135/2013/0323
Luesh H., Moore R.E., Paul V.J., Mooberry S.L. &
Corbett T.H., 2001 - Isolation of dolastatin 10 from the
marine cyanobacterium Symploca species VP 642 and
total stereochemistry and biological evaluation of its
analogue symplostatin 1. Journal of Natural Products,
64: 907-910. http://dx.doi.org/10.1021/np010049y
MacMillan J.B., Ernst-Russell M.A., De Ropp J.S. &
Molinski T.F., 2002 - Lobocyclamides A-C, lipopeptides
from a cryptic cyanobacterium mat containing Lyngbya
confervoides. Journal of Organic Chemistry, 67: 82108215. http://dx.doi.org/10.1021/jo0261909
Madhumathi V., Deepa P., Jeyachandran S., Manoharan
C. & Vijayakumar S., 2011 - Antimicrobial activity of
cyanobacteria isolated from freshwater lake. International
Journal of Microbiology Research, 3: 213-216.
Matthew S., Schupp P.J. & Luesch H., 2008 - Apratoxin
E, a cytotoxic peptolide from a Guamanian collection of
the marine cyanobacterium Lyngbya bouillonii. Journal
of Natural Products, 71: 1113-1116.
http://dx.doi.org/10.1021/np700717s
Mian P., Heilmann J., Burgi H.R. & Sticher O., 2003
- Biological screening of terrestrial and freshwater
cyanobacteria for antimicrobial activity, brine shrimp
lethality, and cytotoxicity. Pharmaceutical Biology,
4: 243-247.
http://dx.doi.org/10.1076/phbi.41.4.243.15672
Montano E.T. & Henderson L.O., 2013 - Studies of antibiotic
production by cave bacteria. In: Cheeptham N. (Ed.), Cave
Microbiomes: A novel resource for drug discovery. Springer
Briefs in Microbiology, Springer New York, p. 109-130.
http://dx.doi.org/10.1007/978-1-4614-5206-5_6

International Journal of Speleology, 44 (3), 231-238. Tampa, FL (USA) September 2015

238

Lamprinou et al.

Mundt S., Kreitlow S., Nowonty A. & Effrmert U., 2001 Biological and pharmacological investigation of selected
cyanobacteria. International Journal of Hygiene and
Environmental Health, 203: 327-234.
http://dx.doi.org/10.1078/1438-4639-00045
Mundt S., Kreitlow S. & Jansen R., 2003 - Fatty acids
with antibacterial activity from the cyanobacterium
Oscillatoria redekei HUB 051. Journal of Applied
Phycology, 15: 263-267.
http://dx.doi.org/10.1023/A:1023889813697
Najdenski H.M., Gigova L.G., Iliev II., Pilarski P.S.,
Lukavský J., Tsvetkova I.V., Ninova M.S. & Kussovski
V.K., 2013 - Antibacterial and antifungal activities of
selected microalgae and cyanobacteria. International
Journal of Food Science and Technology, 48: 153315440. http://dx.doi.org/10.1111/ijfs.12122
Nicolaus B., Karambourova M. & Oner E.T., 2010 Exopolysaccharides from extremophiles: from fundamentals
to biotechnology. Environmental Technology, 31: 11451158. http://dx.doi.org/10.1080/09593330903552094
Østensvik O., Skulberg O.M., Underdal B. & Hormazabal
V., 1998 - Antibacterial properties of extracts from
selected planktonic freshwater cyanobacteria: A
comparative study of bacterial bioassays. Journal of
Applied Microbiology, 84: 117-124.
http://dx.doi.org/10.1046/j.1365-2672.1998.00449.x
Papke U., Gross E.M. & Francke W., 1997 - Isolation,
identification and determination of the absolute
configuration of fischerellin B. A new algicide from the
fresh water cyanobacterium Fischerella muscicola
(Thuret). Tetrahedron Letters, 38: 379-382.
http://dx.doi.org/10.1016/S0040-4039(96)02284-8
Plaza M., Santoyo S., Jaime L., García-Blairsy Reina
G., Herrero M., Señoráns F.J. & Ibáñez E., 2010 Screening for bioactive compounds from algae. Journal
of Pharmaceutical and Biomedical Analysis, 51: 450455. http://dx.doi.org/10.1016/j.jpba.2009.03.016
Ramadan M.F., Asker M.M.S. & Ibrahim Z.K., 2008 Functional bioactive compounds and biological activities
of Spirulina platensis lipids. Czech Journal of Food
Sciences, 3: 211-222.
Ramamurthy V., Raveendran S., Thirumeni S. &
Krishnaveni S., 2012 - Antimicrobial activity of
heterocyte Cyanobacteria. International Journal of
Advanced Life Sciences, 1: 32-39.

Sharp K., Arthur K., Gu L., Ross C., Harrison G.,
Gunasekera S.P., Meickle T., Matthew S., Luesch
H., Thacker R.W., Sherman D.H. & Paul V.J., 2009 Phylogenetic and chemical diversity of three chemotypes
of bloom-forming Lyngbya species (Cyanobacteria:
Oscillatoriales) from reefs of south-eastern Florida.
Applied and Environmental Microbiology, 75: 28792888. http://dx.doi.org/10.1128/AEM.02656-08
Seufferheld M., Alvarez H.M. & Farias M.E., 2008 Role of polyphosphates in microbial adaptation to
extreme environments. Applied and Environmental
Microbiology, 74: 5867-5874.
http://dx.doi.org/10.1128/AEM.00501-08
Simmons T.L., Andrianasolo E., McPhail K., Flatt P.
& Gerwick W.H., 2005 - Marine natural products as
anticancer drugs. Molecular Cancer Therapeutics, 4:
333-342.
Singh O.V. & Gabani P., 2011 - Extremophiles: radiation
resistance microbial reserves and therapeutic implications.
Journal of Applied Microbiology, 110: 851-861.
http://dx.doi.org/10.1111/j.1365-2672.2011.04971.x
Singh R.K., Tiwari S.P., Rai A.K. & Mohapatra T.M., 2011
- Cyanobacteria: An emerging source for drug discovery.
The Journal of Antibiotics, 64: 401-412.
http://dx.doi.org/10.1038/ja.2011.21
Stanier R.Y., Kunisawa R., Mandel R. & Cohen-Bazire
G., 1971 - Purification and properties of unicellular
blue green algae (Order Chroococcales). Bacteriological
Reviews, 35: 171-205.
Suhail S., Biswas D., Farooqui A., Arif J.M. & Zeeshan
M., 2011 - Antibacterial and free radical scavenging
potential of some cyanobacterial strains and their
growth characteristics. Journal of Chemical and
Pharmaceutical Research, 3: 472-478.
Uzair B., Tabassum S., Rashed M. & Rehman S.F., 2012
- Exploring marine Cyanobacteria for lead compounds
of pharmaceutical importance. The Scientific World
Journal, 2012: 1-10.
http://dx.doi.org/10.1100/2012/179782
Vijaya Baskara Sethubathi G. & Ashok Prabu V., 2012
- Antibacterial activity of cyanobacterial species from
Adirampattinam Coast, Southeast Coast of Palk Bay.
Current Research Journal of Biological Sciences, 2:
24-26.
Zainuddin E.N., Mundt S., Wegner U. & Mentel R., 2002 Cyanobacteria a potential source of antiviral substances
against influenza virus. Medical Microbiology and
Immunology, 191: 181-182.
http://dx.doi.org/10.1007/s00430-002-0142-1

International Journal of Speleology, 44 (3), 231-238. Tampa, FL (USA) September 2015

International Journal of Speleology

44 (3)

239-249

Tampa, FL (USA)

September 2015

Available online at scholarcommons.usf.edu/ijs

International Journal of Speleology
Off icial Journal of Union Internationale de Spéléologie

Seasonal dynamics and micro-climatic preference of two
Alpine endemic hypogean beetles
Stefano Mammola1, Elena Piano1, Pier Mauro Giachino2, and Marco Isaia1*
Laboratory of Terrestrial Ecosystems, Department of Life Sciences and Systems Biology, University of Torino, Via Accademia Albertina,
13-10123 Torino, Italy
2
Settore Fitosanitario Regionale, Environment Park, Palazzina A2, Via Livorno, 60-10144 Torino, Italy
1

Abstract:

Hypogean beetles generally live in stable environments, characterized by constant temperature
and high relative humidity. Changes in the underground microclimatic conditions generally
induce local migrations of the beetles through the hypogean environment in search of
suitable microhabitats. We studied the seasonal dynamics and the micro-climatic preference
of two Alpine endemic hypogean beetles - Sphodropsis ghilianii (Coleoptera, Carabidae)
and Dellabeffaella roccae (Coleoptera, Cholevidae) - in the hypogean complex of Pugnetto
(Graian Alps, Italy). We surveyed the two species for one year, using baited pitfall traps and
measuring temperature and humidity along the two main caves. We used logistic regression
mixed models (GLMMs) to relate the presence of the two species to several variables,
namely microclimate (seasonality, temperature, and humidity), subjacency and cave length.
In addition, we tested the attractive power of the bait on the two species. The thermic optimum
for S. ghilianii was found to be around 7°C, with an increasing probability of finding the
species in the vicinity of the cave entrance during summer, autumn and spring. The species
migrates inside the cave in winter, in response to the drop in the mean daily temperature and
in the relative humidity occurring in the outer parts of the cave. On the contrary, D. roccae
showed a significant preference for the deeper sections of the cave, characterized by an
almost constant temperature of 9°C in air saturated with water vapour. Males and females
individuals of both species were found to be equally affected by the environmental variables
included in the analysis. We also provided information on the life history of the two species
and methodological insights about the use of the bait in the traps.
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INTRODUCTION
The climatic conditions occurring underground
have a profound influence on hypogean fauna
(Culver & Pipan, 2010). As far as hypogean beetles
are concerned, it is well known that they generally
dwell in environments which are relatively stable
from an environmental point of view, characterized by
constant temperature and an atmosphere saturated
with water vapor (Moldovan, 2005). Indeed several
hypogean beetles are adapted to narrow ranges of
temperature and relative humidity, and thus classified
as stenothermic and stenohygric (Howarth, 1980).
Hence, it has been observed that they are able to react
quickly when significant changes in the microclimatic
conditions occurs (Juberthie, 1969), migrating inside
the inner parts of the cave (and through the network
*marco.isaia@unito.it

of cracks) in search of other suitable micro-habitats
(Novak et al., 2004; Moldovan, 2005; Giachino &
Vailati, 2010). Moreover, movements during the
season proved to be influenced by air temperature,
resulting in spatial migrations (e.g. Casale, 1988),
seasonal rhythmicity (e.g. Crouau-Roy et al., 1992)
and fluctuations in the abundances of the beetles
captured in the traps (e.g. Rendoš et al., 2012). In order
to achieve a better understanding of the relationship
between the hypogean fauna and the abiotic
parameters occurring underground, these phenomena
were investigated in two species of hypogean beetles
inhabiting the Pugnetto hypogean complex (Graian
Alps, NW-Italy). Sphodropsis ghilianii (Schaum, 1858)
s.l. (Coleoptera, Carabidae, Sphodrina) is an endemic
ground beetle of the Western Alps, distributed from
the Ligurian-Maritime to the Lepontine Alps (Casale,
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1988). This beetle is frequently found in caves, but
also able to colonize several terrestrial shallow
subterranean habitat (SSH sensu Culver & Pipan,
2009), such as the Milieu Souterrain Superficiel (sensu
Juberthie et al., 1980; 1981 - hereinafter MSS),
various type of rocky habitats and, in particular
conditions, the forest leaf litter (Casale, 1988).
Dellabeffaella roccae (Capra, 1924) (Coleoptera,
Cholevidae, Leptodirinae), has been described as one
of the most specialized Leptodirinae species in the
Western Italian Alps (Vigna Taglianti, 1968; Vailati,
1988). This species has been exclusively found in the
Pugnetto hypogean complex (Vailati, 1988), where it
inhabits the innermost parts of the caves. Since the
earliest biospeleological investigations of the site,
both species have been reported to be particularly
abundant in the Pugnetto hypogean complex (e.g.,
Capra, 1924; Sturani, 1942; Capra & Conci, 1951;
Martinotti, 1968; Fig. 1).

Fig. 1. Sphodropsis ghiliani and Dellebeffaella roccae. Historical oil
painting of Mario Sturani (Ancona, 1906 – Torino, 1978) representing
individuals of Sphodropsis ghiliani (foreground) and Dellabeffaella
roccae (background) dwelling in the Borna Maggiore di Pugnetto.
By courtesy of the family Sturani, published in Sturani (1942).

In order to study how the environmental conditions
influence the dynamics of the two beetles from a spatial
and a seasonal perspective, we designed a pitfall trap
study-survey in two caves of the hypogean complex of
Pugnetto, hypothesizing that i) there is a significant
preference of the two species for a bound and determinate
range of temperature and relative humidity; ii) the
two species dwell preferentially in different sections
of the caves and are able to migrate inside the cave
according to the microclimatic changes occurring in the
cave; iii) males and females are equally affected by the
environmental variables included in the analysis (i.e.,
the sex ratio does not change through space and time).

Moreover, because of the saprophytic feeding
behavior of D. roccae (Capra & Conci, 1951) and
the generalist predator habits of S. ghilianii (Morisi,
1971; Casale, 1988), we hypothesize them to respond
differently to the presence of baits in the traps.
This study was also an opportunity to investigate the
so far unknown ecology of D. roccae, and to confirm
from a statistical point of view some of the ecological
and phenological observation regarding S. ghilianii
reported in the literature. In particular, Casale (1988)
hypothesized a relatively high thermophily and
hygrophily in the latter species and pointed out that
should be preferentially found in the area close to the
cave entrance (or even outside) at dusk and in the
early morning during spring and summer.

MATERIAL & METHODS
Study area
The Pugnetto hypogean complex is located in the
vicinity of the hamlet of Pugnetto, municipality of
Mezzenile, Lanzo Valley, Graian Alps, Piedmont
(NW Italy). The site is surrounded by a Luzulo-Fagetum
beech forest (Sindaco et al., 2009) and hosts several
natural caves classified as “Caves not open to the
public” (H 8310) and thus protected under the European
Habitat Directive 43/92 (S.C.I. IT 1110048) (Fig. 2).
Our study was conducted in the Borna di Pugnetto
cave (cadastrial number 1501 Pi/TO, entrance at
N 45°16’19’’, E 5°02’26’’, altitude 820 m a.s.l.) and
in the Grotta Superiore di Pugnetto cave, also known
as Creusa d’le Tampe (cadastrial number 1503 Pi/
TO, entrance at N 45°16’12’’, E 5°02’33’’, altitude
870 m a.s.l.). For the sake of clarity, hereinafter
we will refer to the first cave as “Borna” and to the
second as “Creusa”. Due to the difficult of access
and the small dimensions, the other minor caves
of the hypogean complex were excluded from the
study, namely the Tana del Lupo cave (1502 Pi/TO),
and the Tana della Volpe cave (1504 Pi/TO). A fifth
minor cave (“Cavernetta”) mentioned by Muratore
(1946) in the original description of the hypogean
complex was also excluded. The caves are developed
in schists and serpentine formations of Jurassic age
and originated in lens of carbonate-rich calcschist
included within insoluble metamorphic rocks (gneiss,
prasinite and serpentinite; Selvaggi & Sindaco, 2001).
The Borna has a planimetric development of 765 m.
It consists of a main gallery (300 m) directed northsouth, which splits at the end into two branches
(Ramo della Madonna and Ramo della Fontana). Near
the main entrance there are also some labyrinthine
sideways galleries (Gallerie di Sinistra), which were
not sampled during this study. The Creusa has a
planimetric development of 47 m. It consists of a
single tunnel, which leads to the final chamber after
a narrow passage. Due to the spatial proximity of
the two caves (see Fig. 2), it is likely that they are
connected via small passages, not even accessible
to speleologists (Balbiano D’Aramengo, 1993). For
this reason we assumed that the hypogean species
inhabiting the two caves (and the associated SSHs)
belong to the same population and hence we pooled
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Fig. 2. Map of the study area. The shape and the topographic position of the four caves (Borna Maggiore di
Pugnetto, Tana del Lupo, Creusa d’le Tampe, Tana della Volpe) was obtained from the original planimetric
drawings of Muratore (1946). The position of the sampling triplets is represented by eight red dots, namely
G1 (4 m from the cave entrance), G2 (30 m), G3 (90 m), G4 (150 m), G5 (230 m) and G6 (350 m) in the Borna
Maggiore di Pugnetto and G7 (5 m) and G8 (25 m) in the Creusa d’le Tampe. The different sectors of the cave
are coloured with different shades of grey representing the subjacency (i.e., vertical distance from the surface)
according to Motta & Motta (2015).

together the records collected in the two caves in the
statistical analysis.
Sampling design
For our study we used twenty-four pitfall traps
(plastic cups diameter 9 cm, volume 40 cl). The
traps were baited with chicken meat and filled with
a supersaturated preserving solution of water and
NaCl. The pitfall traps were arranged in groups of
three (hereinafter Triplet), at a distance of ~5 m one
from the others. Six triplets (18 traps) were placed
in the Borna at 4, 30, 90, 150, and 230 (Ramo della
Madonna) and 350 (Ramo della Fontana) meters from
the main entrance. Two triplets (6 traps) were placed
in the Creusa at 5 and 25 m from the main entrance.
Figure 2 shows the position of the triplets within the
two caves. The distance of each pitfall triplet from
the cave entrance (DST) was measured at the first
survey. We derived the subjacency (DEPTH) of each
trap (i.e., the direct vertical distance from the surface)
from the geological survey of Motta & Motta (2015). In
particular, we created three categories of subjacency
(Fig. 2): 0-20 m (triplets G1, G5, G7, G8), 20-40 m
(G2, G6), and 60-80 m (G3, G4).
We replaced the traps approximately once a month
from June 2012 to June 2013. However, the access

to the Borna is forbidden from 1st November to 31th
March in order to protect the roosting bats inhabiting
the cave. In order to reduce disturbance, in this
period we accessed the Borna only twice (December
and March), resulting in ten total sampling sessions
over the year.
In order to evaluate the effect of the bait on the
sampling probability, we replaced the bait every two
sampling sessions, thus resulting in 5 sampling
sessions with fresh and 5 with exhausted baits.
Trapped Sphodropsis ghilianii and Dellabeffaella
roccae were sorted, identified and sexed (males,
females, immatures and larvae).
The climatic factors that could hypothetically
affect the distribution of the species were measured.
In correspondence of each pitfall trap, we placed a
Hygrochron™ temperature and humidity datalogger
programmed to sample temperature (T) and relative
humidity (RH) every three hours for the whole
sampling period (accuracy of ±0.5°C and ±1%
respectively). For each sampling period and for each
pitfall trap we calculated the mean temperature
(Tmean) and relative humidity (RHmean), the mean
of the minimum (Tmin; RHmin) and maximum (Tmax;
RHmax) and the associated range (Tmax-Tmin =
Trange; RHmin-RHmax = RHrange). We also derived
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the external daily mean temperature (Text) to the same
periods from the nearest thermo-hygro-pluviometric
weather station (Fua, Lanzo Torinese (cod. 111);
N 45°17’23’’, E 7°29’38’’; 550 m a.s.l.). The temperature
values recorded by the weather station were corrected
with the standard environmental lapse rate (i.e. the
change of temperature with altitude for the stationary
atmosphere; 6.49 K(C°)/1000 m [International Civil
Aviation Organization, 1993]) in order to obtain a
climatic characterization of the Pugnetto site. In all
analyses relating the presence/absence of the two
focal species with the explanatory parameters (see
later sections), we used the pseudoreplicates as basic
sample units.
Data analysis
Due to malfunctioning, eleven out of twentyfour dataloggers did not record measurements
of temperature and relative humidity during the
sampling period. Consequently, the removal of such
missing data (NA) nearly halved the dimension of the
dataset. Therefore, we decided to split the analysis in
two and consider:
1) the temporal trends of the focal species in the four
seasons by creating a four-level corresponding
categorical variable (SEA) according to the
astronomic calendar (Summer [Su]: 2 sampling
sessions, samples from July to August 2012;
Autumn [Au]: 3 sampling sessions, samples
from September to November 2012; Winter [Wi]:
2 sampling sessions, samples from December
2012 to March 2013; Spring [Sp]: 3 sampling
sessions, samples from April to June 2013). The
creation of four categorical variables allowed us
to bypass the bias created by the missing data
and to use the entire set of data.
2) the direct response of the two species to the
microclimatic parameters, using only the
observations referring to valid data of temperature
and relative humidity (halved dataset, i.e. with
NA removed).
All the statistical analyses were performed in R (R
Development Core Team, 2013).
Seasonal migrations
Data were analyzed with generalized linear mixed
models (GLMMs - Zuur et al., 2009) which accounted
for multiple observations from the same pitfall traps
and repeated observations. For each basic sample unit,
we choose counts (immature + adults) of Sphodropsis
ghilianii (SG) and Dellabeffaella roccae (DR) as
dependent variables. However, both variables were
characterized by the presence of several outliers. To
avoid log-transformation (Manning & Mullahy, 2001)
or the removal of too many outliers (Zuur et al., 2010),
we expressed the counts of the two species in term
of presence/absence and modeled them assuming a
Bernoulli distribution (0-1). Moreover, in order to test
if adult males and females of the two species responded
differently to the variables that we considered in this
study, we computed an additional set of models using
the sex ratio as dependent variable (SEX-RATIO). We
expressed the sex ratio as the percentage of males

on the total counts of individuals in each pitfall trap
at each sampling session [males/(males + females)].
We excluded from the analysis the traps with zero
counts. Sex Ratio was modeled assuming a Binomial
distribution (0-1 continuous). We carried out data
exploration following Zuur et al. (2010). According
to Zuur et al. (2009) the inclusion of outliers and
highly correlated predictors in the regression analysis
leads to misleading results. We therefore evaluated
the presence of outliers in the independent variables
via Cleveland dotplots and the collinearity among
the covariates via pairwise Pearson’s r correlations
and boxplots.
In order to account for seasonal effects, we tested
for interaction between the different covariates and
the season (SEA*DST; SEA*DEPTH). To evaluate the
effect of the bait on the probability of sampling the
two species, we also included a categorical variable
(BAIT) made up of two levels, “Fresh” and “Exhausted”
(i.e. five surveys with a fresh bait and five with the
exhausted one).
The GLMM mixed procedure allowed us to deal with
temporal and spatial dependence, so we included
the spatial factor “Triplet” (namely the identification
number of each group of three traps) and the temporal
factor “Session” (namely the ten replacements of each
pitfall trap) as random factors. Such structure allowed
us to deal with repeated observations of the same trap
(given the removal sampling technique adopted in this
study) and the clumped spatial distribution of the
sampling triples within the cave.
The regression models were fitted via the glmer
command in the lme4 (Bates et al., 2013) R package.
The structure of the initial models was:
y ~ DST + DEPTH + SEA + BAIT + (1|Triplet) +
+ (1|Session)  (1)
where y = one of SG, DR or SEX-RATIO (Dependent
variables); DST = distance from the cave entrance
(Fixed effect); DEPTH = subjacency of the trap (Fixed
effect); SEA = categorical variable representing the
season (Fixed effect); BAIT = type of bait (fresh or
exhausted) (Fixed effect). The random part of the
model includes the effect of the temporal grouping
variable (Session) and the spatial variable (Triplet).
Once we fitted the general model we applied model
selection (Johnson & Omland, 2004), in order to
identify the best model structure supported by
observations. We performed a backward elimination,
progressively excluding variables and potential
interactions between variables according to AICc
values (Zuur et al., 2009). Variables not contributing
to the fit of the model (i.e. increasing the AICc value)
were progressively dropped from the models thus
avoiding overfitting (Howkins, 2004). Model validation
was carried out following Zuur et al. (2009).
Microclimatic preferences
In order to investigate the microclimatic preferences
of Sphodropsis ghilianii and Dellabeffaella roccae,
we related their presence/absence to the mean
temperature and the mean relative humidity of the
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sampling session using binomial GLMMs (see details
in the previous section). Since we found a high degree
of collinearity between the two explanatory variables
(Pearson r = 0.79), we fitted the mean temperature (2)
and the mean relative humidity models (3) separately.
Other variables concerning temperature and relative
humidity (namely minimum, maximum and range)
were not considered in the analysis given their lower
correlation with the dependent variable. In order to
deal with spatial and temporal dependence we used
the mixed procedure as specified above.
y ~ Tmean + (1|Triplet) + (1|Session)   (2)
y ~ RHmean + (1|Triplet) + (1|Session)   (3)
During model validation, we found a non-linear
response of SG to temperature. To assess this kind
of distribution, we fitted a quadratic polynomial
GLM introducing the quadratic term (Tmean2 ) as a
covariate (4).
SG ~ Tmean + Tmean2 + (1|Triplet) + (1|Session)   (4)
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RESULTS
Microclimatic characterization of the caves
Relative humidity inside the two caves was almost
constantly close to saturation, with values ranging
from 90 to 100%. However, in the outermost portion
of the cave in winter the relative humidity dropped
down to 75%.
With regard to temperature, changes and max-min
ranges were attenuated with increasing distance from
the cave entrance and delayed compared to the values
recorded outside the caves (Fig. 3). The mean annual
temperature values deep inside the two caves were
comparable (Tmean ±SD: Borna = 9.0±0.4°C; Creusa
= 8.9±0.8°C) and showed little variation over the year.
In the outermost section of the caves the conditions
were quite stable in summer, spring and autumn.
Over the year, the range of temperature variation
(Tmax - Tmin) in the vicinity of the cave entrance was
4.5°C for both the Borna and the Creusa, while the
external range of temperature variation was around
41°C. However, the microclimate at the entrance zone

Fig. 3. Microclimate of the caves. Annual trends of external temperatures derived from the closest weather
station (dotted line) and internal ones, registered by the dataloggers placed at each sampling point (filled
lines). Only one datalogger per Triplet is shown (Triplet's codes are explained in Fig. 1; from G1 to G6 refers
to the Borna cave and G7 - G8 to the Creusa cave). The shade of blues indicate the relative position of the
dataloggers in the cave, from the outermost parts (lighter blues) to the innermost parts (darker blues).

drastically changed during winter, when we observed
a drop in the mean temperature values (mean values
always below 6°C). The coldest temperature values
were recorded in December and January (Tmin: Borna
= -2.0°C and Creusa = -0.9°C).
Life history and seasonal migrations
No pitfall traps were lost during the study. Over
the year, we sampled 179 individuals of Sphodropsis
ghilianii in the Borna and 202 in the Creusa, for a
total of 381 individuals. We sampled 991 individuals
of Dellabeffaella roccae, of which 785 in the Borna
and 206 in the Creusa. Abundance of adults and
immature varied considerably through the year

(Fig. 4). Adult males and females of S. ghilianii were
abundant from June to September. Abundance of
adults decreased dramatically from October onwards
and started to increase again in March. The annual
sex ratio [males/(males + females)] was 0.49, and
persisted during most of the sampling period. A
remarkable exception to this trend was observed in
spring (February - June) when we captured more
males than females, although this discrepancy
in the sex ratio was not statistically significant in
respect to the baseline (SEA_Au) (SEA_Wi = Estimate
β±SD: 0.7709±1.013, p = 0.447 n.s.; SEA_Su = Estimate
β±SD: 0.6862±0.744, p = 0.356 n.s.; SEA_Sp = Estimate
β±SD 1.2155±0.736, p = 0.090 n.s.). Immatures were
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Fig. 4. Phenology. Abundance trends of adult male, female, immature individuals, and larvae
of Sphodropsis ghilianii and Dellabeffaella roccae in the study area.

generally less abundant than adults, with a peak
of abundance in autumn (September - November).
Larvae were very scarce (17 specimens) and were only
found in the Creusa.
Concerning the seasonal migration analysis, the
best model (i.e., lower AICc) explaining the presence
of S. ghilianii (SG) in the two study sites was
y ~ DST*SEA + BAIT + (1|Triplet) + (1|Session). In
particular, a significant interaction between the
distance from the cave entrance and the season was

observed: the probability of the presence of S. ghilianii
was found to be significantly higher at lower distances
from the cave entrance in summer (SEA_Su*DE =
Estimate β±SD: -0.0323±0.0120, p = 0.007**) with
respect to autumn (reference category) (Fig. 5). The
same trend (close to significance) was observed in
spring (SEA_Sp*DE = Estimate β±SD: -0.0196±0.0108,
p = 0.070[*]). Instead, the probability of presence was
lower and not significant in winter (SEA_Wi*DE =
Estimate β±SD: 0.0114±0.0069, p = 0.097). Moreover,

Fig. 5. Spatial dynamics. Predicted values (black lines) and 95% confidence intervals (grey surfaces) of the
effect of distance from the main entrance in interaction with the season (DE*SEA) on the probability of presence
of Sphodropsis ghilianii derived from the generalized linear mixed model (GLMM). Only fixed effects are shown.
Due to the proximity of several values, various points appear superimposed.
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there was no significant effect of the type of bait on
the probability of presence of S. ghilianii (BAIT =
Estimate β±SD: 0.5421±0.4459, p = 0.224 n.s.). The
latter variable did not influenced the sex ratio neither
(Estimate β±SD: 0.0339±0.5163, p = 0.947 n.s.).
Adult males and females of Dellabeffaella roccae were
abundant from November to June and decreased at the
end of summer (minimum in September/October). The
mean sex ratio was 0.43, and was constant over the year
in respect to the baseline (SEA_Au) (SEA_Wi = Estimate
β±SE: -0.5933±0.644, p = 0.357 n.s.; SEA_Su = Estimate
β±SE: -0.5042±0.591, p = 0.394 n.s.; SEA_Sp = Estimate
β±SE: -0.2210±0.602, p = 0.714 n.s.).
Immatures were mostly collected from October
to May, with two peaks in October/November and
February/March. Larvae occurred in low abundance
through the whole year, with a peak in February/
March (19 specimen) and another one in June/
July (18 specimens). The most appropriate model
(i.e., lower AICc) explaining the spatial and temporal
presence of D. roccae in the two study sites was
found to be y ~ DEPTH + SEA + BAIT + (1|Triplet)
+ (1|Session). The probability of presence of
D. roccae was found to increase significantly with
increasing subjacency (DEPTH 20-40 m = Estimate
β±SE: 2.229±0.442, p<0.000***; 60-80 m = Estimate
β±SE: 1.715±0.390, p<0.000***) in respect to the
reference category (0-20 m). Concerning the seasonal
differences, we observed that the probability of
presence of D. roccae was significantly higher in
summer (SEA_Su = Estimate β±SE: 1.375±0.449,
p = 0.002**), in spring (SEA_Sp = Estimate β±SE:
1.172±0.440, p = 0.007**) and in winter (SEA_Wi =
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Estimate β±SE: 0.944±0.473, p = 0.046*) in respect
to the reference category (autumn). Moreover, there
was no significant effect of the type of bait on the
probability of presence of D. roccae (BAIT = Estimate
β±SE: -0.586±0.317, p = 0.074 n.s.) or on the sex
ratio of the captured individuals (BAIT = Estimate
β±SE: 0.1726±0.396, p = 0.663 n.s.).
Microclimatic preference of Sphodropsis ghilianii
and Dellabeffaella roccae
Due to malfunction of several dataloggers, the
analysis concerning the thermal preference of the
two species was performed with a reduced dataset.
Sphodropsis ghilianii showed a non-linear trend
(Fig. 6a) in respect to temperature, with significant
effects of both temperature (Tmean= Estimate
β±SE 3.4798±1.0219, p = 0.000***) and squared
temperature (Tmean2 = Estimate β -0.2381±0.0717,
p = 0.000***). In particular the probability of presence
of S. ghilianii was found to be higher between 5 and
9°C, with the optimum around 7.3°C.
The response of Dellabeffaella roccae to temperature
was better described by a (linear) logistic function
(Fig 6c). The probability of presence of the species was
found to increase with the increase of temperature
(Tmean = Estimate β±SE -3.1324±SE 0.9097, p<0.000***).
In particular, it reached 50% at 7.6°C. There was also
a positive and significant effect of the mean relative
humidity for both species, with increasing probability
of presence at increasing values of relative humidity
(S. ghilianii, RH = Estimate β±SE 0.1688±0.0642,
p = 0.008**; D. roccae, RH = Estimate β±SE
0.2029±0.08047, p = 0.011*; Fig. 6b; Fig. 6d).

Fig. 6. Microclimatic preference. Predicted values (black line) and 95% confidence intervals (grey surface) of the effect of
the mean temperature (a, c) and relative humidity (b, d) on the probability of presence of Sphodropsis ghilianii (left panels)
and Dellabeffaella roccae (right panels) derived from GLMM analysis. Only fixed effects are shown. Due to the proximity
of several values, various points appear superimposed.
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DISCUSSION
It is generally accepted that seasonality may affect
the underground climate, resulting in seasonal
variations in cave temperature and relative humidity,
with major effects close to the cave entrance. On the
contrary, seasonal patterns are strongly attenuated
deeper inside caves, where the response to the
external climate is temporally lagged (Smithson,
1991; Badino, 2010; Cigna, 2012). As expected, in
the Pugnetto hypogean complex we observed different
microclimatic conditions in different sections of
the cave. Deep inside, temperature variations were
very feeble (0.2°C annual range), while the climate
of the outermost sections was more variable (4.5°C
annual range). Interestingly, despite the mean annual
temperature was similar to the one recorded in the
innermost sections, such condition did not persist in
winter, when an alignment with the external conditions
was observed (i.e., drop of temperature and relative
humidity). According to Badino (2010) this kind of
“meteora” is related to the convective circulation of
the air within the cave, and characterize caves with
openings at different altitudes. According to Motta
& Motta (2015) in the Pugnetto hypogean complex,
the presence of secondary openings trough the hill
that overcome the caves (Trüc dle Tampe), allows a
convective air movement that determine the winter
thermal anomaly in the vicinity of the entrance. The
peculiarity of this condition seems to influence the
seasonal migrations of Sphodropsis ghilianii. The
probability of presence of the species was found to be
higher at lower distance from the cave entrance (i.e.,
in the epigean/hypogean ecotone sensu Prous et al.
[2004]) in spring, summer and autumn (see Fig. 5).
During these seasons, the most suitable microclimatic
conditions for S. ghilianii were indeed close to the
cave entrance area. This trend was particularly clear
in summer, with higher abundance within the first
100 m of the cave. Our trends find an empirical
confirmation in Casale (1988), who pointed out that
S. ghilianii is a “spring breeder” (Brandmayr et al.,
2005; see also, Fig. 4) and particularly abundant
in spring and summer in the area close to the cave
entrance (or even outside the cave). Moreover, the
higher prey availability found in this area should
play an additional important role for a generalist
predator such as S. ghlianii (Novak et al., 2012;
Tobin et al., 2013).
However, during winter, the alignment with the
external conditions triggers the spatial migration of
the species inside the cave (see also Weber et al., 1994,
1995). According to our results, this migration can be
related to the unsuitable conditions occurring in winter
in the nearby of the entrance (Fig. 3). Accordingly, the
number of individuals in winter was found to be very
low, as previously reported for other cave-dwelling
Sphodrina beetles (Casale, 1988). Most likely, the
drop of abundance that we observed is related to the
migration of individuals from the cave chambers to the
network of fissures connected with the cave. In this
respect, Chapman (1985) observed that certain vagile
specialized beetles were able to appear and disappear

rapidly in the cave, accessing the larger chamber from
the adjacent labyrinth of voids.
On the base of our observations (Fig. 4), we hypothesize
that reproduction takes place in early summer. From
that time on, adults decrease dramatically and, in
parallel, immature increase (September to November).
In this respect, it is worth to mention that we did not
found any significant discrepancy in the sex ratio
during the year. Given the low abundance of larvae
in the cave over the year, it appears likely that the
reproduction and the development of larvae possibly
takes place in the fissures and SSHs connected with
the caves.
While S. ghilianii was preferentially found around
the cave entrance, the probability of presence of
Dellabeffaella roccae was found to increase in the
deeper zone of the cave, characterized by higher
subjacency (>20 m) and buffered from the external
climatic variability. The highest abundance of adults
was recorded inside the Borna, as previously reported
by Capra & Conci (1951). In this sense, because of
the higher planimetric development (765 m) and
subjacency (up to 80 m), the Borna offers the most
appropriate habitat within the Pugnetto hypogean
complex. Instead, as observed for other subterranean
arthropods (Giachino & Vailati, 2010; Novak et al.,
2012), the presence of sporadic individuals in the
vicinity of the surface may reflect migrations from
the MSS environment. On the base of our working
hypothesis, given the climatic stability of the internal
part of the cave, no seasonal migration should occur.
As a matter of fact, the pattern of spatial distribution
within the cave did not change throughout the year,
and no migrations along the cave were detected.
On the other hand, seasonality affected abundance
(Fig. 4). It appears likely that the reproduction took
place in late summer. Thenceforth, the number of
adults in the cave underwent a decline (September/
October), possibly in relation to movements from the
interstitial-like habitats (Giachino & Vailati, 2010;
Novak et al., 2012). Subsequently, the development
of immature individuals determined the new upswing
in the abundance of individuals in the cave, with the
maximum of records between December and March.
Also in this species we did not found any significant
discrepancy in the sex ratio during the year.
Regarding the thermal preference, D. roccae was
preferentially collected around 8-9°C. Such values
were mainly recorded in the most stable (i.e. deeper)
sections of the Borna. It is indeed generally accepted
that the higher diversity of specialized hypogean
species occurs in the environmentally stable portions
of caves (e.g., Tobin et al., 2013), as previously observed
in other stenothermal cave-dwelling Cholevidae
(Lencioni et al., 2010; Bernabò et al., 2011). Moreover,
relative humidity seems to play an equally important
role in determining the probability of presence
of the species. As highlighted in Fig. 7, between
7 and 9°C the cave air was almost always saturated
in terms of water vapor content (95-100%). Indeed,
according to the pressure-temperature relation
(Clausius-Clapeyron equation), the value of the
vapour equilibrium pressure depends essentially on
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changes, especially in the underground
climate, could dramatically affect their
survival. In this sense, future risings of
the outside temperatures due to global
warming are expected to induce changes
in the underground climatic conditions
(Badino, 2004b; see also evidence in Fejér
& Moldovan, 2013; Domìnguez-Villar et
al., 2014). However, little is known about
the response to global climatic changes
of the hypogean fauna (e.g. Brandmayr
et al., 2013), and thus knowledge of
the microclimatic requirements of the
subterranean species appear to be of
crucial importance.
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Fig. 7. Relation between temperature and relative humidity. The scatterplot shows the relation
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at each trap within the Borna (black dots) and the Creusa (red dots) caves. Due to the proximity
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the temperature of the system (Clapeyron, 1853).
Due to thinner exoskeletons, hypogean beetles
usually show higher rates of desiccation compared
to surface taxa (Boyer-Lefèvre, 1971; Howarth, 1980)
and therefore humidity is considered to be one of
the most important ecological limiting factor in the
hypogean domain (Latella & Stoch, 2001). We thus
hypothesize that the preference of D. roccae for the
stable deepest portion of the Pugnetto caves is also
related to the need for a saturated environment in
terms of relative humidity.
Concerning the effectiveness of the bait, neither the
probability of capturing the two species nor the sex
ratio was found to vary with the aging of the bait at least up to two months. It worth to specify that
this analysis should not be interpreted as a denial of
the effect of the bait per se, but as a demonstration
that the effect of aging is not very influential, at
least with regard of the two investigated species.
Indeed, unbaited pitfall traps are considered to be
almost useless in caves as the density of hypogean
invertebrates is very scarce (Hunt & Millar, 2001).
Concerning D. roccae, the attractiveness of the bait
is likely related to its saprophytic feeding behavior,
thus irrespectively to its aging. Regarding S. ghilianii,
Morisi (1971) and Casale (1988) observed that
decaying meat or cheese attract this species indirectly,
because the bait itself attract its potential preys. Also
in this case, both a fresh or an exhausted bait may
attract potential preys and thus it may equally attract
individuals of S. ghilianii.

CONCLUSIONS
In this study we characterized the microclimatic
preference of S. ghilianii and D. roccae by defining
their optimal conditions of temperature and relative
humidity. The narrow microclimatic range that we
defined logically points out S. ghilianii and D. roccae as
stenoecious subterranean species. Given their narrow
ecological requirements, we expect that environmental
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Abstract:

Keywords:

At the turn of the 20th century, the practical examination of caves went through a radical
change. Governmental organizations and private clubs were founded in an attempt
to establish speleology as an independent academic subject. In contrast to earlier
cave visitors, travelers began entering underground areas and attributing the names of
“explorers” or “researchers” to themselves. Fieldwork—especially cave surveying and
cartography—became common practice in speleology and such work provided important
clues on speleogenesis, which was a controversial issue in the first half of the 20th century.
Due to the fact that speleologists began separating themselves from ordinary cave visitors
and tourists, tools and instruments for cave exploration and mapping, such as carbide
lamps, ropes, compasses, clinometers, and drawing boards, became the emblems of
speleology. Through historical discourse analysis, this paper examines whether this change
in the status and practice of underground fieldwork had an effect on the self-perception of
speleology and led to new forms of social cooperation and control between speleologists.
Further questions address the manner in which the usage of new surveying instruments and
the relevance of cave mapping modified the scientific research parameters and the cultural
perceptions of the subterranean world. As a contribution to speleo-history, this approach
opens a new perspective on the social and cultural dimensions of speleological fieldwork as
well as the historical, scientific, and political dynamics in which they were involved. Sources
for this research comprised historical scientific papers on cave mapping, textbooks, and
archive materials from the Austrian National Library, the Natural History Museum in Vienna,
and the Austrian Speleological Association.
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INTRODUCTION
Fieldwork or field research—especially cave
cartography—is among the most fundamental and
prestigious activities in speleology. In English, the
existence of both terms, “speleology” and “caving,”
underlines the role of cave surveying and fieldwork to
distinguish between the scientific study of caves and
the exploration of caves for recreational purposes.
As a common practice, such work has a significant
influence on the scientific self-perception of this
research field and the professional identity of each
cave explorer.
Historically, fieldwork arose in the 18th century, when
empiric-based earth science was practiced by traveling
to certain destinations (Wyse Jackson, 2007). While
*johannes.mattes@univie.ac.at

earlier hypotheses on speleogenesis were formulated
without the need of personal observation, later studies
on speleology and cave contents were unthinkable
without the experience and arduousness of personal
travel. Like above ground travel, subterranean
ventures also correspond to cultural practices.
Similarly, such activities lead to exotic locations,
require cultural exchanges with natives, and consist of
phases (i.e., beginning, accomplishment, and return).
Until recently, speleology and cave research remained
as a “traveling” field of science. More than in other
disciplines, fieldwork was responsible for the historical
development of speleology and the formation of its
own social group consciousness. Similar to geology,
the first appearance of instructions in practical cave
research and fieldwork was closely connected with the
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emergence of speleology as a scientific field of science
Although many cave plans were already drawn
(Vaccari, 2007; Klemun, 2012).
before the 18th century, one of the first maps
Even today, most speleologists would confirm that
(demonstrably based on a rudimental cave survey)
their discipline is, per se, fieldwork that involves
was made during the Age of Enlightenment by the
scientific examination, survey, collection of finds,
imperial mathematician Joseph Anton Nagel (1748) in
and further documentation of undiscovered caves. In
Slovenia (Fig. 1). Based on the usage of economical,
contrast to its significance, limited studies have been
easily manageable, and less accurate instruments
published about the history of speleological fieldwork,
that were suitable for the hazardous conditions of
and still less in English (Stummer, 1984; Neumann,
caves, the knowledge of surveying methods became
2000; Wookey, 2004; González-Ríos & Miret-Pérez,
a cause for the social distinction between non-skilled
2007). While papers and books on speleo-history
staff, such as guides or so-called “grotto workers” who
mostly focus on plans, such as products of extensive
were mobilized for mining operations in Slovenian
fieldwork, photographs or specific tools like carbide
caves, and well-respected speleologists (Pazze,
lamps, the practice of fieldwork and its social,
1893). After 1880, based on the earlier technique of
cultural, political, and scientific contexts are still a
triangulation by mine-surveyors, speleologists began
desiderate for historical examination. Recently, there
establishing their own methods of cave surveying
has been increasing research on scientific objects,
(Arnberger, 1966).
tools, and instruments, which was identified as a
While the length of a cave was still primarily counted
“practical turn” in the history of science (Soler et al.,
in hours (i.e., the time required to cross the cave),
2014). Further studies on expeditions and research
the first authors in the 19th century began calculating
travels as cultural and social ventures have also led
distances in the caves with units of length and they
to a deeper understanding of past and contemporary
subsequently used the data as evidence of personal
scientific practices (Schimanski & Spring, 2015).
achievements. For instance, Adolf Schmidl—mostly
From the perspective of cultural studies, cave trips
known as the “father of modern speleology”—boasted
or subterranean expeditions can also be recognized
about his examination and exploration of more than
as “laboratories” where social actors, institutions,
15 kilometers of Slovenian cave passages in the
instruments, objects, and practices collaborate and
yearbook of the Austrian Geological Survey (Schmidl,
different methods of knowledge acquisition are carried
1850; Shaw, 1978). He also criticized the practice of
out.
earlier travelers who considered the “length of time
Since the turn of the 20th century, forms of cooperation
needed to cover a distance” as the “length of the way”
between cave research teams have remained as
(Schmidl, 1854).
examples of social practice, which was due to the
As a critical contribution to the social and cultural
complex interaction between instruments, a network
history of speleology, the present paper examines
of users, cultural influences, and scientific demands.
whether this change in the status and practice of
In regard to the instruments themselves, while
underground fieldwork had an effect on the selfprevious studies on scientific tools and instruments
perception of speleology and helped lead to new
described them as devices for “the very practical
forms of social cooperation and control between
purpose of making measurements and testing
speleologists. Through historical discourse analysis,
hypothesis by experiment,” recent articles emphasize
this paper focuses on the evolution of cave research
the importance of tools and instruments as “mediators”
in Europe in the second half of the 19th century and
between users and research objects during the
the beginning of the 20th century. Sources for this
process of knowledge acquisition
(Price, 1980; Gooday, 2000;
Meindel, 2008). In her article
on the history of the geological
hammer, Klemun (2011) pointed
out that “an acceptance of an
instrument in the scientific
community, in practice and
society correlates with the
importance that is attributed
to it not only by epistemic
valence but in connection with
a particular social status of its
users and its cultural meaning.”
In cave research, fieldwork was
a constituent factor for the
establishment
of
speleology
as
a
scientific
discipline
and it corresponded to the
implementation of measuring
instruments and quantifying
Fig. 1. Ground plan of the cave ‘Postojnska jama’ (Slovenia), drawn by Carlo Beduzzi (Nagel, 1748).
methods.
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research consist of historical scientific papers on
cave mapping, textbooks, and archive materials from
the Austrian National Library, the Natural History
Museum in Vienna, and the Austrian Speleological
Association. Furthermore, the renewed self-image of
travelers and explorers and their claims of being the
first to enter unknown caves will be analyzed under
the socio-political aspects of European imperialism.
Finally, special attention is paid to the influence of
speleological tools and measuring instruments on the
new perception of underground fieldwork.

FIELDWORK AS A SOCIAL PROCESS
From travelers to cave explorers
Sources regarding foreign travelers who visited
the isolated karst regions and their subterranean
areas in Europe date back to the 16th century. These
individuals were not only scholars, but they were
also merchants, artists, and nobles who yearned for
romantic inspiration or pleasurable distraction, either
of which could be satisfied by exploring underground
caves. The motives of these travelers, however, were
diverse. For example, some entered the caves to expand
their knowledge and pursue research of the caves
themselves, while others widened their collections of
natural objects such as rare plants, insects, fossils,
and minerals (Shaw, 2008).
After the turn of the 19th century, the number of
subterranean travelers increased due to improvements
in the transportation infrastructure that facilitated
travel to the remote and economically underdeveloped
karst regions. The sources of information—besides
advice from fellow travelers or innkeepers—varied from
early modern travelers’ books that described natural
wonders by provenance and topic to more descriptive
handbooks that detailed specific caves. Beginning in
the 1820s, the first widespread illustrated guidebooks,
describing the best-known stalactite caves in Istria
and Carniola, were published by urban travelers like
Girolamo Agapito (1823), Franz Hohenwart (1830-32),
and Adolf Schmidl (1853) in various languages such
as Italian, German, French, and Slovene (Fig. 2).
In the Austrian Empire, a distinctive show cave
management program (“Kgl. Grottenverwaltung”) was
established in 1823 to reduce vandalism by travelers
and harmonize the flourishing business of cave tours.
The use of guides was essential, given the incapacity
of most travelers to speak the language or local dialect
of the karst regions, and they were imperative in terms
of finding and exploring the caves. Recruited from
the limited number of local inhabitants, the guides
often provided the caving equipment and they were
responsible for the lives of the visitors. Over time,
some of the guides became regular employees of the
show cave management team in order to deal with the
increasing number of travelers who were interested in
visiting these exotic underground attractions. Despite
the availability of maps and detailed guidebooks, the
locals still worked for individual travelers who were
eager to visit the lesser-known caves, which were
impossible to explore without the knowledge of the
local population (Mattes, 2015).

Fig. 2. View on the highest point of the ‘Calvary Mount‘ in the cave
‘Postojnska jama’ (Slovenia), drawn by Alois Schaffenrath in 1830
(Hohenwart, 1831).

For instance, in the 1880s, Édouard-Alfred Martel
and Franz Kraus, founders of the Speleological Societies
of France and Vienna, began their speleological
research ventures as tourists in southern France
and Carniola during their spare time. Both well-todo gentlemen hired locals (with practical knowledge
of karst landscapes and mountaineering) as guides
and carriers of their extensive equipment and
instruments. The guides were also instructed to reveal
the entrances of the lesser-known caves, translate
their instructions into the local languages, and handle
the safety ropes. Consequently, the cave tours became
a welcome source of income and an attraction for the
local population. In his book, “Les Abîmes,” Martel
described his interactions with the locals:
“Our equipment always attracted keen attention.
When we had the misfortune to descend on a
Sunday, whole villages would congregate
around the entrance to the shaft and impede
our activities. When we descended into the
abyss, the old women would cross themselves
and intone between recitations of the Lord’s
Prayer: 'Doubtless you may be able to climb
down, worthy Gentlemen, but you’ll never come
up again!' Or alternately: 'Madness has many
forms!' … And the genial priests who offered us
accommodation in the absence of guesthouses
forced their blessings upon us” (Martel, 1894).

Stereotypical images of the unknown and
mysterious underground, created by science fiction
literature, such as Jules Verne’s “Journey to the
Center of the Earth” (1864), and sensational media
coverage encouraged public interest for underground
exploration. From 1888 to 1913, Martel organized
annual “campaigns” in more than 14 different
countries during his summer vacations (Shaw, 1992).
In the second half of the 19th century, cave trips,
which required more cooperation and division of labor
between the participants, began to gradually differ from
the simpler underground excursions of travelers in
show caves. Fascinated by the thought of escaping from
civilization, urban travelers entered caves searching for
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their so-called “lost relationship” with nature. In other
words, the tourists no longer felt that they were travelers
or passive visitors. Instead, they began to consider
themselves as “explorers” focused on a deeper perception
of nature. Through new so-called “expeditions” and
“campaigns,” signified by a high degree of hierarchy,
organization, and pre-planning, these explorers faced
more difficult conditions while traversing unknown
caves, underground rivers, and deep shafts. Often
dispatched from an institutionally developed center to
a periphery, with the goal of researching, conducting
measurements, making observations, and collecting
objects, these expeditions (as a new social form of cave
research) had a significant effect on the practice of
speleological fieldwork. According to Martel (1894), “The
usage of the precise instruments for cave surveying”
and the reassessment of cave cartography as “one of
the most important activities of cave explorers” should
support the scientific claim of this comparatively young
field of research.
Institutionalization of speleology
Speleology was eventually institutionalized in the
form of competitive private clubs and governmental
research organizations. From 1879 on, when the first
speleological club was founded in Vienna, local caving
societies as well as national speleological associations
were developed geographically close to cavernous
limestone regions in Graz, Trieste, Postojna, Udine,
Paris, and Leeds. As a result of a broad popularization
of science and technology at the end of the 19th
century, new forms of community and scientific ideals
were generated. Especially, the institutionalization
of speleology manifested in the form of middleclass clubs interested in natural history. These new
communities, which united scientists and members
of the bourgeois elite, no longer centered on detailed
knowledge, but they focused on Earth and life from
a holistic perspective (Daum, 2002). This concept
of cave study, bringing together different scientific
and social fields of knowledge, can be still found in
the organization of modern speleological societies
in which scientists and academic cooperate in an
interdisciplinary manner. In addition, the intention
of the first speleological societies was to combine the
scientific and recreational aspects of nature, which
were two diverse roles maintained throughout the
19th century. Eventually, this goal was added to the
statutes of several speleological clubs and societies
(Shaw, 1992).
After the foundation of the “Société Spéléologique de
France” (“Speleological Society of France”) in 1895 of
which its members originated from diverse European
countries, international cooperation increased (Schut,
2011). Nevertheless, up to 1945, speleology primarily
remained an exclusive project carried out by members
of the social elite who were influenced by nationalistic
policies in political dependent territories. Even in the
multinational atmosphere of the Austro-Hungarian
monarchy, speleology remained as a project of the
German-speaking portion of the population, by
exploiting the efforts of Slovene, Czech, and Italian
cave researchers.

Exclusivity of the “first look”
Since the 1850s, scientists, urban travelers, and
academic laymen began entering underground
locations with the goal of being the so-called “first
visitor.” This claim of being the first human to view,
describe, and map an undiscovered area, was not only
central for the distribution of meaning, but it also gave
legitimization to such activity. However, the majority
of the travelers or early explorers made no difference
between undiscovered and well-known caves. In
fact, due to the high number of competing groups,
particularly in Slovenia, Austria, and Italy before World
War I, several caves were “rediscovered,” surveyed, and
renamed several times by rival groups who struggled
for exclusivity of the “first look” (Mattes, 2013).
In many cases, the universal validity of science was
used as a justification for inconsiderate investigations
and discoveries of unique natural monuments,
including explorations of caves that used explosives
such as dynamite. Particularly during the 1920s
and 1930s, members received clear authorizations
concerning their proximity to these undiscovered
areas. As expedition protocols concerning the division
of labor demonstrate, speleological fieldwork is often
based on extensive social practices that aim to limit
and legitimate the privilege of the “first look”.
Due to the nationalist atmosphere at the time, cave
exploration was often recognized as a political act,
mainly practiced by supporters of right-wing politics
and deliberately instrumentalized by nationalist
propaganda before 1945. Thus, the exclusivity of the
“first look,” which also included the privilege and
ritual of naming, interpreting, and appropriating the
underground locations, can be seen in the imperial
context of occupation, acquisition, and consolidation
of nation states at the turn of the 20th century.
Consequently, underprivileged groups, such as
woodcutters, shepherds, poachers, hunters, and
other locals (who possessed knowledge regarding
cave entrances and whose economic or religious
practices were connected to these underground
locations) were excluded from the right to see a cave
for the first time. For instance, in “Literaturanzeiger,”
the first speleological periodical, Carl Fruwirth
(1880) described his “discovery” of a locally known
cave (“Annerlbauernloch”) in Styria (Austria): “This
cave was only visited once by a group of hunters
and woodcutters. Therefore and because of its
namelessness, the cave was counted as undiscovered
and it became the destination of my next excursion.”
Subsequently, Fruwirth named the cave after his
colleague Franz Kraus and mounted a plaque with his
name at the entrance.
Although the success of a venture is normally based
on a team’s effort, the exclusivity of the “first look” was
limited to the urban leaders of the expeditions, who
mostly consisted of members of the bourgeois elite in
the United States, Australia and European countries
like Austria-Hungary, England, France, Germany,
Italy, and Spain. While locals or natives still took part
in the underground campaigns as guides and carriers
(“homes de manœuvre”), they were frequently left out of
the expedition protocols and not rated as “sufficiently
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fearless” (Martel, 1894). This view contradicted the
fact that these unskilled locals were assigned to
physically demanding or dangerous tasks during the
expeditions, which, in some cases, even led to their
deaths. For example, during the exploration of the
caves “Škocjanske jame” (known as “Höhlen von St.
Kanzian” at that time), these so-called “grotto workers”
were recruited from local farmers to accompany the
German-speaking explorers and build access paths to
the undiscovered areas. According to some historical
sources, several grotto workers laid down their tools
and delayed the work progress due to the fatal accidents
that occurred and the poor salaries offered by their
employers (Gidl, 2007). A similar practice can also be
noticed in Australia or Puerto Rico, where natives or
slaves were deployed as cave guides or as explorers
for tough and dangerous research goals. In the United
States, African Americans like Stephan Bishop played
a key role for the development of new cave rotes and
tourism (Thompson & Thompson, 2003).

CAVE SURVEYING
Surveying as a practice of governance
The socio-political concepts of topographical
surveying date back to the 18th century, when
measurements, units, and numbers became the
“fundamental categories of the reality” and the
basis for understanding the world (Behrisch, 2006).
This historical discourse was linked to a new
concept of space, which recognized a political area
as an enclosed, homogeneous zone and enabled a
quantitative compilation of its economic resources.
Although maps, tables, and lists previously existed,
new surveying methods, accurate plans, and enclosed
measurements implicated a higher interpretative
dominance due to their mathematical claims. As an
instrument of standardization and systematization,
such surveying methods not only disciplined the
operators, but they also normalized the perception
of the landscape. Under the aspect of economic
exploitation and political domination, topographical
surveying projects often went hand-in-hand with
nation-building in Europe, America and overseas.
Similarly, the mapping of caves modified the human
perception of underground areas, excluding images of
body and gender, which were quite common in cave
plans and pictures before the 19th century (Fig. 3A,
3B). While the practice of surveying became more
homogeneous, the use of map designs and cave
plans increased due to the rise in cave tourism and
cost-effective improvements in printing techniques.
In addition, during the first half of the 19th century,
cave surveys were normally conducted based on the
visits of sovereigns, members of the local government
administration or miners who were authorized by
state officials. In Spain, the cave “Coves d’Artà”,
surveyed in detail in 1862, was a must-see for
travelers and naturalists, visiting the Mediterranean
area and was described in several travel journals
(Pagenstecher, 1867).
In many cases, the plans not only assisted visitors
with route-finding, but they also identified the locations

Fig. 3. Caves pictured in anthropomorphic images. A) Detail of
the longitudinal section of the cave “Demänovská ľadová jaskyňa“
(Slovakia), drawn by Georg Buchholtz (Bél, 1723). B) Watercolour of
the cave “Lurgrotte” (Austria) with the illustration of an anthropomorphic
speleothem, drawn by Sebastian Rosenstingl (Nagel, 1747).

of bones, fossils, and speleothems. For instance, in
his book “Reliquiae Diluvianae”, William Buckland
(1823) added fascinating longitudinal sections of bone
caves, illustrated with digging or climbing staffage
figures (Fig. 4). On the contrary, in the United States,
the main cause for early cave surveying was the
exploitation of saltpeter deposits, which was enforced
at the beginning of the 19th century (Wookey, 2004).
During the era of imperialism and nationalism,
cave surveying and topographical cartography
became a “tool of imperial governance” and “means
of control” used by the administration to “conquer
and then engineer territorial space” (Seegel, 2012).
Based on modernizing practices and Enlightenment
discourse, visual control of underground topography
often went hand-in-hand with its exploitation as a
show cave, as an economic resource or as a scientific
archive for natural history. Therefore, in Australia the
government got involved in cave exploration, ensuring
the appointment of caretakers and keepers, who
acted as guide to visitors. While the exploration was
mostly carried out by these caretakers, governmental
surveyors and draftsmen, mainly of the Geological
Survey, were assigned to examine caves scientifically
and produced numerable cave plans and maps of cave
areas (Shaw, 1992).
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Fig. 4. Section of Goat’s Hole (also: Paviland Cave) in Wales, mapped
by T. Webster after a sketch of W. Buckland (1823).

area as follows: “The survey of a cave is a basic
requirement: for the construction of a show cave, for
the exploitation of underground resources and all
scientific research” (Reisner, 1921).
Since the details of surveying techniques are rare
before 1900, it is impossible to reconstruct them
properly. While books on caves and underground
attractions published before 1850 (Rosenmüller &
Tilesius von Tilenau, 1799, 1805; Lang, 1801; Ritter,
1801, 1803) normally made no difference between
artificial and natural caves, mine surveyors and their
techniques (especially triangulation) were recognized
as most suitable for cave surveying. Well-known
cave explorers of the 19th century, such as Anton
Lindner, Adolf Schmidl, and Franz Kraus, were all
accompanied by miners who realized the plans and
were recommended by their employers to other
speleologists (Mattes, 2015). Corresponding to the
institutionalization of speleology in private clubs and
scientific societies, these “cavers” began developing
individual surveying techniques mainly based on the
use of specific measuring instruments.
In some cases, one’s own methodology was more
suitable for the specific topography of caves, which
was easier to learn than the traditional art of minesurveying. Such an approach also became a symbol
for the scientific autonomy of speleology. For example,
William Boyd Dawkins, a Professor of Geology in
Manchester, described that cave surveying consists
of marking points and measuring legs, which indicate
the length, inclination, and angle between two points
(Dawkins, 1874). While the usage of a compass for
cave surveying was quite common, aneroids or
plumbing tools were sometimes utilized instead of
clinometers to indicate the altitude of a cave passage.

Rethinking human activity in caves from the
perspective of cultural studies, the acquisition
of underground space can be realized through
the installation of paths and the usage of caves
for residential, economic, and cultic purposes.
Additionally, cave surveying, further methods of
documentation, and the specific act of naming
underground locations can also be recognized as
immaterial forms of acquisition. As a key part of
cave surveying and mapping practices, naming
was an essential form of representation through
which subsequent travelers and explorers could
recognize parts of the cave and its features (Grusin,
2004). However, naming was also essential for the
popularity of cave research and the public image of
speleology circulating in society. Appellations, such
as “Grotta di Morte,” expressed the
hazards of such exploration and names
like “Abisso Bertarelli” (known today as
“Grotta della Marna,” “Abisso di Raspo,”
and “Zenkanja Jama”) were given to
commemorate historic persons or the
explorers themselves. For example, the
naming in the show cave “Coves del
Drac” in Mallorca is mainly related to
explorations in 1896 by Martel, whose
research stood under the patronage
of the Archduke Ludwig-Salvator from
Austria and Tuscany. Figure 5 shows
Martel’s cave plan of “Coves del Drac”,
whose chambers were dedicated to his
aristocratic sponsors. In the 20th century,
the great pool of the cave was named
after Martel to honor its first explorer
(Ginés & Ginés, 1992). Especially in
Slovenia, cave naming was a political act
that represented the social dominance of
the German- or Italian-speaking portions
of the population. In the nationalist and
imperialist contexts at the turn of the 20th
century, this was extremely significant.
The Austrian speleologist Hans Reisner
described cave cartography as a method Fig. 5. Ground plan and vertical section of the cave “Coves del Drac” (Mallorca), drawn
for taking possession of an underground by Martel in 1896 (Museo de la Espeleología, Granada, Spain).
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In 1894, Martel described the usage of a notebook
with an attached compass for cave surveying. After
having aligned the small compass with the lamp of his
assistant, Martel read off the data, recorded it, and
drew the corresponding line, which he subsequently
used as the basis for the draft of the remaining cave.
The distance was normally measured with a marked
rope or by pacing, and the inclination was primarily
estimated. For bold slopes, Martel specified an
inclination between 33 and 35 degrees (Martel, 1894;
Wookey, 2004).
Coinciding with the institutionalization of speleology
in private clubs and scientific societies at the turn
of the 20th century, the influence of government
administration on cave surveying began to decline.
Collected in private or club owned cave cadastres,
surveying data was handled as a treasure and its
limited utilization went in conjunction with demands
for financial compensation. For instance, in 1923,
the general assembly of the German (and Austrian)
Speleological Association (“Hauptverband Deutscher
Höhlenforscher”) discussed the establishment of a
central cave cadastre:
Wolf [President, Berlin]: “One of the most
important tasks of the German Speleological
Association is to free speleology from the breath
of being a servant of science and to accomplish
the equality of speleology with other fields of
science. We have to bethink ourselves of our
treasures. Scientific results of our fieldwork will
be only delivered for money or equivalent value”.
Bock [Graz]: “The utilization of our cadastre should
be only allowed in case of receiving financial
compensation. No money, no speleology”.
Angermayer [Salzburg]: “Exclusively, the establishment
of an own cave cadastre legitimates the
foundation the German Speleological Association”
(Hauptverband Deutscher Höhlenforscher, 1923).

Surveying as a practice of social distinction
According to this renewed significance of cave
surveying and mapping, speleological fieldwork
became a location of social distinction. The introduction
of various standardized, more abstract plans and
more accurate methods of surveying encrypted cave
maps and created difficulties for untrained cavers
and third parties. For Robert Oedl, a speleologist and
cave cartographer in the 1920s, the learning of cave
surveying methods “is a long way paved with thorns
and requires a great deal of patience” (Oedl, 1922a).
In addition to longer and more hazardous expeditions,
cave trips became complex social ventures with a
high degree of disciplinary action, instruction, and
hierarchy. For instance, the instructions for an
expedition into the “Geldloch” in Lower Austria—at
that time, the deepest cave on world—pointed out
that “all participants have to commit themselves
to follow all the directions of the leader and the
relevant section commander” (Mühlhofer, 1923).
Similarly, in his book, “Höhlenkunde,” Rudolf Willner
indicated the following:
“A division of labor according to the tasks,
skills and knowledge of each participant
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is indispensable. … For the continuance of
discipline, which is absolutely necessary, it is
required that each participant subordinates
himself entirely under the expedition leader.
He is of course an experienced speleologist”
Willner (1917a).

In other words, speleological fieldwork and cave
surveying is based on a strict division of labor. For
example, at least three or four cavers as a specialized
group had to work together and a “precisely defined
task” was assigned to every member. According to the
number of available surveyors and assistants, the
following functions had to be filled: instrument reader,
note keeper/cartographer, lamp and measurement
tape holder, and survey station marker. The function
of the cartographer, normally occupied by a leading
geologist or a caver trained in geoscience, was generally
the only one with the privilege of interpreting and
naming the underground location (Willner, 1917b).
Photos of contemporary cave surveying groups, shown
in Figs. 6A and 6B, demonstrate cave surveying as a
social process with a clear division of labor. Moreover,
the arrangement of the pictured surveyors in Fig. 6A,
according to their assigned tasks, illustrates their
different levels of social prestige. According to earlier
portrayals of geologists and mineralogists, this photo
also expresses the new relevance of surveying and
mapping, how speleology should be practiced, and
depicts the instruments as a “part of the [explorers’]
body” or “extension of [their] hands” (Klemun, 2011).
Given that many caves were explored by competing
groups and surveying data made such areas
quantifiable and comparable to one another by length,
depth, and volume, cave surveying and cave plans
became exclusive proof for an explorer’s personal
achievement. Subsequently, surveying began to be
recognized as the main legitimization for underground
expeditions and it attached “great importance to their
research [of the speleologists]” (Martel, 1894). The
first speleological periodicals began mentioning the
length or depth of the explored caves, not only to
place them in order according to their scale, but also
to compare the findings of competing speleologists or
research groups. Given that many speleologists used
unquantifiable terms like “most beautiful” to describe
their explorations, and the specific topography of
caves made it difficult to compare them to above
ground phenomena, the length and depth of an
explored area became the main source of information
that supported a speleologist’s claim and reputation.
Surveying as a practice of science
Finally, the adoption of cartographic and geodetic
methods for cave mapping can be considered as
a constitutive element in the establishment of
speleology as a scientific field (Kyrle, 1923). After
measuring charts concerning speleological questions
first appeared in the book “Zur Höhlenkunde des
Karstes” (1854) by Adolf Schmidl, the scientific
importance of cave surveying was emphasized around
1900. Furthermore, a written report by ÉdouardAlfred Martel to the Congress of Scientific Societies in
Paris (Congrès des Sociétés savantes, à la Sorbonne),

International Journal of Speleology, 44 (3), 251-266. Tampa, FL (USA) September 2015

Mattes

258

a workman, are as follows: 1. A hammer (…).
2. A chisel (…). 3. A prismatic compass. 4. A
thermometer for taking the temperatures of the
air and water. 5. An aneroid. 6. A steel measuring
tape. 7. Abney’s patent level which is used for
laying down datum lines for plans, as well as for
taking the dips and angles. In making a plan, we
have found it useful to mark the datum line by a
stout string or wire and to measure from it as the
work proceeds, indicating on the sides and floor
of the cave the points of measurement with paint
or wooden pegs” (Dawkins, 1874).

Fig. 6. A) Representative photo of a surveying group, (from left
to right) Johann Reger, Major August Neischl, Johann Deinlein,
Franconia (Germany) around 1903. (Brand, 1935) B) A surveying
group of speleologists inside the cave “Frauenmauerhöhle” in
Styria (Austria), photo by Gustave Abel about 1930 (Archive of
the Department for Karst and Cave Studies of the Natural History
Museum in Vienna).

published as a small book in 1892, can be recognized
as the first manual or textbook on cave surveying and
mapping. While Martel and subsequent authors of
textbooks on speleological cartography underlined the
central function of plans for the solution of scientific
questions, cave surveying was gradually attributed as
a significant “scientific method” (Kyrle, 1931). Much
like the characteristics regarding the scientific virtues
of surveyors, such as precision, objectivity, and selfcontrol, fieldwork and cave maps became an important
legitimization for the scientific value of speleology.

MEASURING INSTRUMENTS
Influence on the self-image of speleologists
The appearance of the first instructions in
speleological fieldwork was significantly linked to the
development of new methods in cave mapping and the
use of measuring instruments as symbols of territorial
control, acquisition, and scientific knowledge. In his
book, “Cave Hunting,” William Boyd Dawkins wrote:
“The instruments which [we] found the most
valuable in cave hunting, apart from the tools of

For Dawkins, “Cave Hunting” covers the practical
work of exploring an underground cave scientifically.
More specifically, this includes collecting prehistoric
remains, fossils, new species, plants, minerals or
finding clues for the geology or hydrography of a
cavernous landscape. By using instruments for
cave surveying, as described above, the results of
his cave hunting trips were saved and described in
a scientific manner. While measuring tools formed
the basis for the cultural appropriation and scientific
categorization of caves, exploration of previously
boundless depths of vertical caves with the use of a
compass, measuring tape, and drawing board also
made the explorer’s psyche as well as his dreams and
fears, controllable.
Along with lamps, candles, and ropes, measuring
instruments, such as compasses, aneroids, measuring
tapes, plumbing tools, and thermometers, turned
out to be the most important equipment in cave
exploration. In addition, their correct handling and
further development gained a central role in the
practice of speleological fieldwork. More than simple
tools or measuring devices, distinctive instruments
for cave exploration und subsequent mapping (e.g.,
carbide lights or rope ladders) became the emblems of
speleology, which were shown on club logos, badges,
and representative photos (Neischl, 1904). Fig. 6A
illustrates the prestigious and community-generating
function of measuring instruments for the self-image
of speleologists.
By using these specific instruments, a new concept
of underground fieldwork was formed, which
replaced the individual perception of explorers with
the objectivity of standardized methods. The look of
an admiring traveler of the 18th and 19th centuries
gradually changed into a competitive, demanding
perception of nature. Moreover, the results of the cave
surveys were regarded as “prey for brave explorers”
(Hoenig, 1914) and proof regarding the examination
of underground caves, which were shared with those
on the surface.
According to the differentiation and increase of tools
and instruments for cave surveying, the terminology
of these travelers changed. The new scientific selfconsciousness of speleology led to a modification of
the formerly common expressions of “step out a cave”
(Valvasor, 1689), “stride across a cave” (Rosenmüller,
1805), and “delve into a cave” (Wankel, 1868). Instead,
by focusing only on the observer and not nature as an
object, the explorers began using stronger expressions
such as “explore” and “survey a cave” (Martel, 1894).
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The new linkage between speleologists and their
instruments, described above, also required the
surveyors and their assistants to undergo special
training and instruction. This led to increased
disciplinary action within the survey group and
identification of speleologists with their instruments.
The precision of the instrument was also habitualized
by the surveyor and it became an ideal for the accuracy
required to adjust the instruments and read off the
data. In addition, the instruments’ claim to objectivity
was taken over by speleologists and transformed into
a scientific virtue of the surveyors and a symbol for
the objectivity of speleology in general. This not only
influenced cooperation and communication within
the survey groups, but it also became manifest in
the selection of suitable staff for expeditions. From
that point on, the surveyor and his assistants had
to interact like instruments, collecting data in a
continuous production flow. As Ludwig Teißl indicated
in his textbook on cave surveying and speleological
instruments: “Only persistent, considerate and
thoughtful working can guide you quickly to the goal”
(Teißl, 1925b).
Invention of new cave surveying instruments
Especially, the search for appropriate instruments
used in cave surveying was an essential and consistent
part of speleological fieldwork in the first half of the
20th century (Lüdemann, 1926-27). Due to their size,
weight, and vulnerability, the survey instruments
of miners were not deemed suitable for use in
caves. After World War I, several new instruments
were developed, tested in practice, and eventually
modified. Simultaneously, numerous instructions
for cave surveying were published in speleological
journals (Oedl, 1923) and since various types of
caves existed (e.g., shafts or narrow passages, and
ice or water caves), each speleological club or society
favored a specific method of traverse surveying and
certain types of instruments such as geological,
Bézard or miner’s compasses as well as levels,
clinometers, and telemeters.
In Figs. 7A and 7B, two measuring instruments
are shown, which were constructed by German
speleologists in the 1920s. The first one is the
“Speläometer” by Richard Spöcker in which a spool
of measuring tape (made of silk) is fixed onto a tripod.
Due to the integrated compass and the graduated arc,
the surveyor was able to determine the vertical and
horizontal angle as well as the distance between the
instrument and the end of the traverse line. The second
instrument is the “Polygometer” by Helmuth Cramer,
which consisted of a vertical angle with a pendulum
and a compass. In this case, the surveyor had to
hang the instrument on a tightened measuring tape
between point A and B of the traverse line and read off
the vertical and horizontal angle. The “Speläometer”
and the “Polygometer” included three advantages:
1) their construction was robust and immune to the
muddy, wet, and icy conditions in the caves; 2) the
instruments could be easily used by both scientific
layman and professional surveyors; and 3) only two
persons were required to complete an accurate survey.

Fig. 7. Invention of new cave surveying instruments, “Sektion
Heimatforschung der naturhistorischen Gesellschaft Nürnberg”
(Germany) about 1920. A) “Speläometer” constructed by Richard
Spöcker. B) “Polygometer” constructed by Helmut Cramer (Teißl, 1925b).

CAVE PLANS AND OBJECTIVITY
Maps as sources for scientific hypotheses
While ground plans and longitudinal sections
of caves were already drawn in the 17th and 18th
centuries, members of the “Société Belge de Géologie”
pioneered the use of schematic cross-sections of caves
in order to explain their theories on karst hydrology
and speleogenesis. In 1894, Édouard Francois
Dupont (1893-94) asserted that the formation of caves
was due to an acidic solution formed by a reaction
between water and carbon dioxide. He also pointed
out that this can occur either in the groundwater zone
or higher. His recognition of a phreatic solution was
an extremely controversial issue in the first half of
the 20th century. In arguing that many cave passages
were entirely formed by this solution, he also included
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representative cross-sections of caves in his scientific
publications (Fig. 8A).
A similar theory was published several years
afterward by Jonathan Barnes and William Holroyd
(1896) of the “Manchester Geological Society.” The
series of pictures, which they added to one of their
scientific papers, also included typical cross-sections
of the caves (Fig. 8B) and schematic sketches that
indicated the direction of the solution. As shown on
Fig. 8C, cartographers began adding cross-sections
of caves to their maps. From that point on, especially
in regard to the large cave systems in France, Italy,
Austria-Hungary, and Germany, the plans were used
to reveal clues on speleogenesis and instructions for
speleology began to emphasize the relevance of maps
as sources for geological and hydrological problems. In
addition, cave plans were discussed in articles on karst
geomorphology and they were used as an argument
during the controversy on karst hydrography between
Alfred Grund (1903), Albrecht Penck (1904), and
Friedrich Katzer (1909) at the beginning of the 20th
century (Martel, 1909; Bock, 1913).
Search for standardized save symbols
Another unsolved problem was that there were no
consistent symbols for cave surveying. In the area
of the Austro-Hungarian Empire, the issue was
primarily initiated by economic problems. During
World War I, the cave commission of the AustroHungarian government decided to exploit the
phosphoric deposits in caves as organic fertilizers
for agriculture (Willner, 1917b). As speleologists
and soldiers explored, registered, and drew maps of
more than 1,500 caves in the following years, the
lack of standardized plans and symbols became an
obvious problem since an accurate evaluation of a
cave was necessary before any industrial exploitation
could be conducted.
Emil Racoviță and René Jeannel (1918) were the first
to attempt to introduce internationally valid symbols
for cave plans. However, their failure was caused
by the enforced nationalization of speleology in the
interwar period. Similar attempts were made by the
German Speleological Association, which established
a commission for the standardization of plan symbols
in 1921. Four years later, the Viennese cartographer
Ludwig Teißl (1925b) published a comprehensive
handbook on cave surveying and mapping (including
a proposal for cave plan symbols) that took account of
contemporary cave plans and imitated the symbols of
Austro-Hungarian ordnance maps used during World
War I (Fig. 9). Nevertheless, many cave cartographers
still used their own symbols until the 1960s, when
the International Union of Speleology took up Teißl’s
plan symbols and accepted a modified proposal made
by the geographer Max H. Fink (Audétat & Trimmel,
1966, Trimmel, 1968).
Photography and the truth claim of speleology
With the common usage of photography in cave
exploration, the truth claim of speleology experienced
a profound modification. Although the history of
underground and flash photography began in the

Fig. 8. Cross-sections of caves in geological publications, about 1900.
A) Schematic cross-section illustrating phreatic and vadose solution
by Édouard François Dupont, 1894 (Willems, 1893-94). B) Series of
cross-sections by Jonathan Barnes and William F. Holroyd illustrating
the formation of passages by solution (Barnes et. al., 1896).
C) Ground plan and cross-sections of the cave “Sophien-Höhle” in
Franconia (Germany), drawn by August Neischl and Johann Reger in
1902 (Neischl, 1904).

1860s, the broad usage of this comparatively new
media for documented claims of cave expeditions
cannot be found before World War I. Previously serving
as advertising media for show caves or as illustrations
of cave trips, photographs were subsequently regarded
as an instrument of scientific observation (Asal, 1922a).
While cave plans still varied from cartographer to
cartographer, the automatic technique of photography
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make a sketch from
every point of view,
where a photograph
is unable to mount his
device...or to picture his
motif. The realism of
photography cannot be
reached by drawings. …
Some illustrations in this
book had to be compiled
of photographs and hand
drawings” (Kraus, 1894).

In 1922, the well-known
German Alpine photographer
Alfred Asal also asserted that
speleology requires, above all,
“accurate reproductions regarding
the morphology of a cave” (Asal,
1922b; Lehmann, 1922).
As shown in Fig. 10, a
Fig. 9. One of the first attempts to create an index of symbols for cave mapping. The proposal was the
good example for the lack
result of a working group consisting of geographers, cartographers and speleologists: Eduard Dolezal
of
objectivity,
which
was
(chair), Karl Peucker, Ludwig Teißl, Gustav Götzinger, Rudolf Saar, Otto Lehmann (Teißl, 1925b).
attributed to drawings and cave
maps, is a comparison of three
ensured realistic replications of the topography inside
different plans of the “Gassel-Tropfsteinhöhle” cave in
the cave. By suspending the influence of interpretation
Upper-Austria. The maps were drawn in the course of
by an illustrator, photography guaranteed the
several extensive cave expeditions between 1922 and
objectivity of the research and it became a relevant
1930 by Willibald Hochegger (1922), Richard Spöcker
technique in the transformation process from simple
(1927), and Hermann Bock (1930). Being experienced
observation to scientific fact.
speleologists and cartographers themselves, they
The revaluation of photography as a legitimate
did not have enough confidence in the work of their
medium for describing caves went hand-in-hand with
precursors. Thus, the decision was made to map the
contemporary discourses and practices in science and
cave once more. On the one hand, this compilation
technology. So-called “objective photographs” became
illustrates certain discrepancies between the used
common in science in the second half of the 19th
symbols; while on the other hand, the difference in the
century and they were favored, when rare, spectacular
accuracy of the three cave surveys contravenes the
or controversial objects, such as caves, were pictured.
contemporary discourses of accuracy and objectivity
Kraus, who previously used photographs as a
in speleology. While Martel (1892) still noticed that
supplement, original or replacement of drawings,
cave plans “necessitate highest simplification” and
stated:
they “can never be more than very sketchy”, the
“A practiced draftsman will always have the
scientific revaluation of photography had a significant
advantage over photographers, that he can
influence on cave maps.

Fig. 10. Three different ground plans of the cave “Gassel-Tropfsteinhöhle” in Upper-Austria, drawn by W. Hochegger (1922), R. Spöcker (1927)
and H. Bock (1930). Although all three cartographers are known as very experienced, the plans show severe differences concerning the used
symbols for mapping, the width and direction of the cave passages (Archive of the Speleological Society of Ebensee).
International Journal of Speleology, 44 (3), 251-266. Tampa, FL (USA) September 2015

262

Mattes

From that point on, instructions for cave surveys
began to emphasize the accuracy and exactness
of a plan. In this regard, each survey should map
a cave as exactly as a photograph would and it
should be realized without the subjectivity of the
observer. As speleologist Robert Oedl wrote in 1922:
“An exploration of a cave without a very accurate
description is worthless and this can only be done
by a cave plan, which pictures everything. Only on
the basis of the most accurate cave plan, scientific
questions can be solved” (Oedl, 1922b). For his PhD
thesis, Oedl used stereophotogrammetric methods to
survey “Škocjanske jame” in Slovenia. His detailed
measurements made it possible to construct a
3-dimensional model of the cave in the scale of 1:500,
which has substantial similarities to 3-dimensional
models of mountains, presented in alpine museums
after World War I (Fig. 11) (Shaw, 2010).
Despite
adverse
environmental
conditions,
speleologists began to utilize also different types of
theodolites to survey a cave (Cramer, 1924; Teißl,
1925a). First efforts began in England (Ingleborough
Cave) and the United States (Mammoth Cave) around

1830 and were carried by mine surveyors (Fig. 12).
Further successful attempts to utilize theodolites for
cave mapping represent the survey of the Jenolan
Caves (Australia) lead by Oliver Trickett and the
survey of “Škocjanske jame” (Slovenia) by Anton
Hanke (Fig. 13). In these cases, tourism also played
a part and inspired the mapping of caves with
theodolites. However, the broad use of these more
accurate instruments for cave surveying did not occur
until after World War I (Cramer, 1926).
An example of a theodolite used for cave surveying
is shown in Fig. 14. Constructed by Robert Fuess
in Berlin, this theodolite was used to survey the
“Eisriesenwelt” cave in the 1920s, which was, at
20 kilometers in length, the world’s longest cave.
Although theodolites provided more accurate results
than previous surveying instruments, precision was
sometimes difficult to obtain due to the environmental
conditions of the underground caves and their specific
topography. Nevertheless, on the measuring charts,
the surveyors began to measure the length of a traverse
line not only in meters, but also in centimeters and
even millimeters. However, plans of the same cave still

Fig. 11. Model of “Škocjanske jame” (Slovenia), made by R. Oedl in 1924. While the model was destroyed during World
War II, this photo was taken by G. Abel (Salzburg) around 1930 (Archive of the Department for Karst and Cave Studies
of the Natural History Museum in Vienna).

Fig. 12. Ground plan and sections of Mammoth Cave (Kentucky), drawn by Edmund Lee in 1835. It seems quite possible
that Lee also used theodolites for his survey (Library of Congress Geography and Map Division Washington, D.C.).
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the described change in
the scientific status and
practice of fieldwork in
the second half of the
19th and the beginning
of 20th century had a
considerable effect on the
self-image of speleology
as an independent field
of research and academic
discipline
As symbols of control,
acquisition, and scientific knowledge, surveying
instruments and cave mapping became the main
legitimization
for
the
exploration of caves and a
constitutive element in the
establishment of speleology
as a field of science.
Measuring instruments for
speleologists and cave
plans were more than
simple tools or pictured
Fig. 13. Ground plan and vertical section of “Škocjanske jame” (Slovenia), drawn by A. Hanke in 1888
(Archive of the Department for Karst and Cave Studies of the Natural History Museum in Vienna).
results of speleological expeditions. As a formalized
varied from cartographer to cartographer, since most
representation of the exclusivity of the “first look”,
of the surveying process (especially the drawings of
cave plans symbolized a scientific and individual
the cave walls) still depended on the observer. In this
entitlement to interpretation and can be recognized
sense, the illusion of objectivity and accuracy in cave
not only as a representation of a specific space, but
cartography became an essential part of the scientific
also as a space of representation, where contemporary
claim of speleology.
discourses on knowledge and science were debated.
The accuracy and objectivity of the surveying
CONCLUSION
instruments became an ideal for the teamwork and
self-discipline necessary for handling the instruments
Moreover, the institutionalization of speleology
and technical equipment, especially during the
in private societies and scientific institutes went
exploration of deep shafts. According to the acceptance
hand-in-hand with new social forms of cooperation
of photography as a legitimate medium for scientific
and methods of acquisition. In contrast to previous
description, the objectivity and accuracy of cave plans
times, cave surveying and the exclusivity of the “first
were emphasized, which often stood in contrast with
look” became significant parts of the scientific claim
the practice of speleological fieldwork.
of speleology and the most distinguishing features
Finally, as symbols for social distinction, the usage
between ordinary cave visitors and explorers. In sum,
of surveying instruments and cave plans was mostly
limited to the expedition leaders. Due to the fact that
speleologists began distinguishing themselves from
ordinary cave visitors and tourists, instruments for
cave mapping (e.g., compasses, clinometers, drawing
boards) and caving tools, such as carbide lamps and
ropes, became the emblems for speleology. Rather
than individual perception and qualitative reports,
objective data and quantifying methods became
more significant in speleology. Special details like
the length, total depth, and vertical range of a cave
were used as the scales that provided evidence of
such discoveries and increased the social prestige
of an explorer. Furthermore, the introduction of
standardized plan symbols and more accurate
methods of surveying required surveyors and their
assistants to undergo training to read and interpret
Fig. 14. Exploration theodolite used for the survey of the cave
the cave maps. Based on the aforementioned
“Eisriesenwelt” near Salzburg (Austria). The theodolite was
investigation,
although
many
improvements
constructed by R. Fuess, Berlin-Steglitz (Germany), around 1910
(Oedl, 1922a).
have occurred in the surveying and mapping of
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underground caves as well as the instruments used
for such activities, present-day speleology is still
based on a variety of specific practices that were
formalized at the turn of the 20th century.
Until today, mapping and surveying are still two of
the most important activities of speleologists. Even
though the use of electronic surveying devices like
the DistoX and “paperless” tools for documentation
have significantly changed the cave surveying
methods, it does not reduce the need of carefulness
and accurate plans. Today’s instructions for cave
surveying emphasize the necessity to combine a
ground plan, longitudinal section and cross-sections
of a cave with verbal descriptions and photos in
order to give a general idea of a cave’s dimension and
content (Häuselmann, 1999, 2007). The recent set
of international standardized cave mapping symbols
was defined in 1999 (updated in 2008) by the Survey
and Mapping Working Group of the UIS’ Informatics
Commission, which is engaged in various issues to
cave/karst survey and mapping (UIS, 2015).
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Abstract:

Keywords:

The La Balouta Valley, located in the extreme SW region of the Las Médulas Natural
Monument and UNESCO World Heritage Site (León, Spain), is one of the largest gold-mining
sites developed by the Romans more than 2,000 years ago when excavating a thick series
of red Miocene sediments in the area. The main determining feature of the La Balouta Valley,
especially if we compare it with the Sil River Valley of which it is a tributary, is its status
of a non-functional valley. It is a dry paleo-valley with a flat bottom and is characterized
by limited surface water runoff and the presence of small cavities, channels, and residual
karst topography. Variscan structures that form the structural framework of the study area
underwent long-term erosion and supported deep sediment accumulation in the area during
the Miocene, reaching depths of more than 100 m. A portion of these sediments accumulated
over a karst, as indicated by karst channels that exhibit total and locally partial filling with
red sediments similar to those mined at Las Médulas roughly 2 km further to the east. The
presence of gold particles in one of the sediment samples and the identification of several
characteristics common of formations mined by the Romans lead us to deem the La Balouta
Valley an ancient paleokarst that was initially fossilized by deposition of red Miocene
sediments and subsequently excavated via historical mining activities, which formed its
current characteristics. In La Balouta, natural and anthropogenic processes have produced a
unique cultural landscape that is reflective of systematic gold mining of sediments on the NW
Iberian Peninsula by the Romans.
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INTRODUCTION
This study examines a paleokarst exhumed as a
result of mining operations conducted by the Ancient
Romans in the recovery of gold contained in Cenozoic
sediment that previously covered the ancient karstic
formations. Paleokarsts-related sedimentary deposits
containing valuable mineral substances such as
iron ores, bauxite, lead ores, precious stone deposits
(Bosák, 1989) or gold (i.e., in the Urals (Filippov,
2006)) have been mined in many parts of the world.
Known cases in the Iberian Peninsula have also shown
that ancient mining operations coincided with areas
of ancient karstification. For example, the Romans
mined iron in Cerro del Hierro (Miras Ruiz & Galán
*jsango@unileon.es

Huertos, 1992) and Peña Cabarga (Fernández Ochoa
& Morillo Cerdán, 2013).
However, this phenomenon had not been examined
with reference to gold mining. In 2009, the inventory
of Geological Heritage Sites of the Province of Palencia
(Fernández-Martínez et al., 2009) was published.
The inventory described a karst that was exhumed
via mining activities due to its value as a geological
and mining heritage resource (Redondo Vega et al.,
2010). It is known as the Los Peñucos karst and is
located in the Cantabrian Mountains range close to
the village of Camporredondo de Alba (175 km to
the NE of La Balouta). It is a small outcropping of
Paleozoic limestone with isolated dissolution forms
lying on the shore of the Camporredondo reservoir (in
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fact, the lower portion of the karst is hidden below the
reservoir’s high-water mark, as the karst lies nearly at
the base of the valley floor). Here, a complex karstic
topography that Roman miners uncovered while
extracting gold and removing waste material is found.
The coarse fraction of the mining debris now forms
accumulations around the exhumed karst in volumes
and locations that, far from being related to natural
processes, reflect an anthropogenic origin.
In contrast, the exhumed karst (Stevanovic, 2015)
considered in this paper is located at the top of the
La Balouta Valley (Fig. 1) (Universal Transverse
Mercator, Zone 29, Northern Hemisphere, X 68215,
Y 470240 - IGN, 2008) and E-SE of the Las Médulas
UNESCO World Heritage Site (UNESCO, 2015), which
contains one of the largest Ancient Roman gold
mining operation sites (Bird, 1984; Keay, 1988). The
study area covers a “Y”-shaped flat-bottomed valley,
1.5 km in length that has formed with in Paleozoic
limestone. Abundant mining debris (known locally as
murias, Sánchez-Palencia et al., 1999) and numerous
karstic channels -some that are sealed by red Miocene
conglomerates and others that are only partially or
fully excavated (Fig. 2) - are its main features, although
dense vegetation has commonly prevented its direct
observation. Thus, artefacts of Roman gold-mining
activities and the presence of karstified limestone
form characteristic features of the valley.
Currently, La Balouta is not a functional valley, as
indicated by an absence of concentrated water runoff
on its flat floor (Fig. 3) and by a succession of terraces
and fences that cross it transversally. These features
characterize the formation as a paleo-valley, and
especially if we compare it with the steep gorge carved
by the Sil River located immediately to the west, where
the La Balouta Valley converges.

Fig. 1. Location of the study area.

Fig. 2. Vertical channel of the ancient paleokarst, which was almost
completely excavated but which conserves Miocene conglomerate
components in its upper section.

Given that thousands of people visit Las Médulas
every year and given the valley’s triple status as a
Natural Monument, Archaeological Site, and World
Heritage Site, it is surprising
that this valley has not been
examined until now. Its
somewhat marginal location
in relation to the center of the
visited area may contribute
to this lack of attention.
Whereas a number of
studies have examined gold
mining operations in Las
Médulas, the La Balouta
Valley has been viewed as
a marginal area of the great
Roman mine, where no gold
was extracted. Thus, Hérail
(1984) considers it a valley
with steep cliff boundaries
that is filled with mining
waste materials but that
lies outside of the main
operation. Other authors
such as Domergue (1987)
cite small mining operations
east of the unpopulated
center of La Balouta, where
five narrow runoff drainage
channels of the Las Médulas
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Fig. 3. La Balouta, the arrows highlight one section of karst that was exhumed
by Roman gold mining.
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faulted Paleozoic limestone block of the La
Aquiana Formation (Abril Hurtado et al., 1982).
The end of the limestone outcrop gives way to
black Ordovician slates (Abril Hurtado et al.,
1982), which crop out in a small section of the
valley. As expected, this section is the only one
that does not present paleokarst remnants,
though it does include remains of ancient
mining excavations (Fig. 4).
East of the site, limestone and slate form the
basement for a thick sequence of red Cenozoic
sediments of the Santalla and Las Médulas
formations (Hérail, 1984). These formations,
especially the Santalla Formation, were
discovered and mined by Roman miners for their
gold content. Remnants of these sediments are
still visible today, filling cracks and channels in
the limestone of the area.

mine converge, though they are
not recognized as part of the main
valley and/or represented on maps.
Sánchez-Palencia et al. (1999)
place the La Balouta Valley clearly
outside of the area mined at Las
Médulas, though they recognize it as
a “tailing fan” of the main mine or as
a site of accumulated waste material
generated from the mine (Pérez
García & Sánchez-Palencia, 2000).
Studies of karstification phenomena
in this area are scarce. The earliest
investigations were conducted in
the mid-19th century by a romantic
writer who visited a cave in the
pass towards La Balouta and who
noted the presence of stalactites,
mosses,
and
other
petrified
plants (Gil & Carrasco, 1985). The Fig. 4. Geological outline of the La Balouta Valley. See location on Fig.1. Modified from Abril Hurtado
author spoke, unknowingly, of et al. (1982).
two karstic processes: namely,
The La Balouta Valley is a karstic dry valley
speleothems and the formation of calcareous tuffs.
(karstic dry valley, Jennings, 1987; 2003; dry valley,
The identification of karstified limestone filled with
Stevanovic, 2015; vallées sèches, Salomon, 2000).
basal conglomerates from the Las Médulas Tertiary
An absence of runoff in the valley, even after periods
located 1.5 km NW of La Balouta (Abril Hurtado et
of strong precipitation, suggests the presence of
al., 1978) and of karstic landforms in the neighboring
subterranean water circulation and intense limestone
Sierra de la Encina de la Lastra (Redondo Vega et
karstification, as demonstrated by channels of this
al., 2004) has been much more recent. Finally,
type located on both sides of the valley. In fact, the
Martín-González & Heredia (2010) examined the
inhabited area of the valley was abandoned during
paleokarst of the La Aquiana Formation limestone,
the 1970s due to limited water reserves in the valley,
which exhibits vertical cavities filled with coarseforcing inhabitants to obtain water from the village of
grained Tertiary deposits.
Las Médulas located 2 km away. An absence of water
circulation at the bottom of the valley is also suggested
GEOLOGICAL SETTING
by the nature of traditional agricultural activities in
the area, with parcels occupying the entire valley floor
The La Balouta Valley is positioned between the
and with farm fences oriented transversely from one
large gold mining operation at Las Médulas and a
side of the valley to the other.
gorge that the Sil River has formed on the far eastern
The valley axis follows the main structural
side of the calcareous mountain block of the Sierra de
orientations of the area: NE-SW and NW-SE. Abrupt
la Encina de la Lastra. The study area corresponds
right-angle changes in the valley denote the valley’s
with the upper reaches of the valley (surrounding
adaptation to lines of weakness in the geological
an abandoned village of the same name), which was
structure and to fractures and faults that have
excavated along the far end of the fractured and
influenced karstification and valley development.
International Journal of Speleology, 44 (3), 267-276. Tampa, FL (USA) September 2015
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METHODS
Black and white aerial photographs from 1956
(Ejército del Aire, 1956) and more-recent color
orthophotographs (IGN, 2008) were analyzed. These
photos reveal significant changes in land use and
vegetation density patterns. More specifically,
the expansion of forest cover has hidden several
morphological features that were previously visible.
Comparative analyses of old and recent aerial
photographs were conducted to form an evolutionary
outline for the La Balouta Valley and to locate some
major karstified outcrops and spreads of mining waste
materials. This analysis also verified the relationship
between this initially marginal gold deposit area and
the rest of the Roman gold-mining operation at Las
Médulas located further east of the study area.
Following initial outlines obtained via aerial
photography analyses, fieldwork was conducted: the
specific locations of exhumed paleokarst remnants
and the verification of mining activities in karstified
areas of the La Balouta Valley.
Moreover, using a 1:50,000-scale geological map
(Abril Hurtado et al., 1982), a detailed geological outline
of the valley was developed based on observations of
calcareous outcrops, Paleozoic basement materials
(Ordovician limestone and slates), and Cenozoic
conglomerate cover features. Our fieldwork results
verified findings of previous studies of aerial
photographs and corrected certain characteristics
that were difficult to interpret due to dense vegetation
cover present in the area.
When conducting fieldwork, sediment samples
were gathered (four samples in 2011) from semiexcavated karstic channels of the La Balouta Valley
to check for the presence of gold. After favorable
results were obtained for the first sample gathered
(Fig. 5), additional sediment samples were collected
(four samples in December 2013) from several karstic
channels on both sides of the valley that had been
partially excavated by the Romans. The obtained
samples were examined in a laboratory setting, and
finer materials of the conglomerate matrix (USDA
classification) and the granulometry of sand-sized
material were classified. The objective of these
analyses was to identify Cenozoic sediment formations
responsible for karst fossilization, as only the Santalla
Formation and, to a lesser degree, the Las Médulas
Formation contain significant traces of gold (SánchezPalencia et al., 1999).

RESULTS
Granulometric analysis
Sediments that covered and buried the karst and
that filled cavities of the La Balouta karstic complex
are polymictic paraconglomerates with a sandy-clayloam and sandy-loam matrix (USDA texture, Fig. 6 and
Table 1). The proportions of coarse elements found,
from gravel to pebbles, were quite variable, ranging
from 30% to 80%. Angular vein-quartz pebbles and
gravel were abundant, and well-rounded quartzite
pebbles and gravel, sandstone and metamorphic slate

Fig. 5. Gold nuggets obtained from one of the samples gathered from
the La Balouta Valley.

Fig. 6. Soil texture classification of the samples using the USDA soil
texture classification system. Triangular diagram available on-line at
http://www.usda.gov
Table 1. Percentage of sand, silt, and clay in the samples gathered in
La Balouta.
Sample
1a
1b
1 (average)
2a
2b
2 (average)
3a
3b
3 (average)
4a
4b
4 (average)

Sand
59.3
59.3
59.3
58.3
59.3
58.8
54.3
53.3
53.8
57.3
58.3
57.8

Silt
23.0
23.0
23.0
21.0
22.0
21.5
15.0
16.0
15.5
22.0
20.0
21.0

Clay
17.7
17.7
17.7
20.7
18.7
19.7
30.7
30.7
30.7
20.7
21.7
21.2

samples were also found. The matrix is of a yellowish
red color 5YR5/6(d)-5YR4/6(h), mainly due to the
presence of clay that is colored with iron sesquioxides.
The sandy fraction (2 mm – 0.05 mm) (USDA),
which is the most abundant among the fine materials
(from 53% to 59%), exhibits a relatively homogeneous
distribution by size: very coarse sand 24.8%, coarse
sand 17.1%, medium sand 23.1%, fine sand 20.8%,
and very fine sand 14.2%.
Paraconglomerates located in the outer portion
of the studied cavities were cleaned and found to
contain small traces of carbonate. However, those
located towards the channel interior presented high
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degrees of cementation due to calcium carbonate,
that is typical of karst cavity fills.
The siliceous component of the conglomerate and
its yellowish red coloration (in the paraconglomerate
matrix and in a reddish patina exhibited locally by
pebbles and blocks) make it easy to distinguish it
from the pale gray calcareous karst rock, leading us
to consider that the type of sediment (Farrant, 2006)
is allochthonous to the immediate area affected by
karst processes.
Through our granulometric and morphometric
analyses of the conglomerate sediments, we have
identified specific facies of Cenozoic sediments
present in La Balouta and verified the relationship
between the presence of the paleokarst and the
emplacement of gold deposits, because the karstic
channels behave as excellent sediment traps (Farrant,
2006). The filling material appears to originate from
sediments of the Las Médulas Formation, though
it may also contain materials from the Santalla
Formation and contemporaneous or subsequent
deposits of this formation.
Morphogenetic development of the La Balouta
topography
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sedimentation of Cenozoic conglomerates began. Thus,
remnants have been identified of ancient Cenozoic
erosive surfaces over resilient Paleozoic limestone
(Hérail, 1981, 1984); calcareous paleo-topographies
that lie beneath the Tertiary sedimentary succession
(Martín-González & Heredia, 2010); and paleo-valleys
that pre-date the downcutting of the Sil River, as in
the case of the Val de Injertos located on the other
side of the Sil River valley (Redondo Vega et al., 1997).
The grain-size characteristics of the Cenozoic
conglomerates and their specific positioning on the
karstified limestone allowed us to reconstruct the
morphogenetic evolution of the paleokarst, determine
its relationship with the surrounding area and terrain
morphology and propose a relative chronology of
geomorphological events based on the following
evolutionary model.
The La Balouta Valley initiated upon a subdued
plain with little relief and only gentle slope changes, as
would be expected for an ancient massif undergoing
long-term development and breakdown due to erosion
(Fig. 7a). Broad, planed surfaces predominated, some
of which, at 860 m, survive between La Balouta and
the Sil Valley. Of the ancient Variscan structures that
compose the topography, the massif of Ordovician
limestone, which barely protruded upon the eastern
side of the karst, developed in the presence of
discontinuities and lines of weakness in the massif.
Also favoring karst development on that edge was
close contact between limestone and Paleozoic slate.
At the end of the Miocene (Fig. 7b) tectonic
readjustments that affected the ancient massif
triggered the establishment of a different set of
uplifted and depressed blocks, generating a significant
increase in the area’s overall morphogenetic potential.
At this point, extensive fans of conglomerate (Fig. 8)

The morphogenesis of the La Balouta Valley cannot
be understood without an examination of the regional
morphostructures among which it is situated. The
study area covers part of a depressed segment of the
mountain belt that forms the southern margin of the
Bierzo depression. The Bierzo is a small sedimentary
basin located in the NW of the Iberian Peninsula
that is surrounded by rugged mountains on all
sides (The Cantabrian Mountain Range to the north
and the Montes de León-Aquilanos-Caurel to the
south). The drainage from the Bierzo flows towards
the SW (Galicia).
The tectonic origin of the Bierzo
depression appears to be uncontested,
even when taking into account earlier
interpretations
claiming
that
an
extensional tectonic depression framed
by normal faults divided the mountainous
blocks from the sedimentary basin
(Sluiter & Pannekoek, 1964; DelmaireBray, 1977; Hérail, 1981, 1984; Hérail
& Lucas, 1983). Similarly, we may also
consider more recent interpretations
that note a depression limited by
significant thrust structures to the
north and south that compressed the
depression, locally pushed masses
of the Paleozoic basement over
Cenozoic sediments and covered them
(Santanach, 1994; Martín-González,
2009; Martín-González & Heredia, 2010, Fig. 7. a) The initial pre-Miocene topography was characterized by slight, uninterrupted
elevation changes and slopes; a karst in the eastern portion of the massif that was formed
2011). Despite deep downcutting of the
from fractures and lines of weakness; and close contact with non-calcareous materials.
Sil River, which crosses these thrusts, b) At the end of the Miocene, tectonics moved blocks of the ancient massif differentially,
and despite retrogressive erosion that causing greater elevation changes in the topography and leading to the accumulation of red
has led to its incision into Paleozoic conglomerates from the eastern and higher sections of the massif. The ancient karst was
fossilized by red conglomerates containing gold. c) The current topography is approximately
structures, ancient remnants in the
2,000 years old and was first developed with the excavation of gold-bearing sediments that
study area reflect morphologies within fossilized the paleokarst and resulted in its exhumation. Mining waste materials accumulate
this topography that were present before in the floor of the La Balouta Valley and at its opening towards the main valley.
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Fig. 8. Miocene conglomerates in La Balouta; the dominance of large rock
fragments within a relatively minor enveloping matrix in some sections that
characterize these geological formations is noticeable. Higher gold content in
the area spurred Roman mining.

At the end of the Cenozoic, major block
movements and deposition of conglomeratic
sediment transported from the east ended, and
the topography of the La Balouta Valley was
modified as the Sil River cut down the massif.
This incision of the Sil River fluvial network
increased the network’s morphogenetic potential
and caused the partial removal of previously
deposited conglomeratic sediments. In La Balouta
this process was translated into sudden changes
of gradients and flow dynamics, leading to the
deposition of extensive spreads of calcareous
colluvium. These were locally superimposed on
the conglomerates and, reflecting the degree of
cementation, they protected the conglomerates
from disintegration throughout the valley’s
incision, though they were also excavated by the
Romans (Fig. 10) to gain access to the underlying
gold-bearing conglomerate.

were deposited (Santalla Formation and Las Médulas
Formation; Martín-González & Heredia, 2010), sealing
and burying the pre-existing karstic topography and
forming a buried karst (Jennings, 1987; Bosák et al.,
1989; Osborne, 2013). Processes related to red-facies
sedimentation, especially at the start of this period,
transported gold particles from the fan source areas
(resulting from the destruction of paleo-soils covering
the massif; Sánchez-Palencia et al., 1999), whit the gold
remaining trapped (Filippov, 2006) in karstic channels
filled with red Cenozoic sediment (Figs. 2 and 9).

Fig. 10. The dotted line indicates an artefact of remains of the primitive
topography of the La Balouta Valley, in which a mining gallery (arrow)
is preserved in the cemented colluvium.

Finally, roughly 2,000 years ago, the floor of the La
Balouta Valley (Fig. 7c) and karstic channels, fossilized
by Cenozoic sediments, were partially excavated for
gold, such the exhumation of the paleokarst occurred
(Fig. 11). Waste materials generated from mining
activities (and other materials generated from major
mining operations in Las Médulas) were dumped
throughout the valley and at one stage were dumped

Fig. 9. A partially excavated subterranean channel; in the center,
one can see limestone forming the wall of the channel that is
devoid of conglomerate fill.

Fig. 11. Residual topography of the paleokarst exhumed by mining
activities; the mogote to the left retains well-attached remnants of the
reddish conglomerate (arrow).
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beyond the valley’s narrowest point, forming a giant
debris cone more than 2 km in length that nearly
reaches the town of Salas de la Ribera in the main
valley of the Sil River. Evidence of valley excavation
includes not only remains of the original topography
noted above (Fig. 10) and excavated subterranean
channels but also a vertical cliff, approximately 10 m
high, which is clearly visible from certain sections of
the right side of the valley (Fig. 12) as a break in the
net slope of the calcareous valley wall.

Fig. 12. Vertical face of over 10 m in height in Paleozoic limestone
exhumed via mining excavation. This likely aligns with an ancient
NE-SW guiding fault in the massif.
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blocks of quartzite and sandstone adhering to the walls
and roof of caves. No indications of natural paleokarst
excavation have been observed: per-ascensum
speleogenesis (Ford, 1995) hypogene speleogenesis
(Osborne, 2013), eustatic sea level, paragenesis, highdensity speleogenesis (Ford, 1995), glaciation, large
scale meteoric speleogenesis (Osborne, 2002). Thus,
anthropogenic activities must have been responsible
for the exhumation of the La Balouta karst.
At a small scale, speleothems are visible from
many areas of the valley that are now sub-aerial but
whose formation was originally subterranean. Locally,
alternating speleothems and conglomeratic sediment
beds indicate partial processes of paleokarst filling
over several phases, as shown by the presence of thin
interstratified flowstones covering the allochthonous
sediment (Gillieson, 2006). In other cases, crystalline
aggregates are preserved (Self & Hill, 2003) at various
locations within the exhumed paleokarst, with
subaquatic forms such as micro-gours (rimstone
dams) and coralloid speleothems (coralloids) (Hill
& Forti, 1997). These forms appear to be sealed by
allochthonous conglomerates forming a sequence that
denotes that concretion formations at the center of
the micro-lake were interrupted by two allochthonous
pebble and gravel sedimentation events (Fig. 13).

DISCUSSION
Karstic evidence in La Balouta
Limestone rocks in vertical and horizontal
subterranean channels within the La Balouta Valley
includes abundant forms of exogenous (dissolution
channels and sinkholes, Stevanovic, 2015) and
endogenous karstic material. These are highly evolved
shapes, as indicated by an absence of speleothems
in the majority of accessible subterranean channels
and by evident signs of their decalcification. In
addition, shapes indicate complete fossilization
processes (especially in the lower parts of the current
La Balouta Valley) by red conglomerates similar to
those of deposits near Las Médulas. Fossilization
processes influenced the karstic paleo-topography
by contributing to its filling and preservation; this
confinement preserved the sediments by stabilizing
them (Farrant, 2006), as in other similar topographies
that remain in sub-aerial condition such as paleokarst
channels and galleries.
Many of these karstic features are difficult to identify,
because they are hidden by dense Mediterranean
vegetation. Processes of plant colonization have been
rapid since the area was depopulated decades ago,
as indicated by aerial images of the area from more
than sixty years ago that show signs of marginal and
dispersed agricultural activity.
Despite the presence of this vegetation, it is still
possible to observe some forms. Whereas some are fully
exposed, others are only partially exposed, though in
all cases they reveal conglomerate remains. At some
localities within ancient caves and subterranean
channels much of an original conglomeratic fill has
been removed by mining, leaving only a few pebbles or

Fig. 13. Two levels of speleothems corresponding to ancient microgours, with coralloid formations in the top portion; these were fossilized
by allochthonous conglomerates and were subsequently excavated
by Roman miners; they are located in the lowest section of the La
Balouta Gorge.

Evidence of mining activity in La Balouta
Some features of the present La Balouta Valley
appear to be connected to mining operations in Las
Médulas because, to the north, the valley opens
toward the Lago Somido area, and this section of
the valley covers a vast zone of accumulated mining
waste materials (murias) composed of sandstone
and quartzite pebbles and blocks. To the east, three
small valleys (one occupied by a lake) excavated in
the conglomerates connect without interruption to
the main deposits of Las Médulas. Its relationship to
major mining operations has already been explored
by several authors (Sánchez-Palencia et al., 1999;
Pérez García & Sánchez-Palencia, 2000), though
these authors considered it as a point of exit for waste
materials from the main mine and not as an additional
mining area.
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On this issue, the La Palombeira Gallery, about
190 m long, was excavated for slate in the southern
section of the study area. Some authors believe that
this area worked as a bypass for the removal of
Roman waste materials from the mining operation at
Las Médulas and to circumvent the narrowest part
of the La Balouta Valley (Sánchez-Palencia et al.,
1999; Pérez García & Sánchez-Palencia, 2000). The
passage south of the La Palombeira Gallery/Tunnel
is still accessible and coincides with the summit of a
giant debris cone formed from the gold-mining debris
(Fig. 4). Currently, the gallery is positioned approximately
20 m above the floor of the La Balouta Valley, from
which it appears clearly disconnected. In contrast,
the section at the south entrance of the tunnel
(Fig. 14) suggest a deepening of the tunnel that may
be related to the deepening mining excavations in the
La Balouta karst located immediately to the north.
This serves as additional evidence of mining activity
in the karst.

Moreover, at several points in the valley, isolated
remains of the paleokarst (Figs. 3 and 11) were found
in the middle of the hillside. Rectilinear incisions
(Fig. 12) dug into the limestone (that still retain
remnants of the conglomerate) were also found. Both
features have no relation to the present morphology
of the valley. We believe that these disconnected
features of the original valley topography also indicate
the existence of ancient mining activities.
Was this a paleokarst excavated by Roman miners
to extract gold from the conglomerate that previously
fossilized it? If this is the case, this paleokarst would
constitute a unique site in northwestern Spain, where
hundreds of gold mines from the Roman era are found
(Keay, 1988), as Camporredondo and La Balouta
are the only found sites composed of karstic paleotopographies covered by gold-bearing sediment.
As the La Balouta Valley essentially has no
head and underwent mining operations in Las
Médulas, it appears plausible that its excavation
resulted from anthropogenic activities rather than
natural processes.
In addition, the channel/gallery excavated in
the above-described colluvium (Fig. 10) reveals
characteristics of the valley’s topography present
before the Roman era activities began, and also deep
incisions on the left side of the valley (Fig. 15) that
open towards an area of waste material accumulation.

Fig. 15. La Balouta, the arrows denote areas excavated due to gold mining.

Fig. 14. Gallery of La Palombeira located in the southern part
of the study area. According to some researchers, it functioned
as a bypass that carried Roman mining waste materials from
Las Médulas, bypassing the narrowest section of the La
Balouta Valley.

We believe that in addition to serving as a dumping area
for waste materials, La Balouta functioned as an area for
gold extraction, as indicated by the presence of several
karstic channels with clear signs of excavation (Fig. 9).
The presence of two small gold fragments (Fig. 5) in one
of the samples gathered from conglomerates of the lower
section of a semi-excavated channel serves as additional
evidence of the mining utility that this valley probably
offered to Roman miners.

All of these data on the valley support its definition
as a heritage site, and especially if we consider the
presence of fossilized karstic formations and their
use for historical mining. Discounting some natural
processes that might have reactivated the karst or
led to its excavation, the partially exhumed karstic
formations must have been revealed by Roman
mining activities.

CONCLUSION
Landscape transformations resulting from mining
resource extraction are rare when compared to changes
caused by other human activities such as agricultural
or urban activities (Hooke et al., 2012). Nonetheless,
these are permanent and irreversible changes that
have left deep marks on the landscape. UNESCO
deemed Las Médulas a cultural heritage site in 1997
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because of the presence of archaeological and mining
remains rather than as a cultural landscape due to
negative connotations associated with considering
land formations resulting from destructive mining
processes within culturally valuable landscapes
(Bandarin, 2007).
Along with other authors (Pérez García & SánchezPalencia, 2000), we do consider the site a cultural
landscape, because humans acted as primary
shapers of the landscape through mining, drastically
transforming original landscapes and uncovering
evidence of morphogenetic processes such as those
of the La Balouta paleokarst, which had remained
hidden for millions of years.
In La Balouta, limestone karstification created very
favorable conditions for collecting (Filippov, 2006) gold
traces transported within red Miocene sediments. As
such, gold deposits were mined by the Romans, leading
to the exhumation of ancient karstic landforms, which
had until then been covered with sediments. The
relationship between karst exhumation and Roman
gold mining of Las Médulas deposits has already been
described in a previous study on this site (Redondo
Vega et al., 2011).
The spatial convergence of karstified limestone
and Roman gold mining helped to establish three
distinct moments in the evolution of this topography:
the karstification of an ancient Paleozoic massif,
the burying of resulting karstification landforms
by Cenozoic sediments, and the exhumation of the
paleokarst via Roman gold mining.
Gold mining at Las Médulas was not exclusively
linked to the areas examined, but extended toward
more distant areas of the Cenozoic sedimentary
complex. Gold-bearing sediments covered the Paleozoic
basement, which in the La Balouta Valley is composed
of a paleokarst as a previous topographic landscape.
The paleokarst is located along the edge of a calcareous
block that still includes channels that have been semifossilized by conglomeratic Cenozoic sediments.
This form of mining involving the exhumation of
karstic paleo-landfoms (which is rarely found in
global cases of historical mining) is a novel finding
in the northwestern region of the Iberian Peninsula.
Although karstified areas and paleokarsts are
relatively common, they very seldom coincide with
a karstified basement fossilized by gold-bearing
sediments. Such cases are rare, as they reflect a
convergence of natural and anthropogenic processes
in current configurations of the topography.
Fossilized karst exhumation in La Balouta (Las
Médulas) resulted from Roman mining activities
and serves as an additional case of intensive and
extensive gold mining activities executed by Romans
in northwestern Spain. Our findings show that
such mining activities were also systematic and
comprehensive in nature.
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Abstract:

Keywords:

Mapping and modelling the complicated geometry of caves is a challenging task that
has traditionally been undertaken by tacheometric surveying methods. These methods
are excellent for capturing the general shape of a cave system but they are not suitable
for high-speed, high-resolution mapping of complex surfaces found in this environment.
Terrestrial laser scanning (TLS) technologies can acquire millions of points represented
by 3-D coordinates, at very high spatial densities on complex multifaceted surfaces within
minutes. In the last few years, advances in measurement speed, reduction in size / cost
and increased portability of this technology has revolutionised the collection of 3-D data.
This paper discusses the methodological framework and the advantages / disadvantages
of adopting terrestrial laser scanning to rapidly map a complex cave system on the example
of the Domica Cave in Slovakia. This cave originated in the largest karst region in the West
Carpathians. The collected data set or ‘point cloud’ contains over 11.9 billion of measured
points, captured in 5 days from 327 individual scanning positions. The dataset represents
almost 1,600 m of the cave passages. Semi-automatic registration of these scans was
carried out using reference spheres placed in each scene and this method archived an
overall registration error of 2.24 mm (RMSE). Transformation of the final registered point
cloud from its local coordinate system to the national cartographic system was achieved
with total accuracy of 21 mm (RMSE). This very detailed data set was used to create a 3-D
cave surface model needed for volumetric analyses. In the future, it will be used for spatial
analyses or simulating the interaction of surface and subsurface processes contributing to
the development of the cave system on the basis of a 3-D GIS platform.
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INTRODUCTION
Mapping and modelling the complex geometry of
caves is traditionally a challenging task. Limited
accessibility and light conditions make mapping of cave
morphology very difficult. Traditional tacheometric
methods are based on mine surveying (Hochmuth,
1995; Ganter, 2000). This is a labour intensive and
time-consuming work often conducted under high-risk
conditions (Buchroithner, 2015). The equipment used
comprises accurate mining suspension compass with
clinometer, appropriate theodolites, or total stations.
Other, faster methods exploit indirect mapping based
on electromagnetic tomography (Pánek et al., 2010;
Kasprzak et al., 2015), ground penetrating radar, or
*michal.gallay@upjs.sk

gravity (Chamberlain et al., 2000; Beres et al., 2001).
These methods are useful to detect underground
hollow spaces but they provide limited information
about spatial details with low levels of accuracy.
Image-based photogrammetric surveying can also be
used in cave studies but the difficulty of achieving
homogeneous light conditions is a limiting factor
(Grussenmeyer et al., 2012; Remondino et al., 2014).
Recent developments in terrestrial laser scanning
(TLS) technology (Mallet & Bretar, 2009; Vosselman
& Maas, 2010; Höfle & Rutzinger, 2011; Bosse et al.,
2012; Bremer & Sass, 2012; Buckley et al., 2013;
McFarlane et al., 2015) provide new approaches
to mapping the complex environment of caves.
The archaeological survey in the Wemyss Caves in
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Scotland (The Courier, 2004) is considered to be one of
the first applications of TLS in caves. Since then, the
TLS has been used intensively especially for heritage
documentation (Patias et al., 2008). Buchroithner
(2015) reports the history of cave laser scanning in
more detail. Terrestrial laser scanners acquire millions
of x, y, z measurements in a single scan resulting in
a three-dimensional (3-D) point cloud within minutes.
As a remote sensing method, this technology allows
for mapping distant parts of caves inaccessible to a
surveyor providing a direct line of sight between the
scanner and the surface. TLS reduces the amount
of time and physical effort involved in cave mapping
while providing a high level of detail and measurement
accuracy. This emphasizes an interesting aspect of
cave research which is in exploiting a detailed cave
representation in a digital form for the measurement,
modelling and morphometric analysis and its
integration with other geospatial data.
TLS has been used in previous studies to obtain
accurate three dimensional models of caves. These
studies were motivated by the need for improved
cartographic visualisation and geomorphological
analysis (Buchroithner et al., 2011; Canevese et al.,
2011; Roncat et al., 2011; Silvestre et al., 2015).
TLS has been used in ice caves to measure the ice
surface (Gašinec et al., 2012; Milius & Petters, 2012)
Others have used TLS for archaeological (Birch, 2008;
Gonzalez-Aguilera et al., 2009; Burens et al., 2014)
and zoological research (Azmy et al., 2012; McFarlane
et al., 2015), for heritage management and tourism
(Schön, 2007; Buchroithner & Gaisecker, 2009; Rüther
et al., 2009; Addison, 2011; Gede et al., 2013; Zlot &
Bosse, 2014; Marsico et al., 2015). TLS data have been
combined with other spatial data, for example, cave
photography (Lerma et al., 2009), orthothermography
(Berenguer-Sempere et al., 2014) or data from the
surface above the cave (McFarlane et al., 2013;
Hoffmeister et al., 2014). Fly-through animations
based on 3-D cave models also provide new means
for improved perception of the cave systems (YouTube,
2013; National Geographic, 2014).
However, we can still identify two main challenges in
using TLS for cave modelling. The first is in processing
such large data sets produced by this method and
generating 3-D surfaces from them (Roncat et al.,
2011; Silvestre et al., 2013; Cosso et al., 2014;
Hoffmeister et al., 2014) and integrating this volume
of data with other spatial datasets, for example in a
geographic information system (GIS).
The second challenge is accessibility, physically
moving the equipment around this harsh environment
with narrow passages, low ceilings, high humidity,
mud and water, etc. Therefore, TLS is not a universal
method for mapping complex cave environments and
it cannot totally replace more traditional techniques
especially in extreme conditions. An overview of
selected case studies involving the use of TLS in cave
mapping, including time spent, distance covered and
the number of points collected is shown in Table 1.
In this paper, we review terrestrial laser scanning
technology applied in cave mapping and we present
our methodology adopted in acquiring a highly detailed

and accurate digital representation of a large-scale
cave system. This study aims to formulate main steps,
technical details, and related problems to achieve
efficient terrestrial laser scanning of a cave in order
to capture its fine-scale representation. We describe
main tasks and operations needed for creation of a
3-D cave surface model from the TLS data. The 3-D
model is used to parameterize volumetric properties of
the cave with the aim of analysing cave morphology.
The methodology is applied in the Domica Cave in
Slovakia, which is a part of Domica-Baradla, one of
the largest cave systems in the West Carpathians.

THE TERRESTRIAL LASER SCANNING
APPROACH
Traditional cave mapping and TLS
The mapping of caves is traditionally a difficult task
due to the harsh underground conditions including lack
of light, flowing water, high humidity, limited space,
and complex morphology. Often, the remoteness of
cave entrance makes the transport of heavy surveying
equipment very demanding. Hence, cave mapping
has usually relied on tacheometric surveying with
light weight instruments such as a mining compass
and clinometer. Total station has sometimes been
preferred in caves with an easier access and walking
conditions. Both methods are suitable for capturing
the general shape of a cave system. However, they
are not suitable for high-resolution mapping as they
provide only a limited number of points to represent
the cave surfaces. Conventional cave maps are created
using simple measurements of angles and distances,
traditionally showing a planimetric view of the cave
with a limited number of cross-sections to represent
the 3-D nature of the cave. This kind of data can be
integrated and used for approximate 3-D modelling
(Budaj & Mudrák, 2008; Heeb, 2009), but its accuracy
is subject to the expertise of the surveying teams.
Also this traditional approach does not capture the
morphology of cave walls and ceilings which are
difficult to be surveyed while they often bear important
information on the formation of the cave. For example,
the ceiling morphology could provide evidence about
flowing water or small morphological forms such as
solutional sculptures (e.g. scallops), linear landforms
related to tectonics or ceiling channels as the evidence
of paragenetic evolution of the cave. Such forms are
usually photographed, but their accurate mapping is
difficult due to problematic accessibility.
Many of these limitations in traditional cave
mapping can be addressed by using TLS. 3-D laser
scanners are active remote sensing systems enabling
high-resolution measurements of point coordinates
on surfaces depending on the distance between the
mapped surface and the instrument resulting in a
huge amount of 3-D points representing the surfaces.
The large data sets captured by TLS are called ‘point
clouds’. They contain the x, y, z coordinates for each
point and also an intensity value (i) of the reflected
laser beam. It is also possible to colorize the points for
further rendering by assigning the three RGB values as
additional attributes to the point positions. The RGB
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values are sampled from 360° photographic imagery
recorded by a camera integrated in the scanner or
by taking photographs with a camera independent
of the scanner. In the latter case, the photoimagery
is co-registered with the point cloud in the postprocessing stage (Milius & Petters, 2012). However,
sufficient light conditions have to be ensured for
recording suitable photography to overtake the cave
darkness. There are currently solutions, such as highperformance LED lamps, to illuminate underground
spaces and get images for texturing. If possible, an
ambient light should be preferred as this light setup
limits occurrence of possible shadows on the area.
There are a number of terrestrial laser scanners
and an overview of five most commonly used systems
in cave mapping, their physical size, weight, range,
accuracy, etc. is given in Table 1. Lemmens (2007)
provides a more detailed overview of earlier scanners.
The devices in Table 1 differ in functioning principles,
inbound signal reception, and processing systems.
Their maximum range varies from tens of metres up
to a kilometre. The scanned ranges in caves typically
reach several tens of metres therefore long-range
scanners do not provide much of benefit in caves.
Minimum range is also an important parameter
when considering a TLS scanner suitable for use in
caves, as short minimal range can be an advantage
when working in narrow spaces. Other technical
specifications such as accuracy, field of view, range,
measurement speed, pulse wavelength, weight,
dimensions, toughness, power supply, user interface,
data storage and transfer, peak operating temperature
and humidity levels, should all be taken into account
when choosing a system for underground mapping.
From individual scans to a single point cloud
A digital representation of the entire cave is
generated by accurately combining individual point
clouds acquired from several scanning positions so
that they are correctly oriented within a common
local coordinate system (Lichti & Skaloud, 2009). The
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positional registration of individual scans is achieved
via the identification and matching of common
points between two scans. At least three such points
must be identified for correct alignment in all three
dimensions. Several approaches can be used for
doing this. Different scans which overlap each other
can be aligned based on identical points which are
manually identified in each point cloud. In complex
scenes such as caves, this method can be very timeconsuming but the operator has full-control over the
scans alignment. The study of Lindgren & Galeazzi
(2013) argues why manual alignment was preferred
in their case. In general, it is more efficient to use
reference targets placed within the scanner’s field of
view. The targets may be planar or geometric primitives
for example black-and-white checker boards or
spheres. Registration software, usually supplied with
a scanning system, can recognize these targets and
align the scans automatically or semi-automatically.
The advantage of a spherical target is that, in theory,
50 percent of the sphere surface can be seen from the
instrument location. The set of points sampled on the
sphere surface is used to model a complete sphere
and then calculate its centre which is then used as
a registration point. More details on theory of scan
registration can be found in Lichti & Skaloud (2009)
and the issue of TLS is thoroughly addressed, for
example, in Vosselman & Maas (2010).
The morphology of natural caves is usually complex
and much more diverse than a man-made tunnel or a
mine corridor. This complexity increases the number of
scanning positions needed in order to fully capture the
cave surface and reduce blind spots – areas where no
data are collected. Overcoming this problem requires
proper planning and thinking ahead for scanning
locations, including the placement of the reference
targets. To increase the positional accuracy of the
registration process, the targets should be placed at
different heights and not along a straight line.
The ultimate goal of laser scanning a cave is
the acquisition of a georeferenced point cloud.

Table 1. Technical parameters of selected terrestrial laser scanners used for cave mapping
Laser scanner model
Range
Maximum measurement
rate (points per second)
Accuracy
Wavelength
Horizontal field of view
Vertical field of view

FARO FOCUS
3D S 120

LEICA
ScanStation C10

LEICA
HDS6100

RIEGL LMSZ420i

Zebedee

0.6 – 120 m

1.5 – 300 m

1 m – 79 m

2 m – 1,000 m

35 m

976,000

50,000

500,000

8,000–11,000

43,200

±2 mm at 10 m

±6 mm at 50 m

±1mm at 25 m
±2.4mm at 50 m

±10 mm at 50 m

±10-30 mm

1,550 nm

532 nm

650-690 nm

1,550 nm

905 nm

360°

360°

360°

360°

360°

300°

270°

310°

80°

270°

5.2 kg

13 kg

14 kg

16 kg

0.430 kg

Dimensions
(LxWxH)

240×200×100 mm

238×358×39 mm

244×190×351.5 mm

463×210 mm

60×60×85 mm

Application study

McFarlane et al.
(2013),
Lindgren and
Galeazzi (2013),
Gede et al. (2013)

BerenguerSempere et al.
(2014), Gašinec et
al. (2012),
Gede et al. (2013)

Canevese et al.
(2011)

Buchroithner &
Gaisecker (2009),
Hoffmeister et al.
(2014)

Zlot & Bosse
(2014),
Bosse et al.
(2012)

Weight without batteries
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Georeferencing involves transformation of the final
registered data set from its own local coordinate
system to a global or national cartographic system.
Such a dataset can also be integrated with other
georeferenced spatial data in a GIS and usually
it is used for generating a 3-D cave surface.
There are several approaches that can be used
for georeferencing TLS data. Each position of the
scanner and/or the position of signalised markers
(survey nails, reference targets) can be measured
and connected to an existing national geodetic
network via tacheometric traversing. Buchroithner
& Gaisecker (2009) used this approach when TLS
mapping a cave in an alpine environment. They
measured marked ground-control points by a
measuring tape and analogue theodolite during
previous campaigns to obtain the correct orientation
of the point-cloud acquired by the scanner, within
the geographic coordinates. A similar methodology
was applied by Gašinec et al. (2012) or Bella et al.
(2015). Another approach to georeferencing is to
measure geodetic coordinates of at least three noncollinear signalised markers outside the cave system
using global navigation satellite systems (GNSS).
This approach saves time, as no traverse surveying in
the cave is required but it does require an accurately
registered TLS survey. Surveying of these points in
a cartographic system can also be done at a later
date. Table 1 includes the method for registration
and georeferencing on a number of selected case
studies involving the use of TLS in cave mapping.
This comparison shows that TLS is usually realised
for relatively small caves or shorter parts of caves in
the order of tens or rarely few hundreds of metres for
which only several scanning positions are necessary.
Hence, the actual survey takes only a few hours in
total. The time required for TLS increases with the
length of the surveyed cave, more specifically, with
the number of scanning positions. Zlot & Bosse (2014)
present a promising technique in which they applied
a mobile laser scanning approach to cave mapping
where a single operator carries a lightweight, handheld 3-D laser scanner. The survey is an outstanding
example of high-resolution mapping of 17 km of cave
corridors within less than 16 hours. However, the
accuracy of matching identical points scanned from
the walked trajectory is not as high as if the cave
system is scanned from static positions of a scanner.
The standard deviation of errors relative to reference
data for different environments and short tracks
is between 20 – 50 mm (Bosse et al., 2012). While
the application of this mobile scanning technique is
very flexible and time-efficient the accuracy depends
largely on cave geometry and on the operator’s
traverse length. The propagation of errors reaches
the order of metres in open traverses (Zlot & Bosse,
2014). Lindgren & Galeazzi (2013) or Canevese et
al. (2011) acquired a comparable number of points
but within much longer duration of several days to
weeks, respectively. The trade-off was in achieving
much better accuracy of scan alignment with
scanning from static positions as opposed to the onthe-fly registration of mobile scanning data.

3-D cave representations
The final georeferenced point cloud per se can
be used as the ultimate tool for extracting new
information about the cave system by means of
interactive visualization, measurement of distances,
creation of cross-sections, or dynamic visualization
(animations). However, spatial analyses and modelling
the phenomena related to surface morphology requires
generation of a 3-D digital surface model. Continuous
3-D cave model which is textured and coloured is also
much more appealing for visualization and animation
purposes. While working with the point cloud is
relatively easy, creation of the 3-D surface model is an
additional step in production of high-resolution cave
representations which requires additional software
tools and computer resources needed to process
a huge dataset of the point cloud. The main idea is
to create a polygonal mesh by connecting individual
points. The point cloud has to be usually decimated
before meshing to reduce the computational demands
but the level of detail is still high. The 3-D model
enables analysis of the cave surface and its volumetric
properties. Integration of a high-resolution cave model
in a GIS opens possibilities of using wide range of tools
for analysing the surface and relations with landscape
above the cave. However, analysis of high-resolution
3-D models in a GIS still remains a challenge. For
example, McFarlane et al. (2015) treated the cave
ceiling as a 2-D digital terrain model to which they
applied a classification procedure to identify bats and
their nests. Currently, 3-D cave surfaces from laser
scanning data need to be generated using other kinds
of software. For more details on methodologies for
this issue, the reader is advised to consult works by
Roncat et al. (2011), Cosso et al. (2014), Hoffmeister
et al. (2014), Buchroithner (2015), or Silvestre et al.
(2015) which exploited commercial software or opensource software for 3-D cave surface modelling.

STUDY AREA
The study area is located at the south-western
edge of the Slovak Karst area near the state border of
Slovakia with Hungary (48°28’40.4”N, 20°28’12.9”E)
(Fig. 1). The total length of the cave system is around
5,400 m, however, it does continue into the Aggtelek
karst region in Hungary as the Baradla with a
combined length of 26,065 m (CAVERBOB). Average
annual air temperature varies between 10 and 11°C
and air humidity is between 95 and 98%. The Domica
Cave was formed by corrosive-erosive processes
caused by surface fluvial water and temporary streams
which sank underground at the contact of the Middle
Triassic white limestones and the Pontian fluviallacustrine gravel-sand-clay sediments. The tectonic
framework was generated by south to southeast
oriented pressures which caused stress, and the
compression was realised in the range of directions
of north-south to northwest-southeast (Gaál & Vlček,
2011). The oldest (upper) parts of the Domica cave
(341 m a.s.l.) began to form after the uplift of the
region above sea level in the Upper Pliocene (Bella
et al., 2014) when the current hydrographic network
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was being established. The cave is a result
of the underground flow of the Styx and
Domický potok rivers shown by the oval
shapes of the corridors and the quantity of
allochthonous pebbles found in the system.
The lowest level was found by drilling into
the current river bed of Styx at 318 m
a.s.l. below 16 m thick layer of sediments
(Droppa, 1972).
The cave is noteworthy for several reasons.
It is one of the richest archaeological
sites of the Neolithic Bükk culture 65007300 BC (Bárta, 1965; Lichardus, 1968;
Gradziński et al., 2007). After a natural
blockage of the cave entrance in this
period, the cave remained hidden until
Ján Majko rediscovered it in 1926. It then
became legally protected, minimizing the
impact of unmanaged human interference.
The show cave opened to visitors in 1932.
This section is over 930 m long and in some
parts visitors can take short boat trips. The
cave has specific environmental conditions
to which new biological findings are related
(Nováková, 2009; Kováč & Rusek, 2012;
Papáč et al., 2014; Svitavská-Svobodová
et al., 2015). The cave was subject to Fig. 1. Location of the Domica-Baradla cave system which portrayed with red line after
Droppa (1972) and Kessler (1938). The red arrows indicate cave entrances. The
measurement of radon air concentration by cartographic coordinates of the bottom map are in the Slovak national grid system in
Mihailović et al. (2015).
metres (SJTSK, EPSG code 5514).
There are several reasons for choosing
this particular site to study. The landscape
Republic are legally protected by the Fifth (highest)
surrounding the Domica Cave is one in which
level of nature protection. For that reason, permission
superficial and underground processes strongly
of the Slovak Cave Administration had to be granted
interact. For example, in the recent history, several
prior to any activity. Cave reconnaissance is an
rainfall events caused major flooding in the cave
inevitable and necessary step for identification of the
also worsened by inappropriate agricultural practise
local environmental conditions and accessibility. This
(Bella, 2001; Gaalova et al., 2014). Integration of
is especially important in case of an unknown cave for
detailed 3-D superficial data and underground 3-D
which no maps or other data exist.
data will allow a detailed morphometric analysis of
Mapping of the cave was first undertaken by the
the karst system and digital modelling of processes
mine surveyor Eduard Paloncy in the early 1930s
forming the landscape to be carried out. Furthermore,
(Paloncy, 1932). He used an optical theodolite and
this cave is the beginning of a much larger crossmany of his reference points used to traverse this
border underground system; therefore, the influence
network can still be found. Kettner and Roth then
of the Domica Cave area to the formation of the other
surveyed some smaller areas (Kunský, 1950) until
parts of the system can be assumed. Moreover, the
the cave was mapped in detail during 1950s and
cave is a listed UNESCO Natural World Heritage site
1960s by Droppa and Chovan (Droppa, 1972). They
and a detailed 3-D model derived from laser scanning
used a mining compass with a clinometer and took
can help in site management and act as a catalyst for
advantage of the existing network of control points
further research and educational initiatives.
placed by Paloncy. The Droppa map records the full
extent of the known Domica system in the scale of
METHODOLOGICAL APPROACH
1:1,000 including the cave of Čertova diera. This map
also includes vertical profiles of the Domica cave
Our workflow of mapping the Domica Cave consisted
system. Then in 1975 the mine surveyors (Geological
in four major phases: (i) collection of existing data and
Survey, 1975; Novoveský, 1975) mapped the show
preliminary mapping, (ii) laser scanning phase, (iii)
cave and some previously unmapped passages which
data post-processing, georeferencing, and (iv) visuaresulted in a planimetric map published at a scale
lization.
of 1:500 (Fig. 2). This was the most accurate survey
prior to our TLS mission. However, no profiles or
Collection of existing data and preliminary
cross-sections were constructed from this survey. The
mapping
preserved report from the survey (Novoveský, 1975)
This phase involved assembling all available
states that an optical theodolite using a three-pedestal
documents on the cave, especially maps, published
set was used for surveying seven traverses for a total
reports and survey records. All caves in the Slovak
of 117 stabilised points in the show cave. Inside the
International Journal of Speleology, 44 (3), 277-291. Tampa, FL (USA) September 2015
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Fig. 2. Detail of the most recent map of the Domica Cave based
on traditional tacheometric surveying by Geological Survey (1975)
showing a part of the show cave. The extent of the map section is
located in Fig. 3b.

cave, two traverses within the network were surveyed
as closed loops. Three traverses were connected by
two end points with other traverses in the network
as compound traverses. Two traverses were measured
as open with respect to the cave surveying network.
The positional accuracy of the closed traverses was
16 mm and 41 mm, respectively. The positional
accuracy of compound traverses ranged between 30
to 130 mm. The seven traverses were connected to
the national grid network. The altitude was measured
with respect to the Baltic Datum after adjustment
(i.e., B.p.v) by technical or trigonometric levelling with
accuracies ranging from 1 to 18 mm. We have located
19 of these points in the cave suitable for the analysis
of the registration and georeferencing errors and their
propagation with respect to the stabilised network of
the survey from 1975. The points are still well marked
with an identification number and a nail which makes
it easier to find in the TLS point clouds. The maps
produced later on were related to the construction of
some new artificial corridors and connecting corridors
for a new entrance to the show cave (e.g., Bella &
Holúbek, 2001). The maps of Droppa (1972) and
Geological Survey (1975) provided a basis for planning
this laser scanning survey.
Laser scanning phase
The aim of this TLS survey was to capture a highresolution georeferenced point cloud of the Domica
cave system which would depict small morphological
features in the order of few millimetres. The dataset will
be integrated with airborne laser scanning data and
other spatial datasets within a GIS platform to enable
multi-scale 3-D modelling of karst landscape and
related phenomena (e.g., water flow, air temperature)
by the means of 3-D GIS. For further details see the
website of the SPATIAL3D project (http://spatial3d.
science.upjs.sk/). The overriding constraint for

this research was time, as it was restricted to only
5 days of surveying. This was a limiting factor from
the point of view of the registration accuracy of the
scans in the final point cloud. Therefore the survey
was limited to the show cave and several adjacent
publicly inaccessible corridors and it was decided not
to make a simultaneous tacheometric surveying of
the traverse, as this would have lead to considerable
logistical difficulties. However, we could make use of
the existing stabilised traverse from the geological
survey in 1975 for error estimation. Considering these
constraints, we conducted the TLS with a FARO Focus
3D S120 scanner mounted on a GITZO carbon fibre
tripod with a panoramic head. This unit comprises
an inbuilt electronic compass, barometer and
inclinometer, which speed up the process of orienting
the scans. Its relatively low weight (5 kg) and compact
size, makes this scanner easily portable and it can
be used in extremely narrow spaces where larger
systems requiring a traditional survey tripod cannot
be installed (Table 2). Laser ranging with the scanner
is based on measuring the phase shift between the
continuously emitted laser energy and the backscattered energy intercepted by the scanner. This
technology enables higher frequency of measurement
and higher precision in comparison with pulse-based
scanners, although with the trade-off of relatively
shorter maximum ranges.
The TLS commenced outside the cave to capture the
structure of the Visitors Centre / Entrance (Fig. 3).
Scanning the outdoor environment provides better
perception of the final point cloud in relation to
land surface and it was necessary to capture three
rectangular checkerboard targets to be further used
in georeferencing procedure. The checkerboards were
surveyed in the area of the cave entrance using a dual
frequency GNSS receiver Topcon Hyper II receiver
with a mobile broadband connection to the Slovak
Permanent Observation Service (SKPOS). The service
broadcasts real time corrections for differential
positioning. The imaging capacities of the FARO
Focus scanner were used only for recording the cave
visitor centre and surrounding area. We did not have
sufficient equipment to improve the light conditions
inside the cave; therefore, the option to collect imagery
was turned off which also saved time and data storage
for more scanning.
In order to achieve high accuracy and rapid progress
through the cave system 145 mm diameter plastic
spherical targets were used as reference targets for
scan registration purposes. The basic requirement for
the mutual alignment of two overlapping scans with
spherical targets is that there are at least three spheres
captured in both scans. The accuracy of the registration
increases with increasing number of identical targets
and allows for redundancy should one of the targets
be disturbed. For over 70% of the scanning positions
four common spheres were used and only two were
moved to a new location between consecutive scans.
In specific cases, such as scanning a short-range
diversion from the main traverse, five and sometimes
six spheres remained unmoved. Three were moved in
cases where the morphological configuration of the

International Journal of Speleology, 44 (3), 277-291. Tampa, FL (USA) September 2015

Large-scale and high-resolution 3-D cave mapping

283

Table 2. Overview of selected published case studies of cave mapping by terrestrial laser scanning.
Published
research
Canevese et al.
(2009)

Country of the
study

Method of
alignment of
scans and their
georeferencing.

Duration of
scanning

Maximum
extension of the
space scanned

Number of points
/ scans

Mexico

Unspecified

3 hours

110 m

43 million / 4
scans

Austria

Target resection
and points surveyed
in a traverse
measured by a tape
and theodolite in
previous campaigns

10 days including
transport of
equipment

ca. 100 m

Unspecified / 15
scans

Austria

Target resection and
manual selection of
identical points, no
georeferencing.

Within a day

150 m

1,600 million / 11
scans

Italy

Target resection and
points surveyed in
an open traverse
measured by a total
station.

32 hours

740 m

8,000 million / 46
scans

Belize

Manual selection of
identical points and
GNSS positioning of
few control points.

3 weeks including
other tasks

Several hundreds
of metres

7,350 million /
350 scans

Austria

Target resection and
points surveyed in
an open traverse
measured by total
station.

Unspecified

ca. 1,000 m

6,500 million /
158 scans

Australia

On-the-fly, no
targets, GNSS
positioning of few
control points.

15,5 hours

17,100 m

2,700 million /
unspecified

France

Target resection and
points surveyed in
an open traverse
measured by a total
station.

24 days

430 m

ca. 4,300 million
/ over 100 scans

Spain

Target resection and
points surveyed in
an open traverse
measured by total
station.

Within a day

72 m

76 million /
unspecified

Portugal

Target resection
and points surveyed
in open traverse
measured by total
station.

Within a day

80 m

45 million / 3
scans

Malaysia

Target resection and
points surveyed in
traverse surveyed
by compass-based
techniques.

Unspecified

ca. 1,000 m

5,000 million/
124 scans

Buchroithner &
Gaisecker (2009)

Roncat et al.
(2011)

Canevese et al.
(2011)

Lindgren &
Galeazzi (2013)

Millius & Petters
(2012)

Zlot & Bosse
(2014)

Burens et al.
(2014)

BerenguerSempere et al.
(2014)

Silvestre et al.
(2015)

McFarlane et al.
(2015)
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cave was too complex, e.g. winding corridors, narrow
passages, or large speleothems causing blind spots.
The location of the next scan and reference spheres
was carefully considered for at least two or three
scans ahead to minimize a movement of the spheres,
which decreases the accuracy of registration, and to
reduce data blind spots. This method produced a high
accuracy of registration without any need for surveying
the individual positions of each scan using a total
station. The majority of individual scans were acquired
within 6 or 9 minutes at a scanning resolution of 1/5
or 1/4 the maximum resolution of the scanner. This
gave a point density of 7.6 or 6.1 mm at the range 10 m
away from the scanner, respectively. In some instances
the scanner was set to 1/2 maximum resolution
(point density 3 mm at 10 m
range) especially in large caverns
with high ceilings. In the case of
looping cave corridors, additional
checkerboard rectangular targets
were placed within the scene at
the start of these diversions and
these targets remained there,
undisturbed, until the continually
traversing survey returned to this
location where they were again
laser scanned before being moved.
If scanning was to continue the
next day, the registration spheres
were left undisturbed in the cave
overnight. The entire TLS mission
was accomplished between 3 and
7 March 2014, with 8-9 hours
continuous scanning per day.
The data collected that day were
registered every evening using the
FARO Scene software and then
backed up.
Data
post-processing
georeferencing

from its local coordinates system to the Slovak national
cartographic system (SJTSK, EPSG code 5514, http://
www.epsg-registry.org/) with the vertical reference to
the Baltic Datum After Adjustment. For this task, the x,
y, z, positions and point ID’s of the three checkerboard
targets measured with a GNSS receiver were imported
in FARO SCENE as a reference CSV text file. The
checker board targets in the point cloud were given the
same ID as the Slovak GNSS data. In addition, 3-D
coordinates of a single point (GS108, Fig. 3) from the
tacheometric survey undertaken in 1975 were used
as the fourth point to reduce the georeferencing error
propagation in the most distant part of the cave. Reregistering the four points transformed the point cloud
into the Slovak national cartographic system.

and

The first step of data postprocessing
involved
relative
registration of consecutive scans
based on the reference spheres. This
was carried out using FARO SCENE
registration software. Although this
software allows for fully automatic
registration, a manual approach
was used to continuously monitor
the registration error between the
consecutive scans. This phase of
post-processing was carried out
during the mission after each day
of measurements and it took 3-4
hours using a standard laptop
computer. After the survey was
completed, an additional 10 hours
in the office was needed for fine
tuning the registration for all the
327 individual scans. The final
step involved transformation of the
complete registered point cloud

Fig. 3. Top view of the point cloud footprint overlain with numbered positions of the scanner for
each scanned scene. Black dots denote positions at which scans of 1/5 or 1/4 resolution setting
were acquired and red dots denote scans of 1/2 resolution setting. Green crosses represent
points measured with RTK GNSS at the cave entrance and blue crosses represent points
surveyed by Geological Survey (Novoveský, 1975) which were used to validate georeferencing
and error propagation. The labelled rectangles locate: (A) the extent of the scans acquired in the
exterior of the cave, (B) the extent of the dome of Majkov dóm displayed in the old map in Fig. 2,
(C) locates the detailed view in Fig. 5. The image in the upper right corner shows a magnified
perspective view of the point cloud demonstrating a sequence of scanner positions manifested
as circular footprints on the ground due to 300° vertical scanning angle. The grid of ticks denotes
coordinates in the national coordinate system (EPSG: 5514) measured in metres.
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Visualization and 3-D cave surface model
The final georeferenced point cloud is the ultimate
result of scanning the cave, but more importantly, it
can be regarded as a tool for further research. Viewing
the points and simple measurements with them is the
simplest yet very powerful approach to be taken for
exploration of new knowledge contained in this unique
dataset. We used the FARO SCENE and Bentley
Pointools for handling the full point-cloud. To explore
the relations with the digital terrain model of the above
surface, the data were homogeneously decimated to
0.03 percent (3.27 million of points) for importing it
into the ArcGIS (a software by ESRI). The Meshlab
software (Cignoni & Ranzuglia, 2014) was used to
generate a 3-D cave surface model from the decimated
point cloud. The data were exported from FARO Scene
in the PTX format which preserves normal vectors to
the points. Orientation of the normals is established
with respect to the scanner position from which the
range to the points was measured. By this means,
normals do not need to be calculated in Meshlab and
the surface model (a triangular mesh) can be directly
reconstructed using several algorithms. We used the
Poisson surface reconstruction algorithm (Kazhdan
et al., 2006) with the octree depth of 13 and other
parameters set to default. This method was also used
by Silvestre et al. (2015). The model is stored in the
PLY format and for interoperability with ArcGIS it
was also exported in the DXF format (Fig. 4A). More
aspects of 3-D modelling and geomorphometry of
selected parts of the Domica Cave are addressed
in Gallay et al. (2015). The 3-D cave surface model
enabled volumetric calculations and basic analysis of
the cave surface.

RESULTS AND DISCUSSION
The adopted methodology of TLS survey in Domica
resulted in high-resolution and accurate 3-D point
representation of approximately 1,600 m of the cave
passages. The survey job was done within 5 days
(circa 45 working hours) and involved scanning
from 327 separate locations (Fig. 3). The final point
cloud contains over 11.9 billion 3-D coordinates with
intensity values of the backscattered laser energy (33
GB of data in the FLS native FARO format) representing
the entire show cave and some corridors inaccessible
to the public. Registration of individual scans into the
final point cloud was based on 1,690 correspondences
between targets and the total accuracy of registration
reached 2.24 mm (RMSE). Other statistics are reported
in Table 3. One loop in the network comprising scans
from nr. 16 to nr. 149 (Fig. 3) was used to adjust
the registration error in the loop. The error resulting
from the processing of the loop was 0.32 mm after
adjustment.
Geodetic transformation of the registered point
cloud from its local system into the national grid
system using the four reference points (GNSS 1-3 and
GS108, Fig. 3) introduced the total error of 21 mm.
If only the three GNSS points at the cave entrance
had been used the error of geodetic transformation
would be lower (10 mm) but the total error at the point
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GS108 in the most distant part of the scanned traverse
from the cave entrance would increase to 5,907 mm.
Tacheometry from the older survey (Novoveský, 1975)
combined with our TLS survey increased the global
accuracy and reduced the propagation of errors due
to successive registrations on spheres placed along
the cave. The remaining set of 18 points surveyed in
1975 were used to calculate differences between their
coordinates as extracted from the georeferenced final
TLS point cloud and their national grid coordinates
reported in Novoveský (1975). Total RMSE was 418
mm giving information on overall accuracy of locating
the final point cloud in the national grid system. This
error is mainly affected by (i) accuracy of locating the
surveying nails in the TLS point cloud which was
possible at the level of few millimetres and (ii) by
accuracy of surveying in particular traverses from few
millimetres to over a decimetre (See the section on
collection of existing data).
The final point cloud is handled as a FARO SCENE
project which can be loaded into the viewer version
of the software (SCENE LT) and as a FARO SCENE
Webshare Server off-line solution providing other
colleagues with the means of visualizing the complete
point cloud at the highest level of resolution, performing
measurement of distances, or exporting selected parts
of the cave into other formats. Reconstruction of a 3-D
surface model in full resolution is possible only for
several square metres of the cave surface. Generating
3-D cave surface models for larger parts is feasible
after significant decimation of the original dataset.
Table 3. Summary statics of differences between corresponding
targets used in the registration of point clouds acquired from
individual scanner positions.
Measured variable
Scanner positions (count)
Sum of matched targets (count)

Value
327
1,690

Minimum difference (mm)

0.07

Mean difference (mm)

1.98

Maximum difference (mm)

6.60

Standard deviation of differences (mm)

1.04

Root mean squared difference (mm)

2.24

Comparing the survey with other studies
Application of TLS in caves is always a question of the
time available for the survey, accessibility of the cave
and its environmental conditions and the scanner’s
parameters. These aspects need to be contemplated
when comparing our results with the studies
presented in Table 1 and 2. First, we analyse specific
trends which can be observed from the review. TLS
have been successfully used for high-resolution 3-D
mapping of caves in a number of studies since the first
such applications of the technology seven years ago.
Normally TLS surveyed caves have a comparatively
easy access and are friendly for walking. This is usually
the case of natural show caves which are open to the
public (Gašinec et al., 2012; Berenguer-Sempere et
al., 2014). Also caves affiliated to mines (Canevese
et al., 2009; Canevese et al., 2011) are mostly easily
accessible via mining shafts. The reason for selecting
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accessible caves is more likely in portability of the
scanning device and related equipment which was
available for particular studies at that time than
the surveyor’s comfort at work. In contrary, the
studies of Buchroithner & Gaisecker (2009) and
Canevese et al. (2009) are examples of undertaking
TLS under extreme environmental conditions. From
this point of view, our mission presents a case of an
easily accessible show cave. However, several narrow
passages and spaces not accessible to the public
were also scanned which would not be possible with
bigger and heavier scanning devices. In comparison
with the very fast mobile laser scanning presented by
Zlot & Bosse (2014), the low weight and portability of
the scanner used in Domica did not compromise the
accuracy of the final point cloud. We still achieved
a total registration accuracy of only a 2.24 mm. The
result is very good considering such a large number
of scans and length of the scanning traverse. This is
especially associated with the method of thoughtful
placing the spherical targets within each scene and
registration based on manual approach to continually
monitor errors of automatic recognition of the spheres
between consecutive scans. Such high registration
accuracy of TLS has been achieved only with the help
of tacheometric surveying of several control points
(e.g. Buchroithner & Gaisecker, 2009; Gašinec et
al., 2012; Bella et al., 2015) which requires use of
additional equipment and more time for surveying.
Analysing the 3-D cave surface model
The generated 3-D cave surface model (Fig. 4A,
B) enables calculation of the cave volume and other
geometric variables in Table 4. Although the model does
not represent the entire cave system, it provides realistic
quantification of the 3-D geometry for the scanned area
which was not available ever before. The parameters
listed from the third to the ninth row of Table 4 are
based on the definition stated in the manuals of the
cave mapping software COMPASS (http://www.
fountainware.com/compass/). The parameters were
used to calculate volume density which is a rough
estimate of the proportion of the cave volume to the
rectangular block bounded by the x, y, and z extremities
of the cave occupied by cave passage. The low value of
0.65% means that the cave occupies only a very small
fraction of the surrounding rock environment (enclosed
volume). It indicates a relatively young age of cave
formation which has been mainly directed by modern
hydrological conditions, or a short time in which the
cave was crossed by the river before entrenchment
made the active flow find another lower lying path,
for example. It is known that many parts of the cave
corridors are filled with gravels and silt (Droppa, 1972)
and the volume of the cave is likely to be much bigger.
Analysing the cave surface morphology
One of the greatest benefits of the TLS technology
over more traditional surveying methods are the highresolution data that can be interactively viewed and
analysed at different scales. This enables extraction
of new information on the Domica morphology and
capture details of the cave interior.

Table 4. Geometric variables calculated from the 3-D cave surface
model.
Measured variable

Value

Number of the mesh vertices (count)

2,813,663

Number of the mesh triangular faces (count)

5,627,420

Surface length, west to east (m)
Surface width, north to south (m)
Maximal vertical difference (m)
Surface area (m²)
Enclosed volume (m³)
Volume of the 3-D cave surface model (m³)
Volume density (%)

354
416
47.44
33,990
7,068,672
46,148
0.65

The level of detail represented by the point cloud
allows for the visualisation and measurement of
small geomorphological features such as speleothems
(Fig. 4C, 5) representing stalactites and even thin
straws having only a few millimetres in diameter.
Several morphological features are specific for the
Domica Cave. These are represented by the largescale meandering ceiling channels, cascade lakes,
or abundant speleothems as small-scale features of
which cave shields are specific (Fig. 5). Hill & Forti
(1997, p. 98) describe the shield as an oval or circular

Fig. 4. (A) Perspective view of the simplified 3-D cave surface model
representing the Domica Cave integrated with a digital terrain model
in a geographic information system. The models are also projected
on a horizontal plane. The interval of terrain altitude contours is 5 m
and the cell size of the national grid is 50 by 50 m. The cave model
is based only on 0.03 % of points acquired in by the TLS; (B) Closer
perspective view of the cave surface model also projected on vertical
yz-plane and horizontal xy-plane showing the medium-scale features
with the grid of 20 by 20 m cell size; (C) Frontal view of the cave
interior showing micro-scale features of the sinter columns known as
the Samson’s pillars (Samsonove stĺpy in Fig. 2) demonstrating the
full resolution of the point cloud captured by the TLS.
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speleothem consisting of two spherical parallel plates
or discs which are separated by a medial crack. Shield
can form on a cave wall, ceiling and floors along joints
from reprecipitated calcite located beneath joints
and they are believed to be formed by the seepage of
hydrostatic water along the joints or fractures in the
bedrock. Increased flow of water can cause formation
of dripstone on the bottom plate of a shield. Webb
(1991) distinguishes cave shields formed on the cave
floor as stegamites. In Czech and Slovak terminology
Kunský (1950) described the same form as a spring
dripstone formed by water leaking out from a crack
in the cave floor, walls, or ceiling due to hydrostatic
pressure (as a spring). Cílek (1999) and Bella (1999)
provide more details on genesis and typology of the
cave shields in Domica.
The fine details and accuracy of the mapping is
shown within the selected area of the dome of Majkov
dóm (Fig. 6). The dome is displayed from a 3-D
perspective and coloured according to the altitude
values. The traditional map of the cave would depict
the cave footprint (Fig. 2) and, in this case, it would
show the cave floor which often is the large area
of the bottom part of the 3-D point cloud (Fig. 6A).
The point cloud can be sliced to provide meaningful
cross-sections as, for example, in horizontal (Fig.
6B) or vertical direction (Fig. 6C). However, the
visualization clearly shows slanted walls and winding
ceiling channels as solutional grooves formed by
water mostly flowing over a surface of sediment that
once nearly filled the cave (Neudorf et al., 2005, p.
103). Especially, the unreachable ceiling parts of the
20 m high dome can be precisely mapped only with
laser scanning and the tacheometric surveying would
be problematic. Figure 7 shows where the channel
can be clearly distinguished and easily traced (Fig.
7A) in some parts but there are also passages where
this important geomorphological feature is obscured
by recent speleothems and it is too high to be reached
safely (Fig. 7B, C). The ceiling channels in Domica
were first studied by Roth (1938) who also discusses
their formation by paragenesis. His findings are based
on observation and they are presented in a descriptive
manner while the new TLS technology enabled
linking his work to detailed visualization and precise
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measurement of the channels. Figure 7 emphasizes
the upper parts of the cave ceiling of a 2.5 m thin
range of altitudes clearly showing the level of ceiling
channel spanning from the west to the east indicated
by blue dashed arrows. The adjacent branches of
cave ceiling having north to south direction are
genetically related to the channels and they must
have originated in the same time as they formed
in the same altitudinal range. In the next phases
of cave formation, the river Styx accommodated to
the new erosional base forming its channel 10 m
below the ceiling channel level. The 3-D scatterplot
displays only the points representing the extracted
ceiling channel and projections of the points onto
the xz-plane and yz-plane. The trend line of the point
projections on the yz-plane provides evidence of the
ceiling inclination towards east indicating the flow
direction at the time when the ceiling was formed by
an active river.
The possibility of integrating the 3-D dataset with
other geospatial layers is very beneficial for studying
the relationship of the cave system to the abovesurface. Figure 4 provides a striking view combining
the TLS data and land surface digital elevation model
showing the position of the cave within a larger 3-D
landscape context.

CONCLUSIONS
Terrestrial laser scanning is now widely used as
a mapping technology in many application areas.
However, in cave mapping this technology faces
many difficulties resulting from extreme space
and environmental conditions that make its use in
speleological research challenging. In this paper, we
presented the methodological framework of adopting
TLS to rapidly map a part of the Domica Cave system
in Slovakia with the highest possible accuracy. The
resulting point cloud was used to generate a digital
3-D model of the cave surface in order to visualise
and analyse the morphological aspects indicating
development of the cave system. The unprecedented
accuracy of scans registration and resolution of
mapping the cave surface resulted in capturing
morphological details that could not be mapped by

Fig. 5. Cave shield as a typical speleothem form in the Domica Cave photographed (A) and measured as a point cloud (B), which was selected
from the scan position nr. 253 (see Fig. 3).
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Fig. 6. Different approaches in visualization of the acquired laser
scanning point cloud showing the dome of Majkov dóm as a 3-D
perspective view (A), vertical cross-sections (B), and a horizontal
profile at 338 m a.s.l (C) shown as grey cutting plane in A. The scale
is given by the grid of 5 by 5 m cell size in all three directions. The
dome is located in Fig. 3B.

traditional methods. Moreover, this study showed
that the resulting point cloud can be cartographically
transformed to the national cartographic projection
and integrated with other data in a GIS to analyse wider
context and processes forming the cave system. The
3-D cave surface model showed complex morphology
of the cave including specific morphological forms,
such as ceiling channels, indicating the speleogenetic
processes.
The final point cloud contains more than 11.9
billion of points acquired from 327 scanning positions
mapping over 1,600 m of the cave system. The acquired
data set is, to our knowledge, the most detailed and
most accurately measured dataset available for such
a complex cave system. The most important factor in
achieving the high accuracy of the registration process
was in using spherical targets and their thoughtful
placement during the laser scanning phase. This
enabled us to achieve highly accurate alignment of
individual scans and georeferencing the final point
cloud into the national grid coordinate system with
accuracy fairly acceptable for most speleological
tasks. However, the accuracy of georeferencing and
associated error propagation could be improved if
simultaneous tacheometry and levelling had been
performed. Modelling the 3-D cave surface in the
full extent of the point cloud enables volumetric
calculations, but it is feasible only with a significantly
decimated point cloud. Original resolution can be
used for much smaller parts of the cave.
We can conclude that TLS can be also used effectively
for high-detailed mapping of large cave systems. This
provides new possibilities for detailed research of cave
morphology and processes forming the caves. However,
this mapping method still faces many challenges. For
example, future research activities should include
development of new techniques and software tools
for a faster processing of TLS data, visualisation and
modelling enabling the researcher to interactively

Fig. 7. Identification of the ceiling river as a large-scale
morphologcial feature using the final point cloud and relation to
other parts of the Domica Cave. The area outlined with a grey
dotted line marks the visitors centre outside the cave. The channels
are apparent in the planar view and perspective 3-D view (upper
right) when displayed as a layer of points between 338 to 340.5 m
above sea level. The points are coloured with yellow to brown scale
depending on altitude. Current water streams are highlighted with
solid blue line while the direction of the paleo channel of Styx is
indicated with blue dashed arrows. The layer of points representing
the ceiling channel can be statistically analysed in a GIS as a 3-D
scatterplot which shows their projections with trend lines. The trend
line of point projections (shown in red) in the vertical xz-plane (north
to south direction) indicates the overal inclination of the channel
towards the south. Selected views of the ceiling are displayed in
the photographs (A, B, C) where the channel is traced with a white
dashed line.

inspect and analyse a 3-D cave surface model and
simulate spatial processes. Also, the integration of
TLS data and 3-D cave surface models into complex
GIS systems with a full 3-D support would open up
new research possibilities in analysing wider spatial
interactions.
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Abstract:

Keywords:

Kuumbi Cave is one of a group of caves that underlie a flight of marine terraces in Pleistocene
limestone in eastern Zanzibar (Indian Ocean). Drawing on the findings of geoarchaeological
field survey and archaeological excavation, we discuss the formation and evolution of
Kuumbi Cave and its wider littoral landscape. In the later part of the Quaternary (last ca.
250,000 years?), speleogenesis and terrace formation were driven by the interplay between
glacioeustatic sea level change and crustal uplift at rates of ca. 0.10-0.20 mm/yr. Two units
of backreef/reef limestone were deposited during ‘optimal’ (highest) highstands, tentatively
correlated with MIS 7 and 5; (mainly) erosive marine terraces formed in these limestones
in ‘suboptimal’ highstands. Kuumbi and other sub-terrace caves developed as flank margin
caves, in the seaward portion of freshwater lenses during such ‘suboptimal’ highstands.
Glacioeustacy-induced fluctuations of the groundwater table may have resulted in shifts from
vadose (with deposition of well-developed speleothems) to phreatic/epiphreatic conditions
in these caves. At Kuumbi, Late Pleistocene (pre-20,000 cal. BP) ceiling collapse initiated
colluvial deposition near-entrance and opened the cave to large plants and animals, including
humans. A phase of terminal Pleistocene human occupation ca. 18,500-17,000 cal. BP
resulted in the deposition of a dense assemblage of Achatina spp. landsnails, alongside
marine molluscs and mammal remains (including zebra, buffalo and other taxa now extinct
on Zanzibar). The Holocene part of the cave stratigraphy near-entrance records phases of
abandonment and intensified late Holocene human use.
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INTRODUCTION
Many islands contain extensive swathes of
geologically young, eogenetic limestones that have
not undergone burial diagenesis. Karst in such
limestones often differs in many aspects from that in
older, telogenetic limestones (e.g. Vacher & Mylroie,
2002; Ginés & Ginés, 2007; Mylroie, 2013). The
*nkouramp@exseed.ed.ac.uk

proliferation of island cave studies in recent years
reflects a recognition of the genetic distinctiveness and
wider scientific significance of these landforms. The
concept of flank margin speleogenesis and its more
comprehensive derivative, the Carbonate Island Karst
Model (Mylroie & Carew, 1990; Mylroie et al., 1995;
2008; Mylroie & Vacher, 1999; Mylroie & Mylroie,
2007; Mylroie, 2013), have further highlighted this
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distinctiveness by emphasising the crucial role of
carbonate dissolution in the distal, seaward part of
the freshwater lens underneath carbonate islands
(and, also, continental littorals). In this speleogenetic
realm, discrete from those of epigenic and hypogenic
speleogenesis, critical domains of carbonate
dissolution (groundwater table; fresh/saltwater
mixing zone) are highly responsive to relative sea level
change, in turn driven by eustatic sea level change (at
several timescales), and isostatic or tectonic crustal
uplift or subsidence (Ginés & Ginés, 2007; Mylroie
& Mylroie 2007; Fratesi, 2013; Ginés et al., 2014).
Carbonate island caves could thus be regarded as
nodes where several lines of enquiry on the workings
of the earth system come together.
Related to the fundamental question of carbonate
island speleogenesis is the research theme of island
cave deposits: speleothems and, increasingly, detrital
sediments (Sasowsky & Mylroie, 2004; Fornós et
al., 2014). As potential links between offshore and
continental records, island cave deposits may be of
critical import for regional and global stratigraphic

correlations of the Quaternary System. Island cave
deposits contain proxies for the long-term history
of large-scale, ocean basin-wide or global climatic
systems (e.g. Asian Monsoon, El Niño/La Niña), sea
level change, surface denudation, etc., and, also, the
ecological (including human-ecological) histories of
island landscapes (c.f. De Waele, 2009; Lace & Mylroie,
2013). Such records may be crucial for understanding
and modelling feedbacks between the atmosphere,
the global ocean, earth surface processes, island
biomes and human societies at timescales of <102 to
106 years. Interpretation of island cave sediment
proxies is underpinned by an understanding of how
the caves that contain them, and the island landscapes
of which caves are a part, form and evolve (De Waele,
2009; Bover et al., 2014; Fornós et al., 2014).
Here we attempt to reconstruct the formation
and evolution of Kuumbi Cave (Pango la Kuumbi in
Zanzibar’s Kiswahili language), and its surrounding
littoral landscape in the island of Zanzibar, equatorial
Indian Ocean (Fig. 1). We do this by drawing on
geological, geomorphological, stratigraphic and

Fig. 1. Zanzibar, and places mentioned in the text. a) Location; b) regional tectonic setting, with dominant
directions of plate motion (thick arrows) and clockwise rotation of the Rowuma Plate (from Nicholas et al.,
2007, simplified); c) geology (from United Nations, 1987 and Bron Sikat, 2011, simplified).
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archaeological evidence collected as part of the multidisciplinary Sealinks Project (funded by the European
Research Council). Sealinks has undertaken field
investigations in eastern Africa in order to examine
the emergence and impact of early trading networks
across the Indian Ocean (Fuller & Boivin 2009; Fuller
et al., 2011, 2014; Boivin et al., 2012, 2013, 2014;
Helm et al. 2012; Shipton et al., 2013; Crowther et
al., 2014a,b).
Kuumbi Cave is well suited for studying island
speleogenesis since, a) its evolution can be constrained
plausibly in a late Quaternary timeframe and,
b) archaeological stratigraphy provides a means for
dating some of the geomorphic events that reshaped
the cave and its wider landscape.
Discovery, archaeological significance and history
of research
Kuumbi Cave (S 6°21’40’’; E 39°32’33’’) is situated
in the Jambiani district, on Zanzibar’s eastern coast.
The cave was first reported as an archaeological site
in 2004, by Dar es Salaam archaeologist Felix Chami,
who was guided there by Jambiani residents (Chami,
2009). Successive archaeological excavations, by
the universities of Dar es Salaam, Uppsala and, in
2010-2012, Oxford, have demonstrated a long history
of human presence from the Late Pleistocene to the
present (Sinclair et al., 2006; Chami, 2009; Shipton
et al., in press).
Kuumbi’s archaeological record may be crucial for
documenting socioeconomic transitions in the East
African littoral in early, pre-Islamic times. For this
reason, Kuumbi Cave was one of the main foci of the
Sealinks Project. Alongside archaeological excavation,
the project undertook topographical/ geomorphological
mapping and geoarchaeological fieldwork, with the
following objectives: (1) to reconstruct the geomorphic
evolution of the cave and its wider landscape;
(2) to identify processes of sediment deposition,
especially during periods of human presence, and
postdepositional change that may have affected the
integrity of the archaeological record; and, (3) to
sample cave sediments for geoarchaeological and
other palaeoenvironmental analyses.

GEOLOGICAL AND GEOMORPHIC SETTING
The island of Zanzibar, separated from the East
African mainland by a narrow, fault-controlled
shallow strait (ca. -30 m in its shallower parts),
originated from block faulting and differential uplift of
the Neogene Ruvu-Rufuzi Delta, perhaps the largest
deltaic depocenter in Neogene East Africa (Kent et al.,
1971; Fig. 1). The axial parts of the island consist of
Lower Miocene siliciclastics (channel conglomerates
and sandstones; interchannel muds and marls),
interdigitated and fringed with various Miocene
limestones (grainstones, framestones). Underlying
these there must be earlier, Mesozoic and Palaeozoic
(Cretaceous, Jurassic, Karoo) sediments, similar
to those cropping out in the mainland littoral, and,
even deeper, Precambrian crystalline basement
(cf. Mpanda, 1997).
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Miocene sediments are overlain by extensive
Pleistocene limestones (“Azania Series”: Stockley,
1928) and Late Pleistocene-Holocene siliciclastics
(aeolian sands, fluvial sands and gravel, colluvia
from the reworking of Miocene sediments, etc.) and
red latosols. Zanzibar is girdled by a living coral reef
and shallow back-reef, with lagoons, platforms, sandy
beaches and mangroves (Arthurton, 2003; Punwong
et al., 2013a,b).
Pleistocene limestone of the ‘Azania Series’ extends
over the entire region of central-eastern Zanzibar,
from ca. +30 m to below present sea level (Fig. 1).
This heterogeneous lithostratigraphic unit comprises
several limestone facies, deposited in various innershelf environments (reef framestones; reef slope
breccia; backreef packstones/wackestones; shoal
and beach grainstones, etc.). Azania Series limestone
hosts numerous caves, solution pipes and collapse
dolines (Fig. 1).
Miocene and Pleistocene sediments are cut by
kilometre-long, shoreward-dipping normal faults
parallel to the island’s morphological strike (N-S to
NNW-SSE: Fig. 1). Faulting and jointing of Pleistocene
(including inferred Late Pleistocene) limestone
suggests that Zanzibar (and its adjacent islands and
continental coast) remains tectonically active.
The cave in its landscape
Kuumbi Cave is situated about 3 km from the
Jambiani shore, on Zanzibar’s eastern coast (Figs.
1,2). It is one of several caves underneath a marine
terrace at +24-27 m (here termed the ’25 m terrace’)
– the highest of a flight of (five?) marine terraces on
Pleistocene Azania Limestone (Fig. 2). Limestone
exposed on the Kuumbi Cave walls and the overcave
terrace is mainly bivalve-gastropod packstone/
grainstone with high mouldic porosity (Fig. 3). This
facies probably originated in a back-reef setting.
Kuumbi opens to the surface via a large collapse
doline and several metre-sized, vertical gaping chasms,
some with solution-smoothened inner surfaces (Fig.
3). Around the cave entrance, the landscape is a
sacred grove: Kuumbi is a sacred site for the local
community, and a strong taboo prohibits tree felling
around it (Chami, 2009). Further away, overgrown
fields, seemingly abandoned drystone walls and a few
fields under cultivation evidence that the overcave
terrace is part of an old agricultural landscape.
At field observation scale, relief on the overcave
surface does not exceed ca. 1.5-2.5 m. Large parts
of this surface are devoid of soil cover; elsewhere it
is covered with loose, angular regolith or, where
woodland is present (e.g. grove around the cave
entrances, overgrown fields), by a thin (≤ 60 cm),
dark, redzina-type soil (Fig. 3).
Vestiges of an earlier, cemented weathering mantle
are also present on the 25 m terrace, in the form of
metre-sized, heavily karstified bodies of reddish,
clast- to matrix-supported breccia (Fig. 3). This
deposit testifies to the development of regolith/soil
cover under quite different past (Late Pleistocene?)
climatic conditions, and the subsequent denudation
of the terrace.
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Fig. 2. a) Kuumbi and other caves of the Jambiani coast; b) Schematic geological section from Kuumbi Cave to the shore (not in scale);
c) Interpretation of observed lithologies and landforms as resulting from at least two glacioeustatic sea level cycles (see text).

Collapse chasms and caves in Kuumbi’s immediate
vicinity (Fig. 3) and the presence of caves at lower
terrace levels (e.g. Kikuaju Cave Springs: two caves
flooded by brackish water; Fig. 4) suggest that Kuumbi
Cave is part of a host of karstic cavities that perforate
Azania Limestone from (below ?) present sea level to
ca. +25 m.
The Jambiani terrace flight
Like other limestone terraces on the East African
coast, from Somalia to Mozambique, the Azania
Limestone and its terraces are thought to be Mid- to
Late Pleistocene in age. Earlier workers (Arthurton et
al., 1999; Arthurton, 2003) have correlated the Azania
limestone with one or more substages of the Last
Interglacial (MIS 5). To our knowledge, nonetheless,

no absolute dates for this, or other upper Quaternary
limestones in Zanzibar or the Tanzanian mainland,
are available. Potentially correlative upper Quaternary
limestones in coastal Kenya have yielded dates from
240,000 (+70,000 / -40,000) BP (230Th /234U date on
coral: Battistini, 1977) to ca. 21-40,000 BP (14C dates
on coral: Oosterom, 1988).
A date of ca. 44,000 +1900/−1500 BP (14C uncalibrated) from siliciclastic sediments underlying
the 25 m terrace in Lindi Bay, southern Tanzania
may suggest that parts of the Tanzanian coast have
undergone very rapid late Quaternary uplift (Reuter
et al., 2010). This date, however, is close to the range
limit of radiocarbon dating. In addition, lithological
and tectonic differences between the Jambiani and
the Lindi Bay coasts (the latter is situated on a major
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Fig. 3. Landscape, bedrock lithologies and palaeosols around Kuumbi Cave. a) On approach to Kuumbi Cave, looking west (inland): Small plots
enclosed with drystone walls. The cave is situated in the grove in the background; b) A collapse opening on the 25 m terrace provides a window
to another underground chamber, a few metres south of Kuumbi; c) ‘Older Azania Limestone’ underlying the 25 m terrace: porous packstone/
grainstone with moulds of bivalves and gastropods. Inset: detail of freshly exposed rock surface. Hammer: 33 cm; d) The same limestone on the
Kuumbi Cave wall. Note selective dissolution of marine molluscs and other skeletal grains (mouldic porosity). The green colour is due to microbial/
algal colonisation of the cave walls. Wristwatch diameter: 33 mm; e) Vestiges of karstified regolith on the 25 m terrace, about 500 m NNE of the
cave entrance. Inset: Freshly exposed surface of the latter, showing poor sorting of angular, corroded limestone clasts; f) In situ coral reef in
‘Younger Azania Limestone’, about 1.5 km NNE of Kuumbi Cave. Inset: Small polyp stony coral colony on the same reef; g) NNW-SSE striking joint
(parallel to hammer handle) cutting ‘Younger Azania Limestone’ (Last Interglacial?) on the lower, ≤ 12 m terraces.

Fig. 4. Caves of the Jambiani karst. a) Looking down the vegetated talus slope of the NE entrance to Kuumbi Cave; b) Kuumbi Cave entrance, with
speleothem column, truncated stalactites and roof fall blocks. The concrete pedestals mark earlier excavations by the University of Dar es Salaam.
Looking out from Chamber A; c) Low-ceilinged alcove in Kuumbi Cave. Note cusps on the walls and speleothem rubble on the floor; d) Entrance to
Kikuaju A cave spring, on the ≤12 m terrace(s); e) Inside Kikuaju A cave spring: cusps and bedrock pendants on the ceiling and speleothems on the
sloping floor (right hand side); f) A weathered stalagmite, partly submerged in brackish water in Kikuaju A (torch reflection marks the water surface,
which corresponds to the tidal sea level. Note the development of a thin ledge around the stalagmite.
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fracture zone within the Rowuma Microplate: Nicholas
et al., 2007; Reuter et al., 2010), render correlation of
the 25 m terrace in Jambiani with this relatively late
date untenable.
Evidence from a limited survey from ca. 500 m west
of Kuumbi Cave to the shore is summarised in Fig. 2.
This evidence is inconclusive: very limited drainage
incision across the terrace flight, dense, often
impenetrable vegetation, and the ubiquitous drystone
walls around fields cultivated and abandoned
prevented the discovery of tell-tale outcrops. The
following considerations, however, lend some tenuous
support to our interpretation of the Azania Limestone
as comprising at least two distinct lithostratigraphic
units (Fig. 2):
1) The 25 m terrace preserves remains of regolith/
palaeosol (Fig. 3). No similar palaeosol was identified
on the lower terrace(s).
2) Overall, limestone of the lower (≤12 m) terraces
appears less intensively karstified and denuded than
that of the 25 m terrace (e.g. caves under the lower
terraces have fewer/smaller openings to the surface).
Effects of lithological composition notwithstanding
(lower limestones contain reef and reef slope facies
with very porous coral fragments and in situ coral
colonies: Figs. 3, 4), it is possible that differences in
intensity of karstification and surface denudation
reflect the older age of the 25 m terrace limestone.
3) Two ‘sets’ (lithostratigraphic units) of ‘Azanian
Series’ coral limestone, one at ca. 12 m and one at
ca. 7.5 m were distinguished by Stockley (1928) in
neighbouring Pemba Island (Fig. 1) – an assertion
confirmed by later geologists (Caswell, 1956). It is
likely that these two limestone units correlate with
principal terrace levels (25 and ≤12 m) in eastern
Zanzibar. Altitudinal differences between limestone
units across the two islands are small enough to be
attributable to field measurement uncertainties and/
or neotectonic faulting or differential uplift.
4) Terraced limestones in coastal Kenya (Fig. 1)
are also resolved into at least two stratigraphic units
(Braithwaite, 1984; Oosterom, 1988; Abuodha, 2004).
The earlier/higher of these units, associated with the
ca. 30 m terrace (Abuodha, 2004), is mainly a ‘back reef’
facies (Braithwaite, 1984), broadly comparable with the
limestone of the 25 m terrace in eastern Zanzibar.
We thus interpret the observed surface geology as a
terrace flight eroded on at least two stratigraphically
distinct limestone units (sequences), each correlated
with a sea level highstand: the ‘Older Azania Limestone’
hosting Kuumbi and other caves underneath the
25 m terrace; the ‘Younger Azania Limestone’, hosting
the two Kikuaju cave springs and, reportedly, other
caves underneath the ≤12 m terraces. These sequences
are separated by (inferred) erosional unconformities/
disconformities, corresponding to marine regressions
and sea level lowstands.
In this scenario, each of the two sequences
corresponds to orbital-scale sea level cycles,
correlative with main MIS stages. The time of
deposition of the Older Azania Limestone is unknown:
it may date from the penultimate interglacial, MIS
7, to earlier Pleistocene, or (less likely) even earlier,

Neogene highstands. Chronological uncertainties
notwithstanding, our working hypothesis correlates
the Older and Younger Azania limestones with
the (composite) MIS 7 and MIS 5, respectively. The
highest/earliest terraces on each limestone sequence
date from their depositional highstands: MIS 7 for the
25 m terrace; MIS 5 (5e?) for the 10-12 m terrace,
respectively (Fig. 2). It is probable that higher-order
sea level cyclicity during each of these highstands
resulted in erosion of marine terraces, deposition of
higher-order carbonate units and/or reoccupation
of earlier terrace levels. Although these events are
unresolved, some of the relatively closely-spaced and
poorly defined terraces below ca. 12 m may thus have
resulted from erosion in MIS 5 substages.
Assuming that present terrace surfaces are a (very)
rough approximation of sea level at the time of their
formation (inner shelf relief is no more than ca. 10 m
in present day Zanzibar: cf. Arthurton, 2003), taking
-15 to -5 m and + 4 to + 6 m as the highest eustatic
sea levels in MIS 7 and MIS 5 (5e), respectively (cf.
Siddall et al., 2006), and factoring in about 8.75 and
16.8 m of denudation for the lower and higher terraces,
respectively (based on the indicative denudation rate of
eogenetic limestones: ca. 70mm/1000 yrs – Jennings,
1985 – and consistent with evidence from other
tropical carbonate islands: e.g. Miklavic et al., 2012),
this correlation suggests late Quaternary crustal
uplift at the rates of 0.10 to 0.20 mm/yr. These –
poorly constrained and purely indicative – uplift rates
are of a similar order of magnitude with the rate of
0.1 mm/yr calculated independently for parts of
coastal (Oosterom, 1988) and inland Kenya (Veldkamp
et al., 2007). The later part of the Quaternary, perhaps
since 250,000 BP, may, therefore, be a plausible
timeframe for the formation of Jambiani terraces and
their underlying caves.

CAVE MORPHOLOGY
Kuumbi Cave comprises two large chambers and
several smaller side alcoves, anastomosing and/or
appending into progressively narrowing, low-ceilinged
cavities, often developed around bedrock pillars. In
plan, morphology is that of a spongework maze (sensu
Palmer, 2011: 9). Some of the peripheral cavities, too
narrow to explore, may link Kuumbi Cave with other
karstic chambers (Figs. 5, 6).
The cave is accessed from two entrances: a large
collapse doline (surface extent ca. ½ of Kuumbi’s
largest underground chamber) in the NE, and a
smaller collapse doline in the SW. Four other circular
openings, resulting from collapse of the solutionally
undermined cave ceiling, also link the cave with the
surface.
The two main chambers are oriented NW-SE and NESW (Fig. 5), perpendicular and parallel, respectively,
to the 25 m terrace cliff (about 60 m east of the cave
entrance: Fig. 1). Smaller alcoves and tubes, although
more variable in orientation, also conform with these
two principal strikes. These directions coincide with
the strikes of – rare – joints in the cave walls and in
Pleistocene limestone outcrops further from the cave
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Fig. 5. Geomorphological plan (a), and profiles (b) of Kuumbi Cave.
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(Figs. 3, 5). The coincidence between joint strikes and
the orientation of regional tectonic structures (NNWSSE NNE-SSW faults that control continental shelf
morphology across the Zanzibar Archipelago: Mpanda,
1997; Chorowicz, 2005; Nicholas et al., 2007; Fig. 1),
suggest that these joints are of neotectonic origin.
In cross section, the exposed part of Kuumbi Cave
is shaped like an open U. Cave profile is modified
by steep rock fall/talus cones at the two cave
entrances (Fig. 5) and by finer grained inner-cave
sediments. These obscure the geometry of the lower
parts of the cave.
Ledges and notches (from 0.4 to 1.7 m above cave
floor) and a shallow, partly buried rockshelter about
2 m below the overcave terrace (Fig. 5) manifest

a succession of karstic dissolution levels. Metresized cavities under floor sediment (Fig. 5) suggest
that karstic dissolution extended below the detrital
sediment/bedrock interface.
In Chamber A, the cave floor dips from each entrance
to the ‘cave well’, a ca. 2.5 m-deep depression where
water pools in the rainy season, probably as a result
of vadose water perching. At the time of visit (late
August - early September 2012) the well was dry,
but the muddy sediment of its floor was moist. The
‘cave well’ appears to have been enlarged artificially,
probably to facilitate procurement of drinking water.
Entrances and ceiling openings permit sunlight
and air circulation in the main cave chambers and
provide entry points for rainwater, surface runoff and

Fig. 6. Solutional forms and speleothems in Kuumbi Cave. a) Chamber A, viewed from the Well. Stepped
floor in the foreground was formed on indurated sediment; b) Chamber A, looking towards the Well
(behind people on the right). Triangles mark notch at ca. 170 cm above present floor level. Another
notch is present a few centimetres above; c) Side alcove off Chamber B. Detrital sediments bury earlier
speleothems and erosional relief (bedrock pendants). The floor rubble is mainly fragmented carbonate
crust, possibly correlative with a later (late Holocene?) phase of CaCO3 deposition (see text). Note the
apse and the horizontal ceiling on the left side, seemingly correlative with the notch in Fig. 6b; d) Small
cupola and cusps on the cave ceiling. The rusty-brown spots are speleothems, probably of high humic
acid content; e) Narrow vertical cavity off Chamber B, developed along N-S-trending joint. Human-made
engravings (not visible here) are present on the iron oxide-stained cavity walls; f) Heavily weathered
stalagmite; Chamber A; g) Corrosion of speleothems (above hammer), probably due to guano from a
bat-roosting cupola overhead. SW cave entrance.
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sediment washed in from the surface. These openings
thus impart an environmentally liminal character,
akin to that of a cave entrance, or a large rockshelter.
These ‘open cave’ conditions contrast with those in
smaller, low-ceilinged alcoves (Fig. 6). The latter, which
seem to host most of the cave’s resident bats, were
perceptibly more humid and warmer at the time of
visit, with a somewhat stagnant atmosphere, probably
enriched in CO2 from decomposition of organic matter
(mainly bat guano) on their floor, and condensation
droplets on the ceiling. It was in these alcoves that
some active water seepage was noted, but there was
little correlation between this and speleothems: most
of the well-developed stalactites appeared inactive.
Small/medium-scale forms
Cusps
Decimetre-scale, shallow, concave cavities are
ubiquitous on the walls and ceilings of those parts
of the cave that have not been modified by later
collapse. Cusps are present as juxtaposed and crosscutting clusters of cavities, distributed over the
entire exposed limestone surface (Fig. 6), locally in
association with bedrock pendants and pillars (see
below). They resemble scallops, but appear to be nondirectional: elliptical rather than shallowing-outwards
in cross section.
At Kuumbi Cave, cusps and alcoves appear to be
outcomes of the same dissolutional process: cusps
appear to have formed at the dissolution front as lowceiling alcoves became enlarged. We thus interpret
cusps in Kuumbi as “primary dissolution features”
(sensu Frank et al., 1998). Cusps have been reported
from many tropical and temperate flank margin caves
(Frank et al., 1998; Mylroie et al., 2001, 2008; Myrloie
& Mylroie, 2009); there they have been attributed to
slow phreatic dissolution.
Links and tapering tubules
Oval-shaped, generally smooth-walled cavities
(<10-100 cm), that often follow dominant orientations
of larger cave passages and joints, link side alcoves
of the cave, lead to other, currently inaccessible
chambers, or appear to continue for some length in
the bedrock (Fig. 5). These tubes are interpreted as
phreatic in origin, suggesting that Kuumbi Cave was
water-filled in earlier stages of its evolution.
Solution cavities (‘cupolas’)
Large (up to 1.5 m maximum diameter; up to
2.5-3 m deep), cylindrical to gently tapering up,
vertical cavities are very frequent on the cave ceiling
(Figs. 5, 6). Cupolas (also termed ‘bell holes’) are
often concentrated in linear clusters, or as groups
of randomly juxtaposed, cross-cutting pockets, often
in the axial part of much broader, domed sections of
the ceiling (Fig. 5). These landforms are favourite batroosting sites.
Their vertical development and narrowing-up crosssection suggest that cupolas were formed from upward
dissolution. This process may have operated in a wide
range of underground conditions, so cupola genesis
is subject to debate (c.f. Osborne, 2004; Birmingham
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et al., 2011 for overviews). Proposed speleogenetic
contexts include phreatic dissolution (Sweeting, 1972;
Trudgill, 1985; Sancho et al., 2004; Piccini et al., 2007),
possibly at the site of local convection cells in conditions
of “sluggish rising forced flow” (with “less dense and
more aggressive water” located in the upper parts of
these cells: Klimchouk, 2009); pressure increase and
dissolution above pooled groundwater (Lismonde,
2000), to vadose condensation corrosion, mediated by
roosting bats (Lundberg & McFarlane, 2009).
At Kuumbi, where the groundwater table is shallow
and bats abound, cupolas may have resulted from
any of these processes. The close spatial association
of cupolas with other phreatic dissolution landforms
(e.g. bedrock pendants, cusps), nonetheless, suggests
that these features had a phreatic (to epiphreatic)
origin. Bat roosting probably modified them, but it
appears unlikely to have formed them.
Cupolas are deep enough to undermine the cave
ceiling, especially in parts of the cave where they
cluster together. Circular openings through the cave
ceiling to the surface probably resulted from ceiling
collapse following denudation of the overcave surface
(c.f. Birmingham et al., 2011). These openings probably
concentrated at the location of cupola clusters.
Bedrock pendants
Sharp-edged pendants of bedrock limestone –
remnants of bedrock that escaped dissolution – are
present in side alcoves (Fig. 6). Bedrock pendants
are thought to result from pervasive, mainly upwarddirected dissolution in phreatic (Sweeting, 1972;
Klimchouk, 2009) and/or paragenetic (when much of
the cave chamber was filled with sediment) conditions
(Farrant & Smart, 2011).
In Kuumbi Cave, there is no (direct) evidence for
former occlusion of chambers by sediment, whereas
bedrock pendants are associated with a plethora
of other, evidently phreatic meso/microforms. A
paragenetic interpretation of bedrock pendants
would produce an unduly complex narrative of
cave evolution. We thus interpret these as phreatic
landforms, resulting from upward dissolution by
slowly circulating aggressive water.
Wall notches
One or two poorly expressed notch(es) are present
on the southeastern wall of Chamber A, between
1.70-2.20 m above the sloping (present) cave floor
(Figs. 5, 6). Parts of these discontinuous notch(es)
present as a singular embayment; other parts present
as a series of closely spaced, decimetre-sized cavities
concentrated at the same level.
These notches appear to correspond approximately
to the level of a flowstone shelf around a column
underneath the present cave entrance, and, also, to the
upper level of mammillate (subaqueous?) speleothems
in Chamber B. These notches may mark one (or more)
former groundwater table stillstand(s), but whether
wall notching and speleothem deposition took place
concurrently or, and more likely, in different phases
of cave flooding by groundwater, cannot be confirmed
on current evidence.
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Floor cavities
A low-ceilinged chamber (≥2 m) extends under
the cave floor near the cave well. This chamber was
dissolved in bedrock and indurated floor sediment,
and is partly filled with organic mud similar to that
deposited at the well (Fig. 5). Although the chamber
dimensions and morphology could not be assessed
(its opening is too narrow to enter), its presence
hints at a complex succession of detrital deposition,
cementation and dissolution phases.
A few metres from that chamber, also by the cave
well, indurated detrital sediment is penetrated by a
network of <20 to 60 cm-deep solutional cavities and
numerous smaller-scale pores, occluded by flowstone
and later detrital deposits.
Dissolution of speleothems
At Trench KC12, underneath a cupola cluster, a
carbonate floor crust is perforated by a network of
decimetre-scale, irregular solutional cavities filled
with organics and phosphate-rich, probably guanoderived mud (Fig. 7). Accelerated dissolution of the
floor crust there was probably due to the low pH
effluents generated by guano diagenesis. Guanoinduced pitting of speleothems, and their diagenetic
alteration (to as yet unidentified phosphates?) is
present on some stalagmites (Fig. 6).
Speleothem dissolution microforms occur elsewhere
in the cave: cm-scale solution features resulted from
aggressive water trickling over ledges solutional
microrelief cuts across stalagmite lamina locally;
larger, m-sized cavities and windows through
stalactites and draperies may have resulted from
condensation corrosion.

KUUMBI CAVE SEDIMENTS:
STRATIGRAPHY AND FACIES
A stratigraphic synthesis of Kuumbi Cave, compiled
from the three excavated trenches and several sediment
exposures, is shown in Fig. 7. The cave stratigraphy,
of thickness ranging from ca. 2.5 to 1.5m, is resolved
into nine depositional units of detrital deposits and
speleothems. Most of these units group together several
stratigraphic contexts (sensu Harris, 1989) identified
on excavation, and can be correlated across trenches,
either within each chamber or cave-wide. These units
are enumerated with Roman numerals (with a trench
identifier where appropriate). Two depositional units
which were not exposed in the excavated trenches, and
whose stratigraphic position was inferred tentatively
from lateral relationships, are listed with descriptive
abbreviations (units St: multiphase speleothems and
IL: indurated loams). Radiocarbon and OSL dates
on charcoal, bone and ceramics collected during the
SEALINKS excavation from the near-entrance Trench
KC10 are shown in Fig. 8 (see Shipton et al. (in
press) for a discussion of dating methodologies and
chronostratigraphic interpretation).
The basal sediments of Kuumbi Cave include a
red siltstone of unknown age (Unit I) and altered
carbonate crusts (Unit II), locally with extensive iron
mottling (e.g. Trench KC11).

Kuumbi’s speleothems are grouped together in Unit
St. These include various forms, from floor deposits,
with some very large stalagmites and columns and
a flowstone cascade (near the SW cave entrance),
to straw and conical stalactites and various types
of globular speleothem. Mammillate speleothems
that may have been deposited underwater or from
supersaturated films(?) are also present locally,
largely buried under later detrital sediment (Fig. 9).
The rusty brown colour of some speleothems on the
cave ceiling (e.g. Fig. 6) is probably due to their high
content in soil-derived humic acids (van Beynen et
al., 2001). Porous flowstone of algal-microbial origin
is also present on roof-fall blocks near the SW cave
entrance. This deposit evidently post-dates ceiling
collapse and the opening of the entrance (Fig. 9).
Speleothem deposition was manifestly diachronous
and multiphase, as suggested by the juxtaposition
of several speleothem forms, and the interdigitation
of flowstone and detrital sediment locally. The bulk
of speleothem deposition appears to have predated
detrital sedimentation, but there is evidence for late(?)
Holocene resumption of carbonate deposition in the
cave (see below). Chronological resolution of speleothem
deposition requires further dating and field evidence.
Cave entrance
Metre-sized rounded boulders of bedrock limestone
and speleothems by the NE cave entrance (Unit IIITR10)
may signal ceiling collapse linked to the formation
of this entrance, probably in Late Pleistocene times.
These boulders, evidently deposited as open-work
breccia, were buried in reddish yellow pebbly loam
(Unit IVTR10: contexts 1026-1025; Fig. 7) with Achatina
spp. landsnails, sporadic fragments of marine
molluscs, leopard, and relatively abundant small
bovids and bat remains. Charcoal from this unit
was dated to around 20,000 cal. BP (Fig. 8). This,
and one earlier radiocarbon date of landsnail shell
(21695±300 BP: Sinclair et al., 2006, which calibrates
to around 25-26,000 cal. BP), suggest that this unit
was deposited on the eve of the Last Glacial Maximum
(LGM). This interboulder loam was probably deposited
in a talus cone, with sediment supplied from the
reworking of earlier soils/sediments on the overcave
surface, perhaps in conditions of sparser vegetation
and/or more pronounced rainfall seasonality on the
approach to the LGM.
Unit VTR10 (contexts 1024-1018), above the latter
(Fig. 7), is a dense accumulation of Achatina spp.
landsnails, mingled with diverse mammal remains
(predominantly small bovids; also bushpig, hyrax,
small primates, and, significantly, larger taxa now
extinct from Zanzibar: zebra, buffalo, waterbuck,
reedbuck, bushbuck, bush duiker and possible
Thomson’s gazelle), small amounts of fish bone,
marine molluscs (predominantly Nerita spp. and
Lunella coronata), charcoal and lithics. Up to 11% of
bones are burnt; remains of monkey, dwarf bovid and
larger bovis are cutmarked. This deposit, dated to
around 18,500-17,000 cal. BP (Fig. 8), is the earliest
unequivocal indication of regular human presence in
the cave (Shipton et al., in press).
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Fig. 7. Cave floor stratigraphy in near-entrance (Trench 10: top) and inner cave settings (Trench 11: middle, Trench 12: bottom; Insert: schematic
stratigraphic synthesis). I to IX: stratigraphic units (see text). Rose diagrams: clast orientation. Top: a) Heavily weathered, crumply carbonate crust
(Unit II) underneath Unit III collapse boulders; b) Unit III boulder surface with flowstone encrustation; c) Landsnail (Achatina spp.), bone and ash
accumulation marking the earliest unequivocal phase of human occupation: Unit V: ca. 18,500-17,000 cal. BP. Middle: a) Carbonate crust (Unit II)
with Fe/Mn oxide intercalatations and mottling, consistent with waterlogging; b) Concentration of landsnail shell fragments in upper parts of Unit VII;
c) Late(?) Holocene flowstone (Unit VIII) between detrital Unit VII and subrecent floor deposits (IX). This flowstone intercalation can be traced in
the stub stalagmite at the background. Bottom: High organic content in lower Unit VI and neoformed (phosphatic?) nodules reflect bat guano inputs
from an overhanging cupola.
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Fig. 8. AMS radiocarbon (SHCal13 calibration curve; 95.4% probability) and OSL dates from talus
slope sediments near the entrance of Kuumbi Cave (Trench 10). Dates cluster in three time frames:
Late Pleistocene (20,500 to 17,000 cal. BP, with unequivocal occupation deposits between 18,50017,000 cal. BP: Unit VTR10); mid-Holocene (6200-4800 cal. BP); and late Holocene (2000 to 600 cal.
BP) – both in Unit VIITR10. The youngest date cluster (on ceramics as well as on charcoal), records a
phase of renewed late Holocene occupation. Mid-HoIocene charcoal (of uncertain provenance) may
have originated from fires on the overcave surface: evidence for increased fire frequency during a
possible Mid-Holocene arid climatic phase has been inferred from elsewhere in Zanzibar (Unguja
Ukuu: Pungwong et al., 2013b). In the Holocene part of stratigraphy (Unit VIITR10), incongruent dates
from the same stratigraphic context and chronological inversions may have resulted from reworking of
older, mid-Holocene charcoal into late Holocene occupation deposits by slope processes, bioturbation
and human activity (for full discussion see Shipton et al. in press).

Very heterogeneous, poorly sorted loams with
diverse human inputs (ash, charcoal, burned bone
and shell, and sparse but diverse material culture,
including lithics, worked bone and, in higher
layers, ceramics) and occasional hearths and other
palaeofloor deposits constitute the upper part of
the entrance talus (Unit VIITR10: Fig. 7). Mammalian
remains are abundant, with burned and cutmarked
bones indicating anthropogenic origin of the faunal
assemblage. Taxonomic diversity is high, with various
marine molluscs, fish and (rare) turtle and sea urchin
remains alongside various land mammals, reflecting
the broad foraging spectrum of the cave’s human
occupants. Extinct taxa are present in the lower parts
of the unit but decrease in relative frequency up-

sequence, disappearing entirely in the higher layers.
Fauna still found on Zanzibar (dwarf bovids – suni and
blue duiker, suids, monkeys, hyrax, giant rat) are also
common. Smaller taxa, perhaps unrelated to human
occupation (bushbabies, bats, small rodents, reptiles),
and carnivores (leopard, mongoose, civet) occur at low
frequencies. Indications that carnivores had any role
in the accumulation of the faunal assemblage are,
nonetheless, lacking.
Radiocarbon (on charcoal and bone) and OSL (on
ceramics) dates range from ca. 6000 to 600 BP (Fig. 8),
perhaps indicating a long occupation hiatus between
terminal Pleistocene and late Holocene (although
people may have still inhabited other parts of the
landscape around Kuumbi: Shipton et al., in press).
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Fig. 9. Kuumbi Cave speleothems. a) Column at the NE entrance, with a shelfstone ledge, encrusted by later dripstone/flowstone,
in the middle. The ledge, which differs from typical phreatic overgrowth speleothems (c.f. Tuccimei et al., 2010), indicates that vadose
speleothem deposition was interrupted by at least one phase of partial submergence of the cave floor; b) Flowstone crust cascade,
dipping towards the cave interior. SW entrance; c) Detail of the eroded surface of the same crust (frame in previous), and stubby
stalagmite; d) Mammillate wall crusts. Alcove off Chamber B. Note postdepositional weathering (below pen); e) Renewed stalactite
growth on weathered and broken, earlier generation stalactite. Alcove off Chamber A; f) Columns and stalagmites in Chamber A (point
C in Fig. 5a). Variation in column thickness along-axis reflects changes in past drip rates; g) Detail of degrading stalagmite (frame in
previous). Weathering and mineral alteration (mineralogy unknown) may be due to reaction of speleothem CaCO3 with by-products of
bat guano diagenesis; h) Flowstone, possibly of late Holocene age (?), encrusts detrital floor sediment and landsnail shells (by pencil).
Alcove off Chamber A; i) Porous carbonate crust on roof fall block at the SW entrance of the cave (c.f. Fig. 5), deposited by bluegreen algae after ceiling collapse and opening/enlargement of the entrance. This deposit is currently being eroded; j) Stalagmites and
columns in alcove off Chamber A. Erosion has exposed speleothem lamination at the base of the column.

Sediment deposition was complex, with various
colluvia and, in the upper part of the unit, habitation
floor deposits. Reworking of human habitation debris
(some of which may have originated further upslope)
by surface wash and runnels, bioturbation (see
below) and, possibly, human activity, may account for
chronological inversions and incongruent radiocarbon
dates from the same context (Fig. 8).
Inner cave
In Chamber B, by contrast, the basal siltstone and
carbonate crust – here intensely weathered – are
succeeded by about 1.2 to 1.7 m of unconformable
loams and organic/phosphate-rich mud (Unit VITR11,12,
located under a cupola cluster; Fig. 7). Mud deposition
may have taken place in a pool, or on seasonally

flooded floor. Above this come poorly sorted loams,
locally rich in landsnails and vertebrate bones but
devoid of artefacts or other (identifiable) evidence of
human presence.
A flowstone crust, locally linking with small, stubby
stalagmites, and correlative CaCO3-cemented loams
(Unit VIII) can be traced across much of the inner
cave floor, on the surface or in shallow subsurface
levels (Figs. 7, 9). This late(?) Holocene flowstone
signals a renewed phase of calcium carbonate
deposition, perhaps as a result of regional climatic
change or change in human use of the overcave
landscape. A shallow cemented layer interbedded
with archaeological deposits near the cave entrance
may be correlative with this crust, but this remains
to be confirmed.
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Recent deposits (Unit IX: colluvia, winnowed
lags, organic mud in the cave well, and various
kinds of human-deposited debris in a matrix of
floury carbonate(?) dust) reflect the variegated
microenvironments of Kuumbi Cave. Human inputs
within these are reported to result predominantly
from ritual activity.

probably excavated by small to medium-sized
vertebrates (Fig. 7), to numerous tree root channels
and terrestrial arthropod galleries (from termites to
crabs). Depositional boundaries are, nonetheless,
traceable across the exposed profiles and the cave’s
sediment fill appears to retain its stratigraphic
integrity overall.

Postdepositional change
Sediment diagenesis is spatially variable, evidently
reflecting local (cm- to m-scale) hydrological and
geochemical conditions across the variegated cave floor.
Carbonate cementation is widespread in sediments
deposited in inner Chamber B (trenches KC11, KC12)
and much less pronounced in the near-entrance talus
(trench KC10). Mineral neoformation (with its corollary
of possible shell and bone dissolution and potential
loss of archaeological evidence) appears to be highly
localised. Neomorphs include suspected phosphates/
nitrates(?) in the guano-rich, wet setting of trench
KC12 (Fig. 7), and a few calcitic nodules, resulting from
recrystallisation of ash deposits, in the entrance talus
(trench KC10). Spatially variable diagenesis is common
in cave sediments, especially in caves where bat
guano deposition is highly localised (cf. Weiner et al.,
2002; Shahack-Gross et al., 2004). Higher-resolution
(micromorphological and geochemical) analyses are
expected to refine this preliminary, field-based picture.
Detrital deposits were affected by bioturbation at
various scales, from up to ca. 50 cm unfilled burrows,

LATE QUATERNARY SPELEOGENESIS
AND LANDSCAPE EVOLUTION
Cross-cutting
and
cut-and-fill
relationships
between erosional landforms, speleothems and
detrital sediments permit the establishment of a
provisional morphostratigraphy of Kuumbi Cave: a
succession of – for the most part undated – phases
of wall modification and sediment deposition
(Fig. 10). This morphostratigraphy provides the basis
for a preliminary reconstruction of cave evolution.
Speleogenetic interpretation of Kuumbi Cave is
impeded by a number of lacunae. Our current
chronological framework, based on extrapolation
from (inferred) marine terrace chronologies and
best-fit geological scenarios, is tentative at best.
Exploration and survey of karstic landforms, both
surface and underground, are limited, and hydraulic
and sedimentary links between these landforms are
unexplored. Subsurface geology – especially the lithology
and hydraulic behaviour of rocks underlying the cavehosting limestone, is also inferred from extrapolation.

Fig. 10. Morphostratigraphic synthesis of Kuumbi Cave, showing landforms and sediments in inferred temporal order. Italics: landforms/sediments
of uncertain morphostratigraphic position.
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These
limitations
notwithstanding,
genetic
interpretation of Kuumbi Cave (and its wider landscape)
is constrained by the following considerations:
• A late Quaternary time frame. As discussed, a
tenuous chronology for the formation of the
overcave terrace is the later part of the MidPleistocene (tentatively MIS 7: sometime between
240,000 and 190,000 BP).
• Scarcity of surface drainage and stream incision
across the Jambiani terraces. This probably
suggests that much of the rainwater falling on
the surface of this – presumably very porous –
sediment recharges the carbonate aquifer at the
expense of surface runoff. Development of kastic,
alongside primary, porosity to take up this
recharge must have occurred relatively rapidly,
early post-emergence: rapidly enough to prevent
the incision of surface drainage.
• Multi-storey, step-like regional karst, that overall
‘mirrors’ the terraced surface morphology. Each of
the two principal terrace levels (25 and <12 m) is
underlain by caves.
• Underground karst is not intercepted by surface
erosional landforms. None of the (few) visited
caves are cut by terrace cliffs or escarpments.
Kuumbi and other caves open to the surface via
collapse openings and (fewer) solution pipes.
• Abundance of cupolas, cusps and other phreatic
dissolution features.
• Well developed speleothems, the bulk of which
seems to predate most of the detrital sediment fill.
Flank margin speleogenesis
The congruence between surface terraces and underterrace cave levels at Jambiani probably reflects an
intimate, syngenetic relationship between sea level
stands and littoral speleogenesis. Such a link is
becoming increasingly recognised in carbonate islands
and coastal regions throughout the world. The model
of ‘flank margin speleogenesis’, originally proposed
to interpret cave formation in relatively young (Late
Cainozoic), eogenetic limestones, and its subsequent
evolution into the more generic and nuanced Carbonate
Island Karst model emphasise the critical speleogenetic
role of the freshwater lens – a feature highly responsive
to sea level change (Mylroie & Carew, 1990; Frank et
al., 1998; Mylroie et al., 2001; Fratesi, 2013; Mylroie,
2013). Various processes operating at the seaward
(halocline: fresh and seawater mixing zone) and upper
(groundwater table) boundaries of this lens promote
undersaturation of circulating aqueous solutions
in CaCO3, limestone dissolution and the removal of
dissolution products. These processes include mixing
corrosion (c.f. Bögli, 1980), convection generated by
temperature, salinity and (other) density differences
and, also, by the pumping effect of tidal flows (potentially
a very significant process in Zanzibar’s macrotidal
coasts), and accumulation of organic debris around
groundwater table levels, where percolating meteoric
fluids meet slow moving, phreatic water. Accelerated
dissolution at the (sea level-controlled) distal margin
of the freshwater lens results in formation of flank
margin caves of characteristic morphology, at levels
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associated with former sea level stillstands (Mylroie &
Carew, 1990; Mylroie at al., 2001; Mylroie, 2013 and
references therein).
The ‘spongework maze’ plan of Kuumbi Cave,
probably evolved from original porosity that comprised
interconnected pores rather than joints (Klimchouk,
2009), is consistent with the overall architecture
of flank margin caves in other geologically young
carbonate islands (e.g. Guam, the Bahamas, Puerto
Rico, Frank et al., 1998; Mylroie et al., 2001).
Centimetre-scale elliptical pores distributed at distinct
horizontal level(s) in the cave (parallel to, and in part
constitutive of the wall ‘notch/-es’) may exemplify the
dimensions and geometry of early karstic porosity,
before large chambers had developed.
Cupolas, hemispherical holes and other upwarddirected solution landforms, abundant in Kuumbi Cave,
are common in flank margin caves, as much as they are
in hypogene caves formed in confined aquifers (Mylroie
et al., 1995; Osborne, 2004; Klimchouk, 2009; Mylroie
& Mylroie, 2009; Palmer, 2011). In the envisaged coastal
setting of early Kuumbi Cave, tidal pumping may have
been a critical driver of aggressive flows some distance
from the shore: borehole evidence suggests that tidal
brackish groundwater extends for ca. 2-3 km inland
from the Jambiani shore, under the ≤ 12 m terraces
(United Nations, 1987; Bron Sikat, 2011).
Figure 11 summarises our proposed reconstruction,
based on what evidence is available at present. This
reconstruction is in effect a set of hypotheses to be
further refined and tested through geochronology,
fieldwork and sediment analyses. We interpret
Kuumbi and other Jambiani caves as successive
generations of flank margin caves, initially formed at
around groundwater table level, underneath newly
emergent marine terraces. Terrace and cave formation
were thus largely concurrent, diachronous processes,
driven by the interplay between glacio-eustatic sea
level change and crustal uplift of Zanzibar, and
extending over several sea level cycles.
Formation of the 25 m terrace and its underlying
caves: later Mid-Pleistocene (MIS 7 to 6)?
Deposition of the “Older Azania Limestone”
The cave’s host rock, bivalve-gastropod packstone/
grainstone of the Older Azania Limestone, was
deposited in the warm shallow sea that flooded
much of the island during a sea level highstand that
predated the Last Interglacial. Its depositional setting
was probably that of a relatively low-energy back-reef,
similar to the shallow lagoons and platforms that
fringe present-day Zanzibar.
As discussed, the age of the Older Azania Limestone
is unknown. Notwithstanding this uncertainty, and in
analogy with inferences made for other East African
Pleistocene limestones at similar altitudes (see above),
we propose, as a working hypothesis, the correlation
of the Older Azania Limestone with the penultimate
interglacial, MIS 7. During the three ‘optimal’
highstands of MIS 7 (MIS 7e, 7c, 7a; the former lasting
for ca. 5,000 years; the latter two for ca. 8,000 years
each), eustatic sea level is estimated to have ranged
from -15 and to -5 m below present (Siddall et al.,
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Fig. 11. Inferred late Quaternary evolution of Kuumbi Cave and its wider landscape (see text).
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2006 and references therein). MIS 7 thus afforded
about 21,000 years of relatively elevated sea level.
Erosion of the terrace platform and deposition of one
(or more) carbonate unit(s) took place during one (or
more) of these highstands.
Formation of Kuumbi’s proto-caverns
Late Quaternary highstands included long periods
during which sea level was high, yet lower than the
maximum levels attained during each highstand (Fig.
11b). If the correlation of the Old Azania Limestone
with MIS 7 is valid, ‘suboptimal’ highstand conditions,
during which sea level was between -30 and -20 m
below present, extended for ca. 25,000 years. Moderate
drop of eustatic sea level (and, perhaps, the filling of
accommodation space by the aggrading/prograding
carbonate platform), resulted in repeated(?) emergence
and subaerial exposure of parts of the carbonate
platform and submersion of the limestone aquifer
in a freshwater/brackish water lens. The onset of
flank margin speleogenesis, therefore, may have been
broadly contemporaneous with (phases of) limestone
deposition and terrace formation. Even if the tenuous
correlation of the Older Azania Limestone with MIS
7 proves invalid, this reasoning may be applicable to
other Pleistocene highstands.
Pulses of crustal uplift may have also induced or
accentuated relative sea level drop during highstands.
Our current understanding of late Quaternary
tectonics of Zanzibar, however, is too sketchy to permit
evocation of tectonic factors at these timescales.
During such ‘suboptimal’ highstands, groundwater
that permeated the porous, newly emergent
limestone (probably largely uncemented lime sand/
ooze immediately post-emergence) circulated mainly
by diffuse, ‘Darcynian’ flow in an initial network of
interparticle and incipient dissolution pores (unlike
the fissures and conduits of cemented, telogenetic
limestones: c.f. Mylroie & Carew, 1990; Vacher &
Mylroie, 2002). These pores provided early foci for
karstic dissolution: progressively enlarging porosity
from which larger cavities were to evolve. Much of this
solutional porosity may have emerged fairly rapidly,
from preferential dissolution of aragonitic skeletal
grains (calcareous green algae plates, whole mollusc
shells, scleractinean corals, etc.). Aragonitic grains,
unstable in meteoric and mixed water diagenetic
environments (Choquette & Pray, 1970; Longman,
1980), probably abounded in Older Azania Limestone.
Mollusc-mouldic pores, like those ubiquitous on the
present-day cave walls (Fig. 3d), may thus provide an
analogue for incipient karstic porosity.
Incipient flank margin caves, produced by such
(largely) even, ‘uncompetitive’ cavity enlargement,
were aligned with the – then – watertable level. The
latter is currently poorly constrained, but appears to
have stood only a few metres below the 25 m terrace.
Higher-order fluctuations of the groundwater table
during the formative highstand (cf. Esat et al., 1999)
may have resulted in repeated draining and flooding
of proto-Kuumbi Cave (and other flank margin caves).
Notches and subaqueous speleothems in Kuumbi
Cave may, therefore, date from these early stages (or
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from later reflooding or freshwater pooling in the cave:
current evidence is too sketchy to permit inferences to
be drawn with any confidence).
Draining of the cave
Eustatic sea level fell dramatically on the wane of
the last MIS 7 highstand (MIS 7a). In terminal MIS 7
and MIS 6 (ca. 180,000-135,000 BP), it ranged from
-60 to -120 m below present (Siddall et al., 2006; Fig.
11c). This (composite) sea level lowstand resulted in
prolonged emergence of the Zanzibar shelf, seaward
migration of the littoral (perhaps near the shelf-break
off the eastern Zanzibar coast), and corresponding
drop of the groundwater table.
Groundwater table drop probably drained Kuumbi
(and other caves under the 25 m terrace) for several
tens of thousands(?) of years. Water pooling on the
cave floor, if present, was probably short-lived, during
periods of high rainfall.
Pedogenesis on the overcave terrace, now a low relief
surface some distance from the shore, resulted in the
development of regolith and soil. Vestiges of cemented
regolith on the 25 m terrace may thus date from this
period (or from later Pleistocene times). Fines infiltrated
through this inferred soil mantle may have fed some
of the earliest(?) detrital deposits in Kuumbi Cave,
Unit I red siltstone (Fig. 7). Also, some of the earliest
subaerial speleothems in the cave may have formed
during this period of prolonged vadose conditions.
Flank margin speleogenesis may have progressed in
the seaward parts of the exposed limestone platform
during this prolonged sea level lowstand. The form
and extent of caves dating to this period is unknown,
since such caves, if extant, are now undersea.
Sea level drop must have induced a steep topographic
gradient in eastern Zanzibar. The absence of canyons
incised through the 25 m terrace possibly suggests
that drainage of (the inner parts of) the exposed shelf
was taken up by already well developed underground
cavities, but direct evidence for turbulent stream flow
(e.g. wall scalloping) is absent. Near-surface cavities
may have linked up with even deeper karst though
a process of karstic undercutting, but evidence for
this is currently lacking, as the lower reaches of the
Jambiani karst are inaccessible or unexplored.
Formation of the ≤12 m terrace(s) and caves: Late
Pleistocene (MIS 5)?
‘Younger Azania Limestone’ and terraces
Eustatic sea level rose again and the warm shallow
sea transgressed the eastern Zanzibar shelf. The
shallow-marine carbonates of the ‘Younger Azania
Limestone’ (coral bioherms and coral-algal rudstones
on and around reefs, grainstones in beaches and
backreef shoals), were deposited as a result. In the
stratigraphic scheme proposed here, Younger Azania
Limestone deposition is attributed to one (or more?)
highstand(s) of the composite MIS 5 (ca. 130-70,000
BP) – perhaps around MIS 5e (ca. 128-115,000 BP),
when sea level was between 0 and + 6 m (Siddal et
al., 2006). Several closely spaced, mainly(?) erosive
marine terraces from +12 m to present sea level may
have resulted from coastal erosion during shorter-
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lived, intra-MIS 5 highstands (Lambeck & Chappell,
2001; Siddall et al., 2006; Fig. 2).
Formation of Kikuaju and neighbouring caves
Large parts of the Last Interglacial carbonate shelf
became emergent repeatedly during suboptimal intraMIS 5 highstands. Recapitulation of the diagenetic
and cave-forming processes that had previously
affected the ‘Older Azania Limestone’ resulted in a
younger generation of – apparently smaller – flank
margin caves under the ≤12 m terraces. Kikuaju A
and B (and, perhaps, other caves under the Jambiani
coastal plain) probably formed in this period (Fig. 11e).
Last Interglacial speleothems?
Kuumbi Cave probably remained emergent, or only
partly submerged (in optimal highstands, and/or due
to water pooling during most of the Last Interglacial.
Regional climate was probably warm and moist, with
at least ca. 10,000 years of monsoon (Yuan et al.,
2004; Chiang, 2009). We hypothesise that much of
the speleothem deposition in Kuumbi Cave (Units
St, II) dates from the Last Interglacial. High rainfall
and prolific vegetation growth and pedogenesis on
the overcave terrace may have enhanced limestone
dissolution in the epikarst and deposition of vadose
speleothems in the cave. Possible subaqueous
speleothems (mammillates, shelfstones) may also
date from Last Integlacial flooding of the cave floor,
but their relative dating is uncertain.
Vadose to open cave: Late Pleistocene (MIS 4 to 2)
Drained caves and terminal Pleistocene speleothems
Base level fell on the wane of the Last Interglacial,
from -60 m in MIS 3 times to -120 m in the LGM (Siddall
et al., 2006). This prolonged Late Pleistocene lowstand
resulted in groundwater table drop and emergence
of under-terrace caves, as coastal speleogenetic
environments migrated seawards (perhaps to the
shelf break/shelf slope east of the Jambiani coast).
It is possible that underground karst formed during
this prolonged but multi-phase lowstand, but its
configuration and hydraulic connectedness with
highstand caves, such as Kuumbi and Kikuaju, are
unknown. Flank margin caves resulting from lowerthan-present sea level highstands during MIS 3
(-50 to -60 m) may lie submerged offshore; however,
their presence and distribution are unconfirmed.
Subaerial speleothems were probably deposited in
both Kuumbi and Kikuaju caves in this later part of
the Pleistocene. Much of the speleothem deposition
may have occurred during warm and moist phases
(e.g. MIS 3), and, also, in terminal Pleistocenebeginning of the Holocene, before rising sea level
partially submerged caves under the ≤12 m terrace(s)
(e.g. Kikuaju cave ‘springs’) in brackish water.
Opening of Kuumbi Cave
Drained of groundwater that had provided
hydrostatic support, and undermined by earlier
dissolution, Kuumbi Cave was structurally unstable
and prone to collapse (cf. Gillieson, 1996; Osborne,
2002). Collapse events may have occurred several

times in the history of Kuumbi and other caves in the
region (as manifest by the numerous collapse dolines
that dot the Jambiani terraces).
The earliest documented collapse event in Kuumbi
Cave (manifest by the Unit IIITR10 collapse boulders)
probably dates to the Late Pleistocene, before ca.
25,000 cal. BP (the earliest radiocarbon dates,
from landsnail in interboulder colluvial fill space:
c.f. Sinclair et al., 2006). This event transformed a
substantial part the cave into a collapse doline.
Collapse blocks remained exposed to the elements
for a long period before their burial by red colluvium
(Unit IVTR10), as episodic sheetwash, debris flows and
small runnels scoured the slope and overcave surface.
Much of this colluvium appears to have been derived
from erosion of a red soil. Soil erosion may have
been enhanced by low/sparse vegetation – perhaps
shrubland or open woodland. These entrance colluvia
possibly reflect arid climatic conditions, consistent
with those prevailing over much of equatorial East
Africa during MIS 2, when monsoonal circulation was
severely weakened (Yuan et al., 2004; Kiage & Liu,
2006; Barker, 2007; Chiang, 2009).
Opening of the cave amounted to a radical
refashioning of its physical environment (temperature,
PCO2, air circulation, humidity) and ecology. These
changes must have impacted on carbonate equilibria
dynamics in recharging solutions, and thus on the
rate of speleothem deposition. Air circulation through
the enlarged entrance(s) also caused localised erosion
of speleothems at this and later times. From this
point onwards, Kuumbi Cave has been accessible to
large plants (e.g. tree roots) and animals, including
humans. Significantly, the earliest shells of Achatina
landsnails occur in interstices between Unit IIITR10
collapse boulders.
Kuumbi’s first humans
It is in this entrance talus that the earliest definitive
evidence for human presence in and around Kuumbi
Cave was discovered by earlier researchers (Sinclair et al.,
2006; Chami, 2008) and confirmed by our excavations:
a dense accumulation of Achatina landsnails comingled
with marine molluscs, mammalian remains, charcoal
and lithics, dated to ca. 18,500-17,000 cal. BP. Scarce
charcoal and marine molluscs in underlying sediments
raise the possibility of even earlier sporadic human
presence. The terminal Pleistocene foragers who
inhabited Kuumbi Cave preyed upon a diverse array of
mammals, including zebra, buffalo and several other
taxa currently extinct in Zanzibar.
Abandonment, re-occupation
change: Holocene (MIS 1)

and

landscape

Colluvial deposition continued on the entrance
talus and elsewhere in the cave in Holocene times.
A paucity of radiocarbon dates between the terminal
Pleistocene and late Holocene may indicate that the
cave (and its surroundings?) became depopulated in
early Holocene times. Holocene sea level rise resulted
in rapid transformation of Zanzibar into an island
ca. 11,000-10,000 cal. BP (Ruby, pers. comm. 2015).
Links between the rapidly changing island landscape
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and the demographic and ecological responses
of Zanzibar’s human and (other) mammalian
inhabitants are being investigated through ongoing
faunal analyses, palaeogeographical modelling and
environmental reconstruction.
Later Holocene near-entrance sediments at Kuumbi
Cave largely consist of human-deposited debris with
terrestrial and marine animal remains, LSA lithics
and, in the upper parts, Iron Age pottery (Unit VIITR10),
indicating intensification of human habitation in
and around the cave. Cave users practiced a broad
spectrum foraging economy that showed considerable
continuity over time (Shipton et al., in press).
Ubiquitous marine shell and small amounts of fish
bone demonstrate that Kuumbi Cave was part of an
inhabited landscape that extended to the ocean shore
and the shallow shelf beyond.
The presence of a shallow, presumably Holocene,
carbonate crust and correlative CaCO3-cemented
floor deposits in the inner cave floor manifests a
shift in cave depositional dynamics: accelerated
rates of carbonate deposition may reflect changes
in the hydrologic regime and/or sediment dynamics
in the cave catchment, the 25 m terrace. These
changes may have been driven by Holocene climate
change, changing human practices of land use, or the
combined effects of both.
Ongoing reorganisation of the cave’s environment,
triggered by further, localised ceiling collapse,
probably resulted in an overall drier cave atmosphere,
and, also, in insolation of a large part of the cave.
Photosynthetic algal communities (that cover much
the present cave walls) may have been a major agent
of bioerosion, contributing copious quantities of fine
carbonate matrix (cf. Northup & Lavole, 2001).
The last few centuries
Human presence in Kuumbi Cave appears to have
been sporadic in these later times, as indicated by
the lower frequency of material culture and other
human-induced deposits in late Holocene Unit IX.
Oral tradition, as recorded by Chami (2008), hints at
a lull in human use and, even, knowledge of Kuumbi
Cave: reportedly, the cave was rediscovered by a
couple searching for a place ‘to consummate their
relationship’. This tradition also records the presence
of a water pool in the rear part of the cave, presumably
caused by a somewhat elevated watertable.
Human visitation in the very recent past may have
been mainly for drawing water from the cave well,
conducting spirit worship rituals (c.f. Chami, 2008),
and, in the last decade, tourism.

CONCLUSIONS
Kuumbi Cave, on the eastern Zanzibar littoral,
is one of several caves under a flight of Pleistocene
marine terraces. Terraces and caves formed in two
porous limestone units, an older one, tenuously
correlated with the Penultimate Interglacial highstand
(MIS 7) – but which could also be much older, and
a younger one, correlated with the Last Interglacial
(MIS 5). Speleogenesis and terrace formation are
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interpreted as broadly contemporaneous (i.e. within
the same Milankovitch-scale glacioeustatic cycle),
shaped by the interplay between glacioeustatic sea
level change, karstic dissolution around highstand
groundwater tables, and ceiling collapse, in a coast
undergoing crustal uplift, perhaps at the order of ca.
0.10-0.20 mm/yr.
Kuumbi Cave formed as a flank margin cave during
‘suboptimal’ highstands, by dissolution around
the seaward parts of the freshwater lens when sea
level/groundwater table was a few metres under the
emergent carbonate shelf (25 m terrace). Phreatic
to epiphreatic speleogenesis in these early phases
resulted in the formation of a spongework maze, with
cusps and upward-directed solution cavities (cupolas).
Early-stage speleogenesis progressed fast enough for
nascent underground porosity to take up much of the
drainage of the overcave terrace. Rapid dissolution
may have been favoured by high primary porosity and
the unstable, aragonitic composition of skeletal grains
in the limestone aquifer. A proposed period of early
speleogenesis is the Penultimate Interglacial (MIS 7).
Lowering of the groundwater table in sea level
lowstands (intra-MIS 7 lowstands?; MIS 6?) resulted
in repeated draining of Kuumbi Cave. The earliest
detrital sediments and carbonate speleothems may
date from these times (especially from MIS 6), but
geochronological confirmation is wanting. Possible
subaqueous speleothems record episodes of cave floor
flooding, perhaps triggered by high-order sea level
cyclicity and/or water pooling.
Marine transgression of the Zanzibar littoral in the
Last Interglacial resulted in limestone deposition
(probably in MIS 5e) and terrace formation (≤12 m
terraces). Flank margin caves formed under these
terraces during suboptimal, intra-MIS 5 highstands.
These caves were drained and transformed to vadose
chambers in the course of Late Pleistocene (MIS 4
to 2) sea level/groundwater table fall. High rainfall,
lush vegetation and well developed soils in the warm
and humid Last Interglacial may have promoted
deposition of vadose speleothems in caves under the
higher, 25 m terrace. We hypothesise that many of
Kuumbi Cave’s speleothems date from this period.
Late Pleistocene (but pre-ca. 22,000 cal. BP)
collapse of part of the Kuumbi Cave ceiling, already
undermined by earlier phreatic dissolution, amounted
to major reorganisation of the cave environment.
From this point onwards, Kuumbi Cave received large
quantities of detrital sediment from the overcave
surface and was accessible to large surface biota.
Near-entrance sediments record the evolution of an
entrance talus from this terminal Pleistocene collapse
to the present. Colluvia burying collapse boulders
resulted from erosion of a seemingly drier, more
sparsely vegetated terminal Pleistocene (ca. 22,000
cal. BP) landscape. Later talus sediments include
terminal Pleistocene (18,500-17,000 cal. BP) deposits
of Achatina spp. landsnails and other fauna, associated
with human occupation and, after a prolonged
habitation hiatus, later Holocene colluvia and floor
deposits with diverse human inputs: terrestrial
snails and marine mollsucs, vertebrate bones, ash
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and charcoal, lithics, and, in shallower strata, Iron
Age ceramics. Erosional surfaces and palaeofloors
suggest that sediment deposition was discontinuous,
with pulses of sediment flux, separated by periods of
little deposition and/or erosion.
Inner cave deposits include the filling of floor
depressions by silt and bat guano and later floor wash
deposits with no apparent human inputs.
A shallow flowstone crust and correlative CaCO3cemented floor, may record a late(?) Holocene shift
in cave depositional dynamics. This may have been
caused by regional climate change (increase in rainfall
rates), and/or human-mediated vegetation change on
the overcave terrace.
In recent times Kuumbi Cave has been a ritual
space, seasonal water resource, marker of Swahili
heritage and identity, and a tourist destination of
growing importance. The cave and its wider landscape
are highly significant – and contested – places for
members of the Jambiani community. Future research
on these landforms should engage actively with their
local users and custodians.
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Abstract:

Keywords:

Hermannshöhle is a show cave located near Kirchberg/Wechsel in Lower Austria. Together
with three nearby and genetically connected caves, it forms the Hermannshöhlen cave system
(HHS). With a length of 5 km, the HHS is the longest cave in the Lower Austroalpine unit. It
is arranged as an extreme three-dimensional maze on a ground area of 200 x 200 x 82 m.
Speleothems are abundant in this cave and represent the focus of this study. Low carbon
isotope values indicate the presence of a soil-covered catchment above the HHS during times
of speleothem deposition. 28 samples were dated by the 230Th/U-method and, in combination
with palaeomagnetic data from a 5 m-high sediment profile, indicate multiple phases of
sediment infill and erosion in the HHS. Although parts of the cave system are nowadays
located at or below the level of the nearby Rams brook, they fell dry already at least 125 ka
ago. The presence of 540 ka-old speleothems in the middle level demonstrate that this level of
the HHS is at least about half a million years old, and the upper level is probably considerably
older. A direct correlation between the cave and the modern surface morphology is therefore
not possible. The observation that the palaeo-drainage direction in the HHS is perpendicular
to the modern surface runoff also demonstrates the occurrence of a major reorganisation of
the hydrological regime since the formation of the HHS. The new chronological data allow to
constrain the evolution of the HHS as well as its catchment. An average valley incision rate of
roughly 100 m/Ma was obtained, which is consistent with studies of other regions in the Alps
unaffected by the Pleistocene glaciations. The spatial and temporal distribution of the dated
speleothems as well as the lack of corroded flowstone indicate a single major speleogenetic
period under phreatic conditions and support a continuous lowering of the groundwater table.
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INTRODUCTION
Hermannshöhle is a speleothem-rich cave near
Kirchberg/Wechsel in the South of Lower Austria, parts
of which are developed as a show cave. Shaped like an
extreme three-dimensional maze, Hermannshöhle is
the longest cave in the Lower Austroalpine unit (Pfarr
et al., 2014). Three neighbouring caves (Antonshöhle,
Mäanderhöhle and Rauchspalten) appear to be
genetically linked to Hermannshöhle (Hartmann et al.,
1997; Schober et al., 2014). Together these caves form
the Hermannshöhlen cave system (HHS), with a total
corridor length of almost 5 km and a spatial extent
*lukas.plan@nhm-wien.ac.at

of only 200 x 200 x 82 m. The HHS is an example of
a well-developed contact karst system. Besides some
drip-water sites and a few pools, the cave system is
vadose, although it reaches below the level of the
nearby Rams brook at some points.
Several authors studied the speleogenetic evolution
(Kempe & Mrkos, 1991; Mrkos, 1997) and the clastic
sediments (Seemann, 1997) of the HHS. Seemann et
al. (1997) reported results of eight speleothem samples
from three different locations in the HHS, seven of
which were analysed by 14C and six samples also
dated by the 230Th/U-method (alpha-spectrometry).
The radiocarbon values were inconclusive, and
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the
Th/U-ages ranged from about 42 to about
289 ka with very large uncertainties. A recent study
(Schober et al., 2014), using modern approaches of
speleogenesis (e.g., Klimchouk et al., 2000; Palmer,
2007), emphasises the role of paragenesis in the
HHS cave formation.
This study focuses on the chronology of the
HHS using state-of-the-art MC-ICP-MS 230Th/Udating of speleothems. In addition, a fine-grained
sediment profile was investigated palaeomagnetically.
Furthermore, the carbon and oxygen isotopic
composition of speleothem samples was analysed.
These data allow to constrain the evolution of the
HHS in relation to the surrounding valleys and the
long-term surface incision rate.
230

TOPOGRAPHIC AND GEOLOGIC SETTING
The HHS is located in the Eulenberg hill near
Kirchberg am Wechsel in southern Lower Austria, an
isolated block of weakly metamorphic (greenschist
facies), banded calcite marble (Faupl, 1970; Seemann,

1997). These Middle Triassic carbonates (Tollmann,
1959; Herrmann et al., 1992) are mainly white to
grey or greyish-blue, fine-crystalline and belong to
the Lower Austroalpine Semmering-Wechsel-Unit
(Schmid et al., 2008). For further details on the
structural setting, see Schober et al. (2014).
The HHS was probably fed by the precursor of the
Rams brook, which borders the Eulenberg in the East
and originates in the non-karstic Palaeozoic gneissand-schist-complex, which adjoins the marble in the
North (Fig. 1). Thus, the HHS represents an example
of a contact karst setting (Fig. 2). Small ponors were
observed in the Rams brook during river regulation,
indicating a modern, actively draining karst system,
which, however, is not accessible (Mrkos, 1997). The
local base level, the Otter brook, is located in the
Kirchberg valley south of the HHS and flows eastwards.
This area is covered by Quaternary sediments (580 m
asl) overlying the Neogene infill of the Kirchberg pullapart-basin (Ebner et al., 1991). The tectonic basin
was formed during the lateral extrusion of the Eastern
Alps, the last major phase of the Alpine orogeny.

Fig. 1. Detailed geological map of the investigated area, modified after Schober et al. (2014). The white polygon indicates the modern catchment
of the Rams brook above the HHS. The yellow frame marks the map shown in Fig. 2. Modified after Herrmann et al. (1992) using laser scan data,
courtesy of the federal government of Lower Austria (coordinate system: UTM 33N).

SPELEOGENESIS, CAVE MORPHOLOGY
AND SEDIMENTS
The following represents a short overview of the
major speleogenetic features of the HHS. For a detailed
map, measurements and discussion see Schober et

al. (2014). The most striking morphologic feature of
the HHS is its maze pattern, which is unique in the
Eastern Alps. It ranges from 597 to 679 m asl and
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 height (Großer Dom).
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Fig. 2. Topographic overview map of the Hermannshöhlen cave system and its surroundings (based on an
unpublished cave map by Eckart Herrmann, 1989). Note the border between karstic carbonate and non-karstic
crystalline rocks. The blue arrows indicate the westwards palaeo-flow, perpendicular to the direction of the
present-day Rams brook and opposite to the Otter brook. Samples and sample locations are labelled. Modified
after Schober et al. (2014).

Although virtually all passages are canyon-shaped,
the cave shows exclusively phreatic features, and
– in contrast to what has been suggested in earlier
studies (e.g., Kempe & Mrkos, 1991) – no indications
of a vadose or epiphreatic speleogenesis. A hypogenic
origin of the cave was also considered, but apart from a
few cupolas (e.g., at the upper entrance) no supporting
evidence was found. The primary morphological microand mesoscale features are paragenetic in origin,
dominating almost the entire cave (for a review on
paragenesis, see e.g., Pasini, 2009; Farrant & Smart,
2011; Plan, 2013). Nearly all corridors are paragenetic
canyons (Fig. 3), and most of the overhanging parts
show well-developed paragenetic ceiling channels as
well as pendants. Paragenetic dissolution ramps and
paragenetic bypass tubes are abundant.
Scallops are abundant especially in the lower parts
of the cave, indicating flow velocities of up to 1.5 m/s.
Cross-cutting relationships show that the scallops are
older than the paragenetic features (Schober et al.,
2014). Scallops are mostly absent above 645 m asl,
which could be due to a longer exposure to condensation
corrosion at higher altitudes. The scallops and rare
imbrication of gravels indicate a general westward
directed palaeo-flow. This is surprising as the modern
surface water discharges perpendicularly (Rams

Fig. 3. Upper part of a typical paragenetic canyon with
remnants of clastic sediments below the ceiling on the right.
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brook) and in the opposite direction (Otter brook),
respectively (Fig. 2). The resurgence of the modern
karst water would be expected at the south-eastern
edge of the marble near the confluence of the Otter
and the Rams brook. However, no springs are present
there (probably buried by Quaternary sediments).
In virtually all cave passages the floor is covered by
thick layers of clastic sediment or flowstone, which
also clog many passages. Hence, the apparent cave
floors that resemble storeys within the cave system
do not provide information about the host-rock base
of the gallery, thus concealing the true extension
of the cave.
The extensive sediment infill presumably led to the
formation of the extreme maze character (e.g., Farrant
& Smart, 2011). Following pulses of clastic sediment
input, the repeated clogging of preferred water paths
favoured the enlargement of parallel corridors. Short
flow paths within the cave system and high discharge
along many alternate routes led to the equal widening
of concurring corridors. Furthermore, the sheer
presence of the sediment enhances the impression
of a labyrinth: several ceiling canyons of individual
conduits appear as independent features where
the conduit is filled almost entirely by sediment.
Remains of the extensive sediment fill are present
throughout the cave system. Partly cemented relics
of former sediment layers including sandstones and
conglomerates can be observed all the way up to the

ceiling of many passages. The sediment contains
mainly allochthonous components, i.e., schists and
gneisses from the area north of the Eulenberg, as
also shown by heavy-mineral analyses (Seemann,
1997). The grain size ranges from clay to cobbles
with a diameter of up to 30 cm. Little autochthonous
sediment is present, mainly consisting of local rock
debris and only a few poorly rounded marble cobbles
(Schober et al., 2014).
The HHS contains abundant active and inactive
calcitic speleothems. These include flowstones,
stalactites, stalagmites, draperies, coralloids, helictites,
a shield, moonmilk, rimstone pools and calcite rafts.

METHODS
Th/U-dating
30 speleothems from various locations within the
Hermannshöhle and the Rauchspalten were sampled
(Figs. 2 and 4). Three stalagmites as well as one
flowstone were sampled using a hand-held cordless
electric drill, extracting about 8 mm diameter cores.
The remaining six stalagmites and 20 flowstones were
broken from the wall (mainly at artificially enlarged
parts of the tourist trail) using a hammer and chisel.
Two samples were discarded during pre-sorting due
to visible detrital contamination. The remaining
28 samples were cut with a diamond saw and processed
for MC-ICPMS 230Th/U-dating. Sample preparation and
230

Fig. 4. Highly simplified longitudinal section of the Hermannshöhlen cave system (modified after Hartmann & Hartmann, 1997) showing the location of
the dated speleothems. Locations of samples HH5, HH39, HH42, and HHX are projected onto the map. See Fig. 2 for a plan view of the cave system.

analysis were performed at the Max Planck Institute for
Chemistry, Mainz, Germany, using a Nu Plasma MCICPMS. Briefly, the samples were weighted, dissolved
in 7N HNO3, and spiked with a mixed 233U-236U-229Th
solution. Details on the calibration of the spike are
given in Scholz et al. (2014) and Žák et al. (2012).
The samples were then evaporated and treated with
a mixture of concentrated HNO3, HCl and H2O2 in
order to destroy potential organic material. Then,
the samples were dried down again, dissolved in 6N
HCl, and U and Th were separated using classical ion
exchange columns (see Yang et al. (2015) for details).
A detailed description of the MC-ICPMS procedures
is given by Žák et al. (2012). All activity ratios were

calculated using the decay constants of Cheng et al.
(2000) and corrected for detrital Th assuming a bulk
Earth 232Th/238U weight ratio of 3.8 for the detritus
and 230Th, 234U and 238U in secular equilibrium.
Stable isotope analysis of speleothems
Samples for oxygen and carbon isotope analysis were
hand-drilled from cut surfaces of speleothems as well
as two marble samples. The analyses were performed
at the University of Innsbruck using isotope ratio
mass spectroscopy (ThermoFisher DeltaplusXL with
Gasbench II). The results are reported in per mil on
the VPDB (Vienna Pee Dee Belemnite) scale. See Spötl
& Vennemann (2003) for further analytical details.
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Palaeomagnetic analyses
A sediment profile at the end of Teichkluft (Fig. 2),
a paragenetic canyon, was chosen for palaeomagnetic
analysis. It is made up by a complex sequence of
varicoloured clays (brown and purple colours prevail)
and yellow micaceous clayey sands (Fig. 5). The
profile is covered by a flowstone that was dated by the
230
Th/U-method (sample HH5). The cave wall is highly
corroded, and the layered sediment sequence shows
minor erosion features, such as small channels.
In some parts, the sediment is coated by a Fe-Mncrust. The profile has been disturbed by previous
excavations, but several segments are still intact and
suitable for high-resolution palaeomagnetic sampling
(Bosák et al., 2003; Zupan Hajna et al., 2008). A
total of 66 sediment samples and one speleothem
sample were taken at intervals of 2 to 9 cm along a
vertical range of 5 m. Unconsolidated sediments were
sampled using 2 x 2 x 2 cm boxes (Fig. 5) made of
nonmagnetic plastic (Natsuhara Giken Co., Ltd.,
Japan). The speleothem sample was cut to three 2 x
2 x 2 cm cubes in the laboratory. All specimens were
sampled in oriented mode.

Fig. 5. Lower section of the sediment profile analysed for
palaeomagnetics. The height of the scale is 80 cm.

The palaeomagnetic analyses were conducted in
the Laboratory of Palaeomagnetism, IG CAS, v. v. i.
in Praha–Průhonice. All samples were demagnetised
by alternating field (AF), and one speleothem sample
was demagnetised thermally (TD). The procedures
were selected to allow the separation of the respective
components of the remnant magnetisation (RM) and
the determination of their geological origin. For a
detailed description of the methodology of sampling
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and data acquisition, processing and interpretation
see Zupan Hajna et al. (2008).

RESULTS
Th/U-dating
28 speleothem samples were dated by the 230Th/Umethod, three of which were measured twice (HH17,
HH23 and HH24). The results are presented in
Table 1. The samples show a broad age spectrum,
ranging from approximately 1 ka (HH14) to >500 ka
(HH7, HH23, HH24). These old ages (also including
HH8 and HH39) approach the limit of the 230Th/Umethod (Scholz & Hoffmann, 2008), and should be
considered as minimum ages. This is also reflected by
their large analytical errors (Table 1). Some samples
have a relatively large content of detrital 232Th, which
must be accounted for (Scholz & Hoffmann, 2008).
This is reflected in a (230Th/232Th) activity ratio <5
and a relatively large difference between the corrected
and uncorrected age (e.g., samples HH12 and HH13,
Table 1). All ages of nearby samples that can be
stratigraphically correlated are chronologically correct
and are therefore considered trustworthy.
Although all known parts of the HHS are located
above the regional water table, a few low lying
sampling sites (Wasserschloss, Rauchspalten) are
located at or even below the level of the Rams brook.
We initially expected that these parts became vadose
only recently, but the samples (HH32, HH33, HH35
and HHX) show remarkably old ages, indicating that
those passages became vadose for the first time at
least 125 ka ago already. In general, speleothem
samples older than 125 ka are only present in higher
cave parts.
At three locations (Ölberg, room with Wettertüre,
Kyrlelabyrinth) it was possible to establish a
stratigraphy of the flowstone layers that are separated
by clastic sediments. The Ölberg section is developed
in a paragenetic canyon and consists of a succession
of four flowstone layers (false ceilings) showing relics
of clastic sediments at their base. The uppermost
(HH1/4) as well as the third layer from the top (HH1/2)
were successfully dated, recording a time span of
ca. 100 ka between these two samples (Figs. 6 and 7).
After the sediment below the false ceilings had been
eroded, small stalactites formed on the underside
of the uppermost flowstone ceiling. One of these
stalactites (HH1/5) yielded an age of 113.0 ±1.8 ka,
i.e., 87 ka younger than the corresponding flowstone
it grew on. These data indicate that this part of the
HHS had already become vadose ca. 300 ka ago
and within a time span of ca. 190 ka the sediments
were deposited and later eroded without significant
corrosion of the false flowstone ceilings.
230

Stable Isotope Analysis
The stable isotope composition of HHS speleothems
shows a large range, from -10.3 to +0.9 ‰ in δ13C and
from -10.7 to -4.8 ‰ in δ18O, but the majority of the
data cluster between -9 and -3 ‰ in δ13C and between
-8.5 and -6.5 ‰ in δ18O (Fig. 8). Values from modern
speleothems (stalactites, thin flowstone deposited on
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0.0081

0.0065

0.010

0.0079

0.0071

0.0080

0.0020

0.0075

0.0061

0.028
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±
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artificial substrate) overlap with those from inactive
speleothems. High δ13C values approaching 0‰
suggest strong kinetic isotope fractionation and partly
even overlap with the composition of the (marinederived) host rock marble (Fig. 8).

Fig. 8. The stable isotope composition of HHS speleothems scatters
widely: green and yellow symbols represent fossil and active
speleothems, respectively. Note strong kinetic isotope fractionation in
some samples (high carbon isotope values). Data of host rock marble
(orange squares) are shown for comparison.

The multi-component analysis of the remanence
shows that the samples have a two-component
RM. The A-component is undoubtedly of viscous
(weathering) origin and can be demagnetised in
Fig. 6. Sediment profile at the Ölberg paragenetic canyon.
the AF (0-5 up to 10 mT). The C-component is the
Within a time span of ca. 190 ka, episodic floodwater
most stable component against demagnetisation
deposited and later eroded sediments as recorded by false
sediment ceilings and stalactites formed beneath.
in the AF (15-40 up to 100 mT). For five samples,
the C-component could not be determined.
The mean palaeomagnetic directions of the
C-components for the normal polarity are
D = 2° and I = 56°, and for the reverse polarity
D = 171° and I = -28° , respectively (Table 3).
The data allowed the construction of a
detailed, high-resolution magnetostratigraphic
profile (Fig. 9). A semi-continuous record of
the magnetic and palaeomagnetic parameters
was obtained for intervals of polarity change.
Overall, the studied profile shows normal (N)
polarized magnetisation and two very short
polarity intervals (excursions) with reverse
(R) polarity (at 0.41 m and 2.19-2.26 m above
the base). Measurements of rock magnetic
properties and anisotropy of the low-field
magnetic susceptibility indicate mostly the
presence of an oblate, low coercivity magnetic
fraction, presumably magnetite. However, the
R polarity interval at 2.19–2.26 m revealed also
Fig. 7. Detailed view of the outcrop section as shown in Fig. 6. The ruler is 20 cm long.
another, higher coercivity fraction. Its identity
Palaeomagnetism and magnetostratigraphy
is unknown (probably higher haematite/goethite
A total of 69 oriented laboratory samples were studied
contents). Thus, this interval requires confirmation.
for their palaeomagnetic properties (Table 2). Studied
sediments are characterised by a natural remanent
DISCUSSION
magnetisation (NRM) intensity between 0.31 and
44.79 mAm-1 and volume magnetic susceptibility (MS)
The results show that parts of the HHS must have
values between 58.65 and 1392.93 x 10-6 SI units. The
become vadose already more than 500 ka ago. As
mean NRM and MS moduli values are listed in Table 2.
these old speleothems were found at middle altitudes
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Table 2. Mean value and standard deviation of the NRM and volume MS.
NRM
[mA.m-1]

MS x10-6
[SI]

Mean value

13.024

507.1

Standard deviation

11.074

364.4

Number of samples

69

69

Hermannshöhle

Interval
[m]*
0.02 - 4.95

* from base to top

Table 3. Mean palaeomagnetic directions obtained in the studied profile at the end of Teichkluft.
Sample No.

Polarity

Mean palaeomagnetic directions
D

I

α95

k

n

HH002-495

N

1.98°

55.69°

4.96°

13.04

61

HH041; 219-226

R

171.45°

-27.95°

9.49°

54.24

4

N – normal polarity, R – reverse polarity; D, I – declination and inclination of the remanent magnetisation
after dip correction; α95 – semi-vertical angle of the cone of confidence calculated according to Fischer
(1953) at the 95 % probability level; k – precision parameter; n - number of analysed samples

Fig. 9. Palaeomagnetic properties of the studied sediment profile. NRM –natural remanent magnetisation; MS – volume magnetic susceptibility;
D – palaeomagnetic declination; I – palaeomagnetic inclination; discriminant function of polarity zones (calculated after Man, 2008).
Polarity: white – reverse polarity, black – normal polarity; hatched – not sampled.

within the cave system, it is likely that the upper parts,
which are up to 40 m higher, are even older. Overall,
it is evident that older samples are exclusively present
in the higher parts of the cave, while younger ages are
more common in lower cave sections (Fig. 10). Even
low-lying cave passages, such as Wasserschloss,
already became vadose at least during the Last
Interglacial (ca. 125 ka), although they are located
at or even below the level of the nearby present-day
Rams brook.
The speleothems represent a minimum age
constraint on the phreatic formation of the respective
cave passage, and the data suggest a gradual lowering
of the karst water table. (Fig. 10). Furthermore, HHS
speleothems lack evidence of corrosion or other

damage suggesting that they were not affected by
significant corrosion during subsequent flooding.
The many residual false ceilings made of flowstone
capping clastic sediments indicate extended quiet,
vadose intervals between periods characterised by
intense sediment transport, deposition and erosion.
Therefore, clastic sedimentation and erosion appear
to have been short events. No evidence of a long-term
rise of the karst water table that had a significant
influence on the passage morphology was observed.
The only confirmed water table marks (by tube water
level, see Schober et al., 2014) are located in the
deepest parts of the HHS (Sandtunnel, Traumland).
They seem to correspond to each other and can be
explained by a local pool.
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Fig. 10. 230Th/U-ages of speleothem samples and their corresponding elevation in the HHS. Ages are shown with their 2-sigma
analytical uncertainties (Table 1). The green lines indicate the derived valley incision rates.

Both the cave morphological study (Schober et al.,
2014) and the radiometric data presented here suggest
a single continuous phase of phreatic speleogenesis
(Fig. 11). The 230Th/U-dates of speleothems and
detailed field work are inconsistent with a model of
multi-phase speleogenesis (that lacks specific criteria

for its differentiation) as proposed by Kempe & Mrkos
(1991). In our opinion, it is not possible to distinguish
different phases of speleogenesis or cave levels.
Epiphreatic and/or vadose speleogenesis cannot be
ruled out, however, but clear-cut evidence has not
been observed.

Fig. 11. Overview of the results of 230Th/U-dating of speleothems and palaeomagnetics in relation to the evolution of cave formation, sediment
deposition and erosion at each sampling site. Explanation: a: time in Ma before present; b: stratigraphic age; c: palaeomagnetic record; d: deep-sea
oxygen isotope record (Cohen & Gibbard, 2011). The horizontal grey bars represent warm periods.
International Journal of Speleology, 44 (3), 315-326. Tampa, FL (USA) September 2015
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Speleothems from the HHS show low carbon isotope
values (except some samples, which experienced
kinetic fractionation probably due to very slow drip
rates), which indicate that the seepage waters were
derived from a soil-covered catchment. The oxygen
isotope values also show significant scatter, part of
which probably represents climate-driven variability.
Most inactive samples show similar δ18O values as
the modern samples, but a few speleothems yielded
significantly lower values, which suggest precipitation
during cold climate periods. A thorough assessment
of the climate significance of the HHS speleothems is
planned for a separate article.
The profile at Teichkluft studied by palaeomagnetics
revealed an overall normal polarisation with two short
intervals of reverse polarity. The lower R polarity
interval at 0.41 m represents a clear geomagnetic
excursion. The palaeomagnetic directions (D, I)
are very close to the present-day magnetic field.
Therefore, the deposition of the studied sediments
likely occurred within the N-polarised Brunhes chron
(<780 ka) and the excursions of magnetic polarity
might be correlated with the excursions of JamaicaPringle Falls (205–215 ka) and/or Calabrian Ridge 1
(315–325 ka; Langereis et al., 1997).
The investigated clastic sediment profile is capped
by a flowstone (HH5) dated to 163 ±4 ka, which
supports the interpretation of the palaeomagnetic
profile. Another 230Th/U-age was obtained from a
stalagmite at the tourist trail at the opposite end of
Teichkluft (HH39; 495 +67/-41 ka), 31 m northwest
and 8 m below the top of the Teichkluft profile. As
this stalagmite probably grew directly on the bedrock
and was partly covered by similar fine-grained
sediments it can be interpreted as a maximum
age for the clastic sedimentation of Teichkluft,
which also supports the interpretation of the
palaeomagnetic data. As it is close to the limit of the
230
Th/U-method the age could be even older. However,
as Teichkluft lacks traces of corroded speleothems
and the clastic sediments show only minimal erosion
features, it is unlikely that the sediments of the
investigated profile were responsible for the formation
of the paragenetic evolution of Teichkluft. The profile
seems to have already been filled and excavated at
least once before the deposition of the dated clastic
and chemical sediments.
Considering the hydrologic regime of the Eulenberg
karst system, surface water could have infiltrated
into the marble via ponors, sinks and joints. The
logical emergence would have been located at its
deepest point on the southeast face of the hill, at the
confluence of the Otter and the Rams brook. However,
the general palaeo-flow direction within the cave
system – obtained from scallops and imbrications –
was westward. This is perpendicular to the southward
discharge of the modern Rams brook and opposite to
the modern eastward flow direction of the Otter brook
(Fig. 2). One model to account for this pattern is the
presence of non-karstic bedrock (e.g., of the gneissand-schist-complex) or impermeable sediments
(e.g., clay-rich Neogene infill) in the Southeast of the
Eulenberg that have been eroded since then.

According to former studies (e.g., Waldner, 1942),
it seems obvious that the evolution of the HHS is
intrinsically tied to the development of the Rams
brook as well as its breakthrough to the Kirchberg
valley in the South (e.g., Waldner, 1942; Mrkos,
1997). Waldner (1942) postulated a former discharge
of the Rams brook over the Eulenberg saddle towards
the (South-)West. This assumption can neither be
confirmed nor refuted. Since the Eulenberg saddle
is considerably higher than the highest parts of the
HHS, this evolution is not relevant for the known cave
parts. It appears possible though, that Eulenberg
and Kernstockwarte (Fig. 1) had been connected by
a continuous marble ridge with a surface drainage
into the karst system on the northwestern border of
the marble. Despite the new data, it is not possible
to determine since when the upper part of the Rams
brook has been discharging mainly superficially.
The results of 230Th/U-dating allow a first-order
assessment of the average incision rate of the Otter
brook. By assuming a linear correlation between
the oldest ages of every sampled cave elevation, the
lowering of the karst water table can be estimated.
Sample HH17 is 350 ka older than sample HH35 and
was obtained 29 m higher, resulting in an average
linear incision rate of 83 m/Ma (Fig. 10). Five more
samples within this time span plot close to this
line, and three samples at ca. 640 m asl are on the
extrapolated part of this line within their error bars.
Alternatively, linear correlation between the altitudes
of the modern Otter brook (575 m asl) and the oldest
sample with a relatively small error (HH39, 642 m
asl) results in a maximum average incision rate of
135 m/Ma (Fig. 10). Both rates are in agreement
with data from the Mur valley (north of Graz, Styria,
Austria), where Wagner et al. (2010) determined a
valley incision rate of 100 m/Ma for the last 4 Ma
using cosmogenic nuclide dating. In contrast, incision
rates for the last ca. 0.8 Ma derived from caves in
glaciated areas of central Switzerland are up to ten
times higher (Häuselmann et al., 2007).
Extrapolating the rates obtained for the Otter brook
also allows to estimate when the lowering of the karst
water table affected the highest known parts of the
HHS (Taubenloch, 679 m asl). Depending on the
rate, the resulting minimum ages range from 0.76 to
0.92 Ma (Fig. 10).

CONCLUSIONS
The HHS, a nearly 5 km-long contact karst cave
system, is outstanding due to its pronounced
maze character and the dominance of paragenetic
morphologies on various scales. It is developed in a
low-grade metamorphic Middle Triassic marble and
was formerly considered to have originated from
an alternating succession of vadose and phreatic
cave enlargement phases. We found no evidence to
support this proposition, and all genetically relevant
cave features can be attributed to epigene phreatic
speleogenesis. Vadose speleothems are common in
many parts of the cave system and include stalagmites,
stalactites and flowstones. Their stable isotope
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composition is consistent with calcite precipitation
from seepage water derived from a soil-covered
catchment. They do not show signs of corrosion nor
erosion, thus indicating only a single major phase
of phreatic cave development. Passages throughout
the entire cave are filled with sediment to an
unknown extent, thereby giving the false impression
of various storeys.
230
Th/U-ages of 28 speleothem samples range from
1 to about 500 ka and indicate that the HHS is at
least half a million years old. Although parts of this
cave system are nowadays located at or below the
level of the nearby Rams brook, they have fallen dry
at least 125 ka ago. Vadose speleothems formed in
mid-altitude parts of the cave system since more than
half a million years. As these and higher cave parts
must be considerably older, a correlation with the
modern surface topography is impossible. Moreover,
the drainage pattern of the HHS indicates a westward
palaeo-flow that is inconsistent with the modern
topography and surface hydrology.
The speleothem 230Th/U-ages as well as the
palaeomagnetic data from a sediment profile indicate
multiple phases of sedimentation and erosion within
the HHS. The spatial and temporal distribution
of the dated speleothems as well as the lack of
corroded samples suggest a single phreatic period
of speleogenetic relevance and support a continuous
lowering of the karst water table. The reconstructed
valley incision rate of roughly 100 m/Ma is consistent
with estimates from other non-glaciated catchments
in the Alps.
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Abstract:

Keywords:

An unusual authigenic origin for halloysite and gibbsite is reported in a stalactite from Agios
Georgios Cave, Kilkis. This speleothem includes mostly pure calcite whereas minor areas of
Mg-rich calcite and scarce dolomite are present in four growth phases. Abundant pores are
created due to imperfect coalescence of the calcite crystals. Several of them contain detrital
muscovite, which was presumably transferred from the dripping water, during the formation
of speleothem and has been variably altered to halloysite. Several pores in the stalactite
contain different mineral assemblages that we interpret as in situ: halloysite-7Å, halloysite
+ silica, gibbsite + silica and gibbsite. The breakdown of the muscovite and the formation of
halloysite require acidic conditions, which we suggest to have been established by potassium
solubilising microorganisms. The silica minerals include spheroidal assemblages or needlelike and blade-like quartz and can be explained by further dissolution of halloysite, under the
same acidic conditions in the presence of microorganisms. In our model, the precipitation
of gibbsite is the result of direct formation from muscovite, promoted from abundant and
undisturbed water percolation, at moderately low pH, also induced by the presence of
bacteria. Given that microbial activities promote: (1) breakdown of muscovite and formation of
halloysite, silica, and gibbsite, and (2) formation of Mg-calcite and dolomite after calcite, then
it is likely that two or more different microbial communities may exist in the same speleothem.
The first creates mild acidic conditions, aiming at the decomposition of muscovite in the
microenvironment of the pores antagonising the second that produces alkaline microregimes
and the local precipitation of Mg-rich carbonate minerals.
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INTRODUCTION
Speleothems diachronically attract the attention
of cave researchers because the investigation
of their complex formation provides significant
information regarding the development of their host
caves. In addition, speleothems are thought to be
important paleoclimatic and environmental archives
on Earth. However, little research has been done
on the description of petrographic characteristics
and fabrics of speleothems in Greek caves (e.g.
Antonelou et al., 2010; Ifandi et al., 2013). Early
*selena.21@windowslive.com

research of speleothems was focused primarily on the
inorganic processes of calcite precipitation (Kendall
& Broughton, 1978; Broughton, 1983), but today
the significant role of microorganisms (fungi, algae,
bacteria and microbes) is stressed, hence comprising
an important modern topic (e.g. Northup & Lavoie,
2001; Baskar et al., 2005, 2006; Mulec et al., 2007;
Jones, 2010, 2011; Rusznyák et al., 2012; Pacton
et al., 2013). Microbes are now recognised as direct
and/or indirect contributors to the formation of both
constructive and destructive textures (summarised in
Pacton et al., 2013) in speleothems. The first includes
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calcification, trapping and binding of microbially
precipitated minerals whereas the latter comprises
microbial corrosion or dissolution of minerals via
mechanical attack, biosecretions, and production of
acidic fluids. Silicate minerals such as quartz, micas
and clay minerals are observed as detrital compounds
in speleothems and although they are not “authentic”
cave minerals (Hill & Forti, 1997), they potentially
affect any biogeochemical processes taking place after
deposition of the detritus. The interaction between
mineral surfaces and microbes is a popular research
topic, and many researchers are dedicated to explain
the mechanisms for the development of the commonest
microbially affected minerals in sedimentary rocks
like limestones and sandstones (for a detailed review
see Northup & Lavoie, 2001).
To our knowledge, there are very few papers
referring to an authigenic production of clay minerals
and silicates in carbonate speleothems (e.g. Polyak
& Güven, 2000, 2004; Onac & Forti, 2011). This
paper aims to investigate and describe in detail, the
uncommon process of forming silicates in carbonate
speleothems through the study of a speleothem
from Agios Georgios Cave in Kilkis, Greece. Here we
highlight the potential importance of microorganisms
in a new environment of mineralisation.

or an E-W direction, according to the tectonic stresses
during uplift of the region. Agios Georgios Cave is a
special karst type, formed by hot hydrothermal water
prior to uplift of the host rock (Makridis et al., 2013).
Despite its small size (with over 500 m surveyed
passageways, a total surface of around 1000 m2 and
a touristic pathway of approximately 250 m; Fig. 2),
it contains a large variety of speleothems, developed
in two floors. The upper floor is mostly decorated
with stalactites and stalagmites, having reddish to
dark brown appearance. The lower floor is moreover
decorated with a variety of subaqueous coralloids
(calcite popcorn) apparently due to the fact that it
remained flooded for longer periods.
A significant Pleistocene fauna of mammals has
been discovered in the cave (Tsoukala, 1992; Makridis
et al., 2013) and isotopic results from a stalactite in
the cave provide evidence for alternations of glacial
and interglacial periods during the Middle Pleistocene
(Antonelou, 2007; Dotsika et al., 2010). Study of the
petrographic fabrics, as well as microanalytical data
of the carbonate phases in speleothems of the cave
are consistent with this interpretation (Antonelou
et al., 2010).

DESCRIPTION OF THE CAVE

A stalactite 18.1 cm long and 5.6 cm wide was
sampled and cut along its growth axis (Fig. 3). The
internal surface of the stalactite was used to prepare a
series of polished-thin sections for petrographic study
under a Leica SM-LUX POL ORTHOPLAN polarising
microscope, equipped with a digital camera and the
relevant software (Progress Capture) at the Research
Laboratory of Minerals and Rocks, Department
of Geology, University of Patras. Representative
polished-thin sections were further studied in a field
emission scanning electron microscope (FESEM) Zeiss
Supra 35VP, equipped with an EDS, at FORTH/ICE-

Agios Georgios Cave is located to the SW of Agios
Georgios hill, in Kilkis – a town in northern Greece
(Fig. 1). The broader, Kilkis valley area is covered
by Upper Pleistocene sediments and belongs to the
Deve Koran-Doubia subzone of the Circum-Rhodope
geotectonic zone (Kauffman et al., 1976). The carbonate
system, where the karstification took place, consists
of Middle to Upper Triassic limestones (Kockel &
Ioannides, 1979). The fissure-like development of the
initial water passages of the cave follows either a N-S

METHODS

Fig. 1. Simplified geological map of Kilkis showing the position of the Agios Georgios cave (modified after Kockel & Ioannides, 1979).
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PETROGRAPHIC DESCRIPTION
The stalactite has a hollow soda straw
along its growth axis with a diameter
ranging between approximately 5 mm and
7 mm. Four growth phases are observed
and their description below follows an
outwards direction from the center of
the stalactite as expected. The initial
soda straw channel is partially filled by
sparry calcite (Fig. 4A), and in places, by
syntaxial crystals of trigonal calcite that
give rise to palisade calcite fabric, which
occlude it, leaving local openings up to
0.2 mm wide. Imperfect coalescence of
the crystallites (term after Frisia et al.,
2000), is commonly imprinted on the
intercrystalline porosity observed. Sparry
calcite, which tends to develop into larger
columnar crystals, surrounds the central
growth axis. Along this direction, spots
with radial development of fibrous to
micritic calcite show a bulbar appearance
(Fig. 4B). These formations are rich in
inclusions of type 5 (nomenclature of
inclusion types hereafter, after Kendal &
Fig. 2. Simplified map of the Agios Georgios Cave (mapped by the Hellenic Speleological
Broughton, 1978), with the characteristic
Society). The star indicates the sampling location and the grey dashed line is the tourist path.
pseudopleochroic calcite and seem to fill
HT, University of Patras, using an accelerating voltage
pre-existing rounded pores. Some of these bulbous
of 30 kV. Electron microanalyses were carried out at
formations are terminated by inclusion-rich zones;
the Laboratory of Electron Microscopy
and Microanalysis, University of Patras,
using a Jeol JSM-6300 Scanning
Electron Microscope (SEM), equipped
with EDS and WDS and a THETA
software. Operating conditions were
15 kV accelerating voltage and 3.3 nA
beam current. A Transmission Electron
Microscope (TEM) with an accelerating
voltage of 200 kV was employed for
the determination of crystal structures
in a carefully hand - milled sample
of the stalactite, at the Laboratory of
Electron Microscopy and Microanalysis,
University of Patras. The sample was
studied using bright field images
collecting high resolution images for
the identification of the crystal phases.
Lattice spacings were measured using
ImageJ 1.4v software and PDF library
data from EVA v.12 software was used for
the identification of the minerals. Finally,
X-Ray Diffraction (XRD) was used as an
auxiliary method for the determination of
clay minerals, using a Bruker D8 Advance
diffractometer equipped with a LynxEye®
detector, at a 3-70o 2θ range, with a
scanning step rate of 0.015° and 0.2
seconds time per step. The diffractograms
were evaluated using the EVA v.12
software, at the Research Laboratory
Fig. 3. The stalactite sample cut parallel and perpendicular to its central growth axis (ca)
of Minerals and Rocks, Department of that coincides with its soda straw precursor. Numbers indicate the four growth phases that
Geology, University of Patras.
were recognised. Note that phases 1 and 2 are separated by a growth hiatus.
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typically columnar crystals develop on these zones
(Fig. 4B). The spheroidal geometry of the abovementioned formations, leads to the development of
columnar crystals with competitive boundaries, which
form an extended growth layer along with sparry calcite.
Successive inclusion-rich layers of type 2, which are
interrupted by a growth hiatus, mark the end of the
first growth period of the speleothem (Figs. 3 and 4C).
The second phase starts with inclusion-rich
layers, identical with the ones observed at the end of
phase 1 (Fig. 4C). Large columnar crystals grow directly
on them. Alternations of columnar calcite grown on

inclusion-rich layers are observed throughout the
second growth phase (Fig. 4C). This fact indicates that
these layers comprise a favourable basement for the
formation of columnar crystals. A short zone of sparry
calcite marks the end of the second phase.
In contrast with the previous phases, clear textural
features are absent in the third phase, which instead
shows a “chaotic” appearance of calcite (Fig. 4D).
Micrite to microsparry calcite sublayers, with diffusion
boundaries, are rich in inclusions of type 3. Micritic
calcite along with abundant clay minerals, have a
uniform pseudopleochroism.

Fig. 4. Photomicrographs of representative thin sections from the stalactite: A) Sparry calcite crystals partially filling the central soda
straw precursor; B) A bulbous formation of pseudopleochroic calcite with rounded pores with impurities that form type 5 inclusion
rich zones occurring in phase 1; columnar calcite grows on the these inclusion-rich zones (lower right and right); C) Columnar calcite
layers of phase 1 (lower left) are terminated by a dark inclusion-rich layer of type 2. A hiatus marks the end of phase 1 and phase
2 starts with a similar inclusion-rich layer succeeded by alternations of columnar calcite; more inclusion-rich layers (upper right)
alternate with columnar calcite in this phase; D) Micritic calcite rich in inclusions of type 3 and abundant clay minerals in phase 3;
E) Multiple alternations of fibrous carbonate crystals, which are seeded on inclusion-rich layers, subsequently coalesce to form
columnar calcite crystals in phase 4; F) Interwoven texture of fibrous calcite crystals occurring in phase 4 of the stalactite.
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The last layer contains multiple alternations of
columnar and micritic calcite sublayers grown on
inclusion rich layers. Clearly, the formation of the
columnar crystals starts after coalescence of smaller
fibrous subcrystals, which are seeded directly on the
inclusion-rich layers (Fig. 4E). Competitive growth
phenomena are also observed creating an interwoven
fabric (Fig. 4F), showing that the non syntaxial (to
the general growth direction of the stalactite) fibrous
calcite is not able to form composite crystals.
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they are arranged at variable orientations, then
trigonal pores are created. Columnar calcite layers
are often interrupted by the formation of micritic and
minimicritic calcite (terminology after Folk, 1974).
This microcrystalline calcite tends to cover the faces
and interrupts the growth of the columnar crystals
(Fig. 6A), which frequently show spiky surfaces
(Fig. 6B; according to Folk et al., 1985). Minimicrite
also forms net textures in pockets of dissolved calcite
(Figs. 6C and D) and tends to cover elongated and
curved structures, which in literature are considered
as calcified microorganisms (e.g. Jones, 2010).
Irregular or linear distribution of bores are observed
on larger calcite surfaces (Figs. 6C, E and F), which
are considered as a typical structure resulting from
microbial activity (Jones, 2012).
Few larger irregular pores, compared to the relatively
smaller linear and trigonal ones, are commonly
filled with detrital muscovite which is usually
fractured, forming subhedral to anhedral grains, up
to approximately 10 μm in size (Figs. 7A, B and C);
its identification was based on the crystal habit of
the crystals and electron microanalysis (Table 2). In

SCANNING ELECTRON
MICROSCOPY OBSERVATIONS
Under SEM, using EDX analysis in polished-thin
sections, calcite is identified as the dominant mineral
phase, coexisting with lesser Mg-rich calcite and
scarce dolomite (Figs. 5A, B; Table 1). The columnar
calcite, appears either as homogeneous rhombohedral
crystals, or as composite crystals comprised of
abundant fibrous subcrystals. When columnar crystals
show syntaxial arrangement in space, their imperfect
coalescence creates linear inclusions, whereas when

Fig. 5. Backscattered electron images from the stalactite from the Agios Georgios Cave: A) Pure calcite (Cc, light-coloured)
coexisting with Mg-rich calcite (Mg-Cc, light grey). B) Dolomite (Do, grey) surrounded by pure calcite (Cc).
Table 1. Representative microanalyses of carbonate phases from the Agios Georgios stalactite (-: below detection
limit; FeOt: total Fe as FeO)
Sample No

AG1-3

AG1-4

AG1-5

AG1-2

AG1-1

AG1-12

Dolomite

Dolomite

Mg-Calcite

Mg-Calcite

Calcite

Calcite

FeO

0.22

0.25

-

0.03

0.01

-

MgO

20.87

19.22

2.1

4.56

0.14

0.06

CaO

32.89

34.56

53.87

51.12

55.83

55.85

Total

53.98

54.03

55.97

55.71

55.98

t

Structural formulae on the basis of 2 O
Fet

0.006

0.006

-

0.001

-

-

Mg

0.935

0.870

0.103

0.221

0.007

0.003

Ca2+

1.059

1.124

1.897

1.778

1.993

1.997

+

many cases, it was observed that muscovite alters
to a filamentous or tubular-like silicate, that EDX
shows to be composed of Al and Si and we identify as
halloysite-7Å, with the alteration process starting
from the rims of the muscovite crystals (Fig. 7C). The
halloysite-like crystals appear as both tubular (Figs.
7A, B and D) and platy forms, with the last forming
commonly as pseudomorphic replacement of muscovite

(Figs. 7E and 8). Similar tubular halloysite has also
been interpreted as a typical alteration product
of micas from other studies (e.g. Esteoule-Choux
& Blanchet, 1987; Papoulis et al., 2004; 2009).
Occurrence of platy halloysite is not unusual and
it has been reported by previous authors (e.g. Noro,
1986; Papoulis et al., 2004; Joussein et al., 2005 and
references therein). The extremely limited amount of
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Fig. 6. Secondary electron images showing textures related to microbial activities in the stalactite from the Agios
Georgios Cave: A) Microcrystalline calcite covering columnar calcites; B) Spiky calcite terminations on columnar
crystals; C) Irregular features, which are interpreted to represent microbial boring on a calcite surface (a) and calcified
net structures in calcite pockets (b1 and b2); D) Close-up image of the b1 structure from image C; E) Close-up image of
microbial boring on a calcite surface; F) Linear distribution of calcite boring.

these clay minerals in the investigated speleothem did
not allow us to employ other techniques (e.g. infrared
spectroscopy or formamide intercalation) in order
to verify if the platy crystals comprise halloysite or/
and kaolinite; hence the (co-)existence of typical platy
kaolinite cannot be precluded. Figures 7E, 8A and 8B
show platy crystals that we interpret to be halloysite,
which have pseudomorphically replaced muscovite.
Apparently, the platy form of the precursor mica
controlled the crystal habit of the neoformed clay
mineral.
Silica in this stalactite was identified with the aid of
EDX and is associated with the presence of muscovite
and halloysite, forming needle-like and blade-like
euhedral quartz crystals or spherical aggregates of
small clusters with anhedral shape (Figs. 7F and G).
Spherical silica aggregates are observed with gibbsite
crystals (also identified from their EDX spectra) with
the typical spherical form (Fig. 7G). Gibbsite has

developed on calcite substrate and it comprises the
exclusive filling in several pores, (Fig. 7H).

XRD AND TEM RESULTS
The carefully milled part of the speleothem sample
was examined both with XRD and TEM. Besides pure
and Mg-rich calcite, X-ray diffractograms indicated the
presence of minor amounts of clay minerals; however
their identification is difficult since their peaks are
covered by the background scatter. Attempts to
concentrate the insoluble residue that includes the
clay minerals were unsuccessful and the collected
amounts were negligible and insufficient for their
identification. TEM was used in order to obtain more
crystallographic information about the stalactite and
its contents. In high resolution images, most of the
carbonate grains are undeformed and show no defects.
Pure calcite is by far the most abundant mineral, with
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are identified as aragonite transforming
to calcite (Fig. 9B); aragonite crystals
expose more often their (111) or (121)
faces during TEM observation. These
aragonite crystals comprise most likely
fibrous crystals that subsequently
developed into columnar calcite, hence
interpreting that the last grains form
after coalescence of the initial aragonite
crystals.

ORIGIN OF CLAY MINERALS IN
SPELEOTHEMS
Constrains and limitations
Indisputable conclusions regarding
the authigenic origin of silicate minerals
is difficult to be drawn when visible
evidence for any microbe activity is
not obvious. Our hypothesis for the
formation of clay minerals in the
speleothems from Agios Georgios
Cave at Kilkis is based on the
detailed observation of their textural
relationships. Tracing of microbial
imprints on these minerals is achieved
through coupled approaches in the
studied speleothem. A detrital origin of
the halloysite, quartz and gibbsite in
the stalactite is not likely, due to the
following reasons:
• Unlike the anhedral and deformed
muscovite grains of detrital origin,
halloysite, gibbsite and especially
quartz show undisturbed and wellshaped crystals. It is unlikely the
delicate, fibrous quartz crystals to
maintain their shape if they had
a clastic origin, although little is
known regarding the transport of
detritus in the cave drip system.
Fig. 7. Secondary electron images from fresh fractures with characteristics related
• Halloysite
and
gibbsite
are
to the formation of clay minerals from the stalactite of the Agios Georgios Cave: A)
closely associated with quartz
Pseudocolourised image of initial stage of tubular halloysite (Hal) formation after detrital
(and muscovite) in the stalactite,
muscovite (Mu); B) Development of a tube of halloysite on an anhedral, detrital muscovite
hence a genetic relationship is
(Mu) entrapped in pores of calcite; C) Initial stage of alteration of a muscovite (Mu) rim to
halloysite (Hal); D) Radially developed tubular halloysite crystals in pores of the stalactite;
recommended.
E) Platy halloysite-like mineral that has pseudomorpically replaced a detrital muscovite
• Gibbsite and quartz grow directly
that is entrapped in a pore of calcite; F) Needle-like and blade-like quartz (Qz) crystals
on a calcite substrate, hence
developed in a pore of the stalactite surrounded by calcite; G) Spherical quartz (Qz) and
suggesting their authigenic origin.
gibbsite (Gib) aggregates filling pores of the stalactite; H) Rounded gibbsite, which grows
directly on calcite substrate, suggesting its in situ formation.
Halloysite and gibbsite are well known
to be weathering products, formed in
mostly its (006) faces being identified (after Zhang
tropic climates under highly oxidising conditions
et al., 2010). The larger calcite particles are formed
(e.g. in oxisols) where all the mobile elements are
by multiple layers with syntaxial orientation or not,
removed from the soil system (e.g. Herrman et
commonly showing a net fabric (Fig. 9A). Some areas
al., 2007; Kleber et al., 2007). Even though the
with different structural modulations occur within
palaeoenviroment around the Agios Georgios Cave
the net fabric and are interpreted as Mg-calcite
may have been tropical during the past formation
(Figs. 9A and B). The minor presence of dolomite (whose
of speleothems, such intense weathering processes
presence has also been verified from microanalysis)
are highly unlikely in a cave system and especially
cannot be excluded in some of regions of these
within a stalactite. In any case, this kind of process
images, as it is difficult to distinguish from Mg-calcite,
would have affected a large part of the cave, however
due to the fact that their lattice spacing is similar.
no evidence (e.g. lateritisation) is observed for such
Fibrous crystals were commonly observed, too, and
an episode in the cave. We detected the formation
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Table 2. Representative microanalyses of detrital muscovite in pores
from the Agios Georgios stalactite (-: below detection limit; Fe2O3t:
total Fe as Fe2O3).
AG1-7

AG1-19

AG1-21

SiO2

Sample No

49.31

49.27

50.73

TiO2

0.62

0.47

0.26

Al2O3

30.58

30.41

28.59

Fe2O3t

1.69

1.56

1.39

MnO

-

-

-

MgO

1.45

1.39

1.92

CaO

0.65

0.54

2.22
0.40

Na2O

0.30

0.44

K 2O

10.42

10.44

9.81

Total

95.02

94.52

95.32

Structural formulae on the basis of 22 O
Si

6.562

6.589

6.729

AlIV

1.438

1.411

1.271

8.000

8.000

8.000

AlVI

3.358

3.382

3.199

Ti

0.062

0.047

0.026

Fet

0.169

0.157

0.139

Mn

-

-

-

Mg

0.288

0.277

0.380

Ca

0.093

0.077

0.316

Na

0.077

0.114

0.103

K

1.769

1.781

1.660

13.816

13.836

13.822

of halloysite and gibbsite at random sites in all
growth phases of the stalactite, with the alteration
processes to be restricted in spot areas within pores,
not affecting the whole calcite growth laminae. Such
randomly observed alteration phenomena favour
evolution affected by microbial activity (Banfield
et al., 1999).
Strong indications for the involvement of microbial
activities in the formation of minerals in the stalactite
are mentioned above. The existence of spiky and
bored calcite provides evidence for the implication of
microbial etching. In addition to this, microcrystalline
calcite covering the spiky fabric, assumes that most
probably a biofilm, which mediated the formation
of the spiky calcite, provided the template on which
the micrite and minimicrite precipitated (Jones,
2011). Thus, this microcrystalline material comprises
texturally, the sparmicritic calcite (after Kahle,
1977), a term describing exclusively microbially
precipitated calcite.
Formation of microbially induced Mg-rich
carbonates
Recent
studies
have
demonstrated
that
microorganisms play a significant role in the
formation of Mg-bearing carbonate minerals at lowtemperatures. Several authors suggest the direct or
indirect implication of bacterial metabolic processes,
as well as their surfaces and their extra-cellular
polysaccharides (EPS) to the formation of these
carbonates (Vasconcelos et al., 1995; Vasconcelos
& McKenzie, 1997; Warthmann et al., 2000; Van

Lith et al., 2003; Moreira et al., 2004; Roberts et al.,
2004; Wright & Wacey, 2005, Sánchez-Román et
al., 2008, 2011; Bontognali et al., 2014). Different
types of microbes (sulphate-reducing, halophilic,
methanogenic bacteria) have been shown to naturally
and experimentally produce various Mg-rich
carbonate minerals, in fresh and saline waters, with
aerobic or anaerobic respirations. Although the exact
role of microbes in our stalactite is uncertain, we
propose that microbes are capable of modifying the
physicochemical parameters of the microenvironment
in their immediate vicinity in order to facilitate the
precipitation of mineral phases which are either
undersaturated or kinetically inhibited at these
conditions. In addition to this, bacteria can serve
as nuclei for carbonate mineral precipitation by
adsorbing Ca, Mg and other metallic cations onto
their cell surface (membranes, walls and extracellular
polymeric substances; Beveridge & Fyfe, 1985; Van Lith
et al., 2003; Bontognali et al., 2008). We suggest that
the local formation of Mg-rich calcite (and dolomite)
observed under TEM is evidence for microbial activity
in the stalactite from Agios Georgios Cave. In our
model, microbes modified the local microenvironment
by shifting the pH to alkaline values, hence promoting
local supersaturation conditions around them and
formation of Mg-rich carbonates. However, the exact
species of the bacteria inferred to have affected the
formation of Mg-rich calcite are not known. There is
no evidence for the existence of sulphate-reducing or
methanogenic bacteria in the investigated stalactite
and the cave conditions are highly unfavourable for
the occurrence of halophile microorganisms. The
microorganisms that involved in the formation of Mgrich carbonate minerals in the cave may belong to
species whose implication in the formation of such
phases has never been studied before. However, the
determination of these species is beyond the scope of
this study.
Implications for microbial muscovite dissolution
Assuming microbial activity is responsible for
muscovite dissolution, we offer possible scenarios that
could result in in-situ formed halloysite, gibbsite and
quartz in the cave environment within the stalactite.
A reaction that describes the formation of halloysite
from muscovite, which is illustrated in Figures 7 and
8, may be:
2KAl2(AlSi3O10)(OH)2 + 3H2O + 2H+ =
Muscovite
= 3Al2Si2O5(OH)4 + 2K+  (1)
Halloysite-7Å
As it was mentioned above there is an uncertainty
for the exclusive occurrence or coexistence of platy
kaolinite in the sample, hence kaolinite may coexist
with halloysite, formed also by the above reaction.
These two minerals can also be structurally related
to each other via solid-state transformations (Jeong,
1998; Papoulis et al., 2004; Churchman et al., 2010).
Apart from low pH, kaolinite formation is generally
favoured from halloysite at higher alumina and lower
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Fig. 8. A-B) Secondary electron images of platy halloysite-like minerals which have been pseudomorphically formed after detrital muscovites; C-D) EDX
spectra: Spectrum C corresponds to image A, and spectrum D to image B respectively. We interpret the short K peak in the second image indicates the
existence of relic muscovite precursor. Ca peaks are due to interaction of the beam with the surrounding calcite while Au is due to coating.
International Journal of Speleology, 44 (3), 327-340. Tampa, FL (USA) September 2015
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Fig. 9. High resolution TEM images from the Agios Georgios stalactite: A) Calcite (Cc) grains forming a net fabric with patches of lighter
areas with different lattice dense, indicating the presence of Mg-calcite (Mg-Cc) as a result of microbial activity; B) A fibrous carbonate crystal
showing the transformation of aragonite (Arg) to the darker area comprising calcite; light, Mg-calcite (Mg-Cc) patchy areas are present, too.

silica activities, as well as at drier conditions (Joussein
et al., 2005; Churchman et al., 2010). The flocculation
of silica, as well as its coexistence with gibbsite that
indicate high water flow (see below) suggest that the
platy silicate mineral is more probably halloysite
although coexistence with kaolinite is not precluded.
In any case, the conditions of the formation of
these clay minerals in the microenvironment of the
stalactite pores are not strongly different. Obviously,
the naturally alkaline dripping water in caves is not
suitable for this low temperature alteration that
requires the presence of acidic conditions. This is
the main basis for suggesting a microbial-related
origin for the silicates. It is well accepted, that many
microorganisms including actinomycetes, bacillus
species (e.g. Bacillus mucilaginosus), fungal species,
etc., which are found mainly in the rhizosphere, have
the capability to dissolve silicate minerals, in order
to uptake the prior non exchangeable K+ (Basak &
Biswas 2009). It has been shown that deterioration
of potassium silicate minerals is promoted by
organic compounds such as acetates, citrates and
oxalates, produced by these microorganisms (Argelis
et al., 1993; Bennett et al., 1998; Sheng, 2003).
Furthermore, Bennett et al. (2001) reported that certain
microorganisms can produce various organic ligands
during their metabolic activities, such as metabolic
byproducts, extracellular enzymes, chelates, as well
as simple and complex organic acids, which catalyse
the dissolution of potassium silicate minerals, by
decreasing the pH of the environment. Nevertheless,
these reports are not conclusive to determine whether

these
potassium
solubilising
microorganisms
(PSM) may exist in cave environments. It is broadly
known that caves have relatively constant, low
temperature, high relative humidity levels and low
quantities of organic nutrients, presenting seemingly
an environment far from ideal for the vast majority
of the microorganisms. Nevertheless, Groth & SaizJimenez (1999) have suggested that actinomycetes
are abundant in caves and their growth is favoured by
the association of low temperature and high relative
humidity. Moreover, algae and cyanobacteria have
been commonly found in caves (e.g., Banfield et al.,
1999; Roldán & Hernández-Mariné, 2009; Lamprinou
et al., 2015), whereas Laiz et al., (2000) sampled
many bacterial isolates from speleothems, and more
specifically from stalactites, which include various
species of Streptomyces, Bacillus, Nocardiopsis,
Rhodococcus, Agromyces, Arthrobacter, Amycolatopsis,
Brevibacillus,
Micrococcus,
Staphylococcus,
Paenibacillus and Variovorax. Therefore, in the
microenvironments within stalactites, the metabolic
activities of such microorganisms may have locally
lowered the pH enough to promote the alteration of
muscovite in the Agios Georgios stalactite.
Implications for microbial clay mediation
In certain places within the stalactite layers we
observed what we interpret to be the presence of (i)
halloysite, (ii) halloysite + silica, (iii) gibbsite + silica,
and (iv) gibbsite (Fig. 7). The observed silica forms
include needles or blade-like crystals of quartz, as
well as spheroidal aggregates of nearly amorphous
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SiO2; in most of the cases, all of them are related
to muscovite alteration. Tubular bio-halloysite
derives from clay bubbles and its formation has
been reported in microbial films and on the surface
of bacillus taxa bacteria (Tazaki, 2005); sulphurreducing bacteria are mostly reported as catalysts
for halloysite formation in soils (e.g. Herrmann et
al., 2007), however the conditions in Agios Georgios
Cave seem not to favour the presence of sulphurreducing bacteria. Nevertheless, Tazaki (2005)
suggested that these clay bubbles can also form
by microbial inflation from algae or cyanobacteria

337

(which is more possible to have taken place in our
case), via O2, CO2 or H2S degassing and hence forming
eventually immature kaolin clay that forms the hollow
structure of halloysite.
In this work, we suggest that reaction (1) explains
well the presence of halloysite in certain pores, with
the aid of PSM (Fig. 10). However, to explain the
halloysite + quartz assemblage we must encounter
the reaction:
Al2Si2O5(OH)4 + 6H+ = 2Al3+ + 2H4SiO4 + H2O  (2)
Halloysite-7Å
Silicic acid

Fig. 10. Simplified illustration of the alteration process of muscovite to halloysite and subsequently to silica, as well as to gibbsite
and silica; the illustrated crystal relationships are based on observations under SEM.

The Al cations produced from this reaction may
have leached away and with increasing silica activity
the various forms of silica have been formed with
or without remnants of excess halloysite (Fig. 10).
Experimental results have shown that, under acidic
conditions, dissolution of halloysite is initiated on the
inner surface of nanotubes, leading to the formation
of amorphous spheroidal nanoparticles of SiO2 (White
et al., 2012), in line with our observations in the Agios
Georgios porous system of the stalactite.
The implication of biogenic factors on the formation
of gibbsite in bauxite deposits has been confirmed
(Laskou & Economou-Eliopoulos, 2007), however, the
precise role of microorganisms in its formation has not
been fully unraveled. Nevertheless, the Bacillus taxa
bacteria can flocculate Fe-oxides, alumina and calcite
through the excretion of polysaccharides (Maurice et
al., 2001; Li et al., 2004), hence providing the necessary
Al for gibbsite formation. Under oxic conditions the
necessary Al for gibbsite formation may also derive as
a byproduct, resulting from other microbial processes
such as Ca uptake (Anand et al., 1996).
Precipitation of gibbsite is generally favoured from
other polymorphs due to its faster crystallisation.
The Al3+ ions leached from reaction (2) may have been
deposited at pores forming the observed monomineralic
gibbsite (Fig. 10). Direct formation of gibbsite from
high leaching rates of muscovite is reported at mildly
acidic to mildly alkaline conditions, low temperature,
high water percolation, slow evaporation and when
the dissolved silica is not high (Essington, 2005;
Herrman et al., 2007; Watanabe et al., 2010) and may
be described by the reaction:

KAl2(AlSi3O10)(OH)2 + H+ + 9H2O =
Muscovite
= K+ + 3H4SiO4 + 3Al(OH)3  (3)
Gibbsite
It is possible that this reaction was favoured for
the decomposition of the detrital muscovite when the
pores had larger space allowing unobstructed water
flow and may explain the coexistence of gibbsite
and silica under variable silica activities (Fig. 10).
Nevertheless, experimental results have shown that
gibbsite can also form from dissolution of halloysite,
at alkaline conditions (White et al., 2012). Such a
scenario seems less likely, as it is well established that
mild acidic conditions were prevailing in the pores of
the stalactite (unlike the carbonate basement with the
formation of Mg-rich calcite) and furthermore gibbsite
was never found in direct association with halloysite.

CONCLUSIONS
A new, seemingly unexpected, microenvironment
for the formation of authigenic halloysite and gibbsite
is described in the pore system of a stalactite in
Agios Georgios Cave. We interpret that the formation
of platy and tubular halloysite (and/or kaolinite) is
unambiguously related to the dissolution of detrital
muscovite entrapped in the pores of the stalactite.
Acidic conditions were established locally by PSM
(such as actinomycates, algae or cyanobacteria)
by their metabolic excreta. Further dissolution of
halloysite to form silica minerals is promoted by these
acidic conditions. We also interpret that gibbsite
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comprises a product of extreme muscovite leaching
maybe at larger pores with high and unhindered
water flow at the same mildly acidic conditions. It
is probable that an antagonistic relationship exists
between microbe colonies, in the main carbonate
basement, whose metabolic activities induced an
alkaline microenvironment for the crystallisation
of Mg-rich carbonates, with those microbes which
created an acidic microenvironment in the pores of
the stalactite, inducing the breakdown of muscovite
and the formation of halloysite and gibbsite.
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Professor N. Güven and two anonymous reviewers that
largely improved the manuscript. We greatly appreciate
the support of Ephoreia of PalaeoanthropologySpeleology of North Greece for providing license to
investigate the cave.

REFERENCES
Anand T.P., Edward J.K.P. & Ayyakkannu K., 1996
– Monitoring of a shrimp culture system with special
reference to vibrio and fungi. Indian Journal of Marine
Sciences, 25: 253-258.
Antonelou A., 2007 – Study of speleothems from Agios
Geogios Cave, Kilkis prefecture: Investigation of
paleoclimatic environmental conditions using stable
isotopes of C and O. Unpublished MS Thesis, University
of Patras, 183 p.
Antonelou A., Tsikouras B., Papoulis D. & Hatzipanagiotou
K., 2010 – Investigation of the formation of speleothems
in the Agios Georgios Cave (N. Greece). Bulletin of
Geological Society of Greece, 43: 876-885.
Argelis D.T., Gonzala D.A., Vizcaino C. & Gartia M.T.,
1993 – Biochemical mechanism of stone alteration
carried out by filamentous fungi living in monuments.
Biogeochemistry, 19: 129-147.
Banfield J.F., Barker W.W., Welch S.A. & Taunton
A., 1999 – Biological impact on mineral dissolution:
application of the lichen model to understanding mineral
weathering in the rhizosphere. Proceedings of the
National Academy of Sciences, 96: 3404–3411.
http://dx.doi.org/10.1073/pnas.96.7.3404
Basak B.B. & Biswas D.R., 2009 – Influence of potassium
solubilizing microorganism (Bacillus mucilaginosus) and
waste mica on potassium uptake dynamics by sudan
grass (Sorghum vulgare Pers.) grown under two Alfisols.
Plant and Soil, 317: 235-255.
http://dx.doi.org/10.1007/s11104-008-9805-z
Baskar S., Baskar R., Mauclaire L. & McKenzie J.A., 2005
– Role of microbial community in stalctite formation,
Sahastradhara caves, Dehradun, India. Current
Science, 88: 1305-1308.
Baskar S., Baskar R., Mauclaire L. & McKenzie J.A.,
2006 – Microbially induced calcite precipitation by
culture experiments – possible origin for stalactites in
Sahastradhara, Dehradun, India. Current Science,
90: 58-64.
Bennett P.C., Choi W.J. & Rogera J.R., 1998 – Microbial
destruction of feldspars. Mineral Management,
62A: 149-150.
Bennett P.C., Rogers J.R. & Choi W.J., 2001 –
Silicates, silicate weathering and microbial ecology.
Geomicrobiology Journal, 18: 3-19.
http://dx.doi.org/10.1080/01490450151079734

Beveridge T.J. & Fyfe W.S., 1985 – Metal fixation
by bacterial cell walls. Canadian Journal of Earth
Sciences, 22: 1892-1898.
http://dx.doi.org/10.1139/e85-204
Bontognali T.R.R., Vasconcelos C., Warthmann R.,
Dupraz C., Bernasconi S.M. & McKenzie J.A., 2008 –
Microbes produce nanobacteria-like structures, avoiding
cell entombment. Geology, 36: 663-666.
http://dx.doi.org/10.1130/G24755A.1
Broughton P.L., 1983 – Environmental implications of
competitive growth fabrics in stalactitic carbonate.
International Journal of Speleology, 13: 31-41.
http://dx.doi.org/10.5038/1827-806X.13.1.3
Churchman G.J., Pontifex I.R. & McClure S.G., 2010 –
Factors influencing the formation and characteristics
of halloysites or kaolinites in granitic and tuffaceous
saprolites in Hong Kong. Clays and Clay Minerals,
58: 220-237.
http://dx.doi.org/10.1346/CCMN.2010.0580207
Dotsika E., Psomiadis D., Zanchetta G., Spyropoulos
N., Leone G., Tzavidopoulos I. & Poutoukis D., 2010
– Pleistocene palaeoclimatic evolution from Agios
Georgios Cave speleothem (Kilkis, N. Greece). Bulletin
of the Geological Society of Greece, 43: 886-895.
Essington M.E., 2005 – Soil and water chemistry: an
integrative approach. Taylor and Francis e-Library, 534 p.
Folk R.L., 1974 – The natural history of crystalline calcium
carbonate: effect of magnesium content and salinity.
Journal of Sedimentary Petrology, 44: 40-53.
Folk R.L., Chafetz H.S. & Tiezzi P.A., 1985 – Bizarre
forms of depositional and diagnetic calcite in hot-spring
travertines, central Italy. In: Schneidermann N. &
Harris P.M. (Eds.), Carbonate cements: SEPM. Special
Publication, 36: 349-369.
http://dx.doi.org/10.2110/pec.85.36.0349
Frisia S., Borsato A., Fairchild I. & Mcdermott F., 2000
– Calcite fabrics, growth mechanisms, and environment
of formation in speleothems from the Italian Alps
and southwestern Ireland. Journal of Sedimentary
Research, 70: 1183-1196.
http://dx.doi.org/10.1306/022900701183
Groth I. & Saiz-Jimenez C., 1999 – Actinomycetes in
hypogean environments. Geomicrobiology Journal,
16: 1-8. http://dx.doi.org/10.1080/014904599270703
Herrmann L., Anongrak N., Zarei M., Schuler U. &
Spohrer K., 2007 – Factors and processes of gibbsite
formation in Northern Thailand. Catena, 71: 279-291.
http://dx.doi.org/10.1016/j.catena.2007.01.007
Hill C.A. & Forti P., 1997 – Cave minerals of the world.
(2nd ed). National Speleological Society, Huntsville, 463 p.
Ifandi E., Tsikouras B. & Hatzipanagiotou K., 2013
– Contribution to the evolution of the Perama Cave
(Ioannina, NW Greece). Bulletin of the Geological
Society of Greece, 47: 255-263.
Jeong G.Y., 1998 – Formation of vermicular kaolinite from
halloysite aggregates in the weathering of plagioclase.
Clays and Clay Minerals, 46: 270-279.
http://dx.doi.org/10.1346/CCMN.1998.0460306
Jones B., 2010 – Microbes in caves: agents of calcite
corrosion and precipitation. In: Pedley H.M. & Rogerson
M. (Eds.), Tufas and speleothems: Unravelling the
microbial and physical controls. Geological Society,
London, Special Publications, 7 p.
http://dx.doi.org/10.1144/sp336.2
Jones B., 2011 – Stalactite growth mediated by biofilms:
Example from Nani Cave, Cayman Brac, British West
Indies. Journal of Sedimentary Research, 81: 322-338.
http://dx.doi.org/10.2110/jsr.2011.28
Joussein E., Petit S., Churchman J., Theng B., Righi
D. & Delvaux B., 2005 – Halloysite clay minerals – A
review. Clay Minerals, 40: 383-426.

International Journal of Speleology, 44 (3), 327-340. Tampa, FL (USA) September 2015

A new microenvironment for clay minerals
Kahle C.F., 1977 - Origin of subaerial Holocene calcareous
crust: Role of algae, fungi, and sparmicritisation.
Sedimentology, 24: 413-435.
Kaufmann G., Kockel F. & Mollat H., 1976 – Notes on the
stratigraphic and paleogeographic position of the Svoula
Formation in the Innermost Zone of the Hellenides
(northern Greece). Bulletin de la Societe Geologique de
France, 18: 225-230.
http://dx.doi.org/10.2113/gssgfbull.S7-XVIII.2.225
Kendall A.C. & Broughton P.L., 1978 – Origin of fabrics
in speleothems composed of columnar calcite crystals.
Journal of Sedimentary Petrology, 48: 519-538.
Kleber M., Sollins P. & Sutton R., 2007 – A conceptual
model of organo-mineral interactions in soils: selfassembly of organic molecular fragments into zonal
structures on mineral surfaces. Biogeochemistry, 85:
9-24. http://dx.doi.org/10.1007/s10533-007-9103-5
Kockel F. & Ioannides K., 1979 – Geological Map of Greece,
Kilkis sheet. Scale 1:50.000, Institute of Geology and
Mineral Exploration, Greece.
Laiz L., Groth I., Schumann P., Zezza F., Felske A.,
Hermosin B. & Saiz-Jimenez C., 2000 – Microbiology
of the stalactites from Grotta dei Cervi, Porto Badisco,
Italy. International Microbiology, 3: 25-30.
Lamprinou V., Tryfinopoulou K., Velonakis E.M., Vatopoulos
A., Antonopoulou S., Fragopoulou E., Pantazidou P.
& Economou-Amilli A., 2015 – Cave Cyanobacteria
showing antibacterial activity. International Journal of
Speleology, 44: 231-238.
http://dx.doi.org/10.5038/1827-806X.44.3.2
Laskou M. & Economou-Eliopoulos M., 2007 – The role of
microorganisms on the mineralogical and geochemical
characteristics of the Parnassos- Ghiona bauxite
deposits, Greece. Journal of Geochemical Exploration,
93: 67-77.
http://dx.doi.org/10.1016/j.gexplo.2006.08.014
Li Y.L., Vali H., Sears S.K., Yang J., Deng B.L. & Zhang
C.L., 2004 – Iron reduction and alteration of nontronite
NAu-2 by a sulfate-reducing bacterium. Geochimica et
Cosmochimica Acta, 68: 3251-3260.
http://dx.doi.org/10.1016/j.gca.2004.03.004
Makridis V., Tsoukala E., Vlachos E., Tsekoura K., van
Logchem W. & Mol D., 2013 – Agios Georgios Cave,
Kilkis: 50 years of history, 30,000 years of prehistory.
Deposits Magazine, 34: 30-36.
Maurice P.A., Vierkorn M.A., Hersman L.E. & Fulghum
J.E., 2001 – Dissolution of well- and poorly ordered
kaolinites by an aerobic bacterium. Chemical Geology,
180: 81-97.
http://dx.doi.org/10.1016/S0009-2541(01)00307-2
Moreira N.F, Walter L.M., Vasconcelos C., McKenzie
J.A. & McCall J.P., 2004 – Role of sulfide oxidation in
dolomitization: sediment and pore-water geochemistry
of a modern hypersaline lagoon system. Geology,
32: 701-704.
http://dx.doi.org/10.1130/G20353.1
Mulec J., Kosi G. & Vrhovsek D., 2007 – Algae
promote growth of stalagmites and stalactites in karst
caves (Skocjanske jame, Slovenia). Carbonates and
Evaporites, 22: 6-9.
http://dx.doi.org/10.1007/BF03175841
Noro H., 1986 – Hexagonal platy halloysite in an altered
tuff bed, Komaki City, Aichi prefecture, central Japan.
Clay Minerals, 21: 401-415.
http://dx.doi.org/10.1180/claymin.1986.021.3.11
Northup D.E. & Lavoie K., 2001 – Geomicrobiology of
caves: A review. Geomicrobiology Journal, 18: 199-222.
http://dx.doi.org/10.1080/01490450152467750

339

Onac B.P. & Forti P., 2011 – Minerogenetic mechanisms
occurring in the cave environment: an overview.
International Journal of Speleology, 40 (2): 79-98
http://dx.doi.org/10.5038/1827-806X.40.2.1
Pacton M., Breitenbach S.F.M., Lechleitner F.A., Vaks
A., Rollion-Bard C., Gutareva O.S., Osintcev A.V. &
Vasconcelos C., 2013 – The role of microorganisms in
the formation of a stalactite in Botovskaya Cave, Siberia
– Paleoenvironmental Implications. Biogeosciences, 10:
6115-6130. http://dx.doi.org/10.5194/bg-10-6115-2013
Papoulis D., Tsolis-Katagas P. & Katagas C., 2004 –
Progressive stages in the formation of kaolin minerals of
different morphologies in the weathering of plagioclase.
Clays and Clay Minerals, 52: 275-286.
http://dx.doi.org/10.1346/CCMN.2004.0520303
Papoulis D., Tsolis-Katagas P., Kalampounias A.G. &
Tsikouras B., 2009 – Progressive formation of halloysite
from the hydrothermal alteration of biotite and the
formation mechanisms of anatase in altered volcanic
rocks from Limnos Island, northeast Aegean Sea,
Greece. Clays and Clay Minerals, 57: 566-577.
http://dx.doi.org/10.1346/CCMN.2009.0570505
Polyak V.J. & Güven N., 2000 – Clays in caves of the
Guadalupe Mountains, New Mexico. Journal of Cave
and Karst Studies, 62: 120-126.
Polyak V.J. & Güven N., 2004 – Silicates in carbonate
speleothems, Guadalupe Mountains, New Mexico,
U.S.A. In: Sasowsky I.D. & Mylroie J. (Eds), Studies
of cave sediments, physical and chemical records of
paleoclimate. Springer, 303 p.
Roberts J., Bennett P.C., González L.A., Macpherson
G.L. & Miliken K.L., 2004 – Microbial precipitation
of dolomite in methanogenic groundwater. Geology,
32: 277-280. http://dx.doi.org/10.1130/G20246.2
Roldan M. & Hernández–Mariné M., 2009 – Exploring
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Abstract:

Detailed structural analysis and geomorphological observations supplemented by the analysis
of the distribution of karst conduit directions have been performed in 23 morphologically diverse
caves in the Tatra Mountains. Based on these studies, a development scheme of vadose
cave passages has been proposed for the most common geological settings in the fold-andthrust-belt: (1) single-plain faults, (2) multiple fault cores, (3) bedding plane fractures and (4)
hinge zones of recumbent folds. Results indicate that the dynamics of the massif (local gravity
sliding in the nearby slope zone and regional stress fields), along with the structural pattern,
influences the predisposition of structural and stratigraphic discontinuities to karst drainage.
Constant tectonic stress fields affected the massif during the entire speleogenesis. This led
to the rejuvenation of the same displacements in successive tectonic events, which resulted
in promoting this reactivated structures in successive speleogenetic phases. Structures
along which older cave levels had developed were also utilized later by vadose and phreatic
drainage, leading to the intersection of the vadose passages with elevated paleo-phreatic
cave levels. Independently, formation of entirely vadose caves, guided by the same group
of weak and rejuvenated planes, was enabled. In the Tatras, the concentric and recumbent
geometry of the main folds resulted in steep dipping of the bedding planes over a distance
up to a few hundred meters which makes the bedding plane fractures subject to karst water
circulation in these geologic and geodynamic settings.
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INTRODUCTION
The role of tectonic structures in the development of
caves has been studied from different angles, but the
studies have focused primarily on the type and geometry
of these structures (e.g., Čar & Šebela, 1998; Tognini &
Bini, 2001; Baroň, 2002; Sauro et al., 2012) and their
mutual spatial orientation, e.g., dip of bedding planes,
width of fold, types of faults and fracture density (e.g.,
Ford & Ewers, 1978; Palmer, 1991; Klimchouk & Ford,
2000). This relationship has also been investigated
in the Tatras (Grodzicki, 1970; Szczygieł & Gaidzik,
2012; Szczygieł, 2013). Recently, researchers have
been focusing on the ongoing tectonic evolution of the
structure as well. Fissures, widened by neotectonic
processes, are more susceptible to karstification than
other structures (e.g., Faulkner, 2006; Sauro et al.,
2013; Szczygieł et al., 2015). In some cases, when
diagenesis results in lack of primary porosity, tectonics
is the most effective way to open the initial fissure
(secondary porosity) (Faulkner, 2006). On this basis,
*j_szczygiel@tlen.pl

the Tectonic Inception hypothesis has been defined as
“several separate but commonly related mechanisms,
which release stress and arise from the isostatic rebound
and surface erosion that occurred during deglaciation
at the end of each glacial cycle, together with longertimescale plate tectonics, resulting in the formation of
tectonic fractures in the upper (epikarstic) part of the
limestone” (Faulkner, 2006). Later researches showed
that the tectonic inception hypothesis refer to the
whole karstic massif, the deep vadose and even the
phreatic zones. However, this only applies to highly
geodynamic settings like the Alps-Dinaric-Carpathian
range or the Pyrenees, where caves development were
concurrent with uplift and valley incision (Sauro et
al., 2013; Tîrlă & Vijulie, 2013; Pedrera et al., 2015,
Szczygieł et al., 2015). Neotectonic processes may
also affect the hydrogeological conditions through
base-level regulation and forcing erosion, and valley
incision (Piccini, 2011; Gabrovšek et al., 2014).
The aim of this study is to examine the role of
structural geometry and neotectonic processes in
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the development of caves in high mountains during
successive phases of their evolution. The structural
guidance of cave passages is unquestionable, however,
it is worth considering what makes the water flow
along selected structures. Fold-and-thrust belts are
typical structures in most orogenic belts controlled by
compressional tectonics formed at plate boundaries
(Poblet & Lisle, 2011). From the structural point of
view, the most common initial fissures in a fold and
thrust belt include faults, fractures and folded strata,
which result in steep bedding planes and bedding
planes fractures. Faults, including thrusts, are
generally perceived as single planes. In outcrop-scale,
however, faults are much more complex and contain a
fault core (including breccia or cataclasites), a damage
zone (brittle) closer to the core and a drag zone (ductile)
further from the core (see details in Fossen, 2010).
Some fault zones are wider and composed of more
than one core; this type is called a multiple fault zone
(Faulkner et al., 2010). Within the folds, two specific
zones can be distinguished: the contraction zone with
the highest compression located closer to the core of
the fold, where minor folds and faults are developed
and the local extension zone located in the outer part
of the fold where fractures perpendicular to the strata
are formed (see details in Fossen, 2010). All of the
above-mentioned types of structures were individually
investigated in many case studies (Čar & Šebela, 1998;
Tognini & Bini, 2001; Baroň, 2002). Nevertheless,
fold-and-thrust belts give opportunity to examine all
these structures in one karstic system. The Tatras
may serve as a representative example for reasons
such as: they constitute fold-and-thrust structures
(Plašienka, 2003); a variety of tectonic structures are
present there; the area is tectonically active (Perski,
2008); there are over 1,200 caves known in the Tatras
with the longest one (Mesačný Tieň Cave, Slovakia)
exceeding 30 km and the deepest one (Wielka Śnieżna
Cave System, Poland) being 824 m deep. (Gradziński
et al., 2009); three regional cave levels linked by
steep passages may provide more information about
several development phases of the Tatra caves, such
as (epi)phreatic and vadose, including postglacial
caves (Głazek et al., 1977). The study covers 23 caves
(Supplemental Table 1) located in the Czerwone
Wierchy massif, in the northern central part of the
Tatra Mountains (Fig. 1). Distribution of selected caves
is relatively uniform in the area of this massif (Fig. 2),
and represents each geological subunit of the massif’.

STUDY AREA
Geology
The Tatras constitute the northernmost belt of the
Central Western Carpathians (Fig. 1A), belonging
to the Tatric–Fatric–Veporic nappe system, which
is a basement-involved fold-and-thrust structure
(Plašienka, 2003). The overthrust of the Tatra nappes
took place in the Late Cretaceous (Kotański, 1961).
Uplift of the Tatra block began in the Middle to Late
Miocene from the depth of at least 5 km (Burchart,
1972; Král, 1977) and was rotated on a horizontal and
latitudinal axis (Piotrowski, 1978; Bac-Moszaszwili,

1995; Jurewicz, 2005). A more rapid rate of uplift
in the south led to uncovering of the crystalline
basement in the southern and central part of the
Tatra block. Duplex structures inclined towards the
south have been rotated and currently dip towards the
north (Jurewicz, 2003; 2005). The ascent and tilting
of geological units composed of sedimentary rocks,
mainly carbonates, gave rise to favorable conditions
for the development of karst systems. Uplift of the
Tatra block is still in progress, with geodetic surveys
(Makowska & Jaroszewski, 1987) and remote sensing
(Perski, 2008) confirming the tilting of the block. In
addition, earthquakes demonstrate tectonic activity
of the region, with the most recent earthquake
on November 30, 2004, at the north edge of Tatra
Mts. and measured a magnitude of 4.7 (Wiejacz &
Dębski, 2009).
The Tatra Mts. are composed of a Paleozoic crystalline
basement overlain by Mesozoic sedimentary rocks in
the north and west (Nemčok et al., 1994; Fig. 1B). The
sedimentary cover consists of the Tatric (autochthonous
sedimentary cover and Czerwone Wierchy, Giewont,
Široká nappes), Fatric (Križna nappe) and Hronic
units (Choč nappe; Nemčok et al., 1994; Fig. 1B). The
Czerwone Wierchy massif is composed of the following
Tatric units: the autochthonous sedimentary cover,
the Czerwone Wierchy Nappe (lower) and the Giewont
Nappe (upper). The Giewont Nappe is located in the
Czerwone Wierchy massif in the form of a tectonic
klippe built of detached crystalline rocks and located
in the summit areas (Kotański, 1963; Fig. 1C). The
Mesozoic succession is similar in both autochthonous
and Czerwone Wierchy units. At the base, the
profile consists of Early Triassic sandstone. These
deposits are covered by Early Triassic limestone and
dolomite with shale interbeds (Kotański, 1961). The
Middle Triassic is represented by partly bioturbated
calcilutites interbedded with crinoidal limestone,
bedded dolomite and dolomitized calcarenites (Jaglarz
& Rychliński, 2010). Upper Triassic sandstone,
dolomites and sandy limestone occur only in the
autochthonous unit along with Lower Jurassic
sandstone and crinoidal limestone (Kotański, 1961).
The Middle Jurassic penecordantly overlies the Middle
Triassic and is represented by crinoidal limestone
(Bajocian) and red nodular limestone (Bathonian;
Lefeld et al., 1985). The carbonate succession of the
Late Jurassic to Lower Cretaceous (Hauterivian) is
represented by pinkish limestone (at the bottom) and
thick-bedded limestone (Lefeld et al., 1985). Further
up in the profile, Lower Cretaceous (Barremian,
Aptian) thick-bedded reef limestone occur. At the
top of the carbonate sequence there is glauconitic
limestone, grey and pinkish limestone, and marls
with sandstone intercalation of Albian – Cenomanian
ages (Lefeld et al., 1985).
In general, the autochthonous Mesozoic succession
dips gently towards the north between the crystalline
basement and the nappes (Bac-Moszaszwili et al.,
1984). In the Czerwone Wierchy massif section,
the autochthonous series are partly folded (but not
detached), whereas the parautochthon (Kotański,
1961; Fig.1C) is built of complex minor fold-and-
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Fig. 1. Location of the study area: A) simplified geological sketch of the Carpathians with marked location of the Tatras (white rectangle); B) tectonic
map of the Tatras (after Nemčok et al. 1994, modified) with location (white rectangle) of the Czerwone Wierchy massif; C) surface geological setting
of study area (after Piotrowska et al., 2008; modified) and location of the investigated caves – cave numbers correspond to Supplemental Table 1.;
1 km grid; coordinates – WGS84 UTM zone 34N.

Fig. 2. Shaded digital elevation model with gradient elevation of the Czerwone Wierchy massif including: cave systems (cave numbers
correspond to Supplemental Table 1.), tectonic setting (after Piotrowska et al., 2008; modified) and last glacial maximum cover (white
semitransparent polygons; after Zasadni & Kłapyta, 2014); 1 km grid; coordinates – WGS84 UTM zone 34N.
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thrust structures in the western portion of the
Czerwone Wierchy massif (Rabowski, 1959; Kotański,
1961, 1963; Piotrowski, 1978; Szczygieł, 2012). On
the northern slopes of the massif, the parautochthon
is an inverted limb, gently inclined towards the south
(Kotański, 1963; Bac-Moszaszwili et al., 1984; Fig. 3).
The Czerwone Wierchy Nappe is divided into two
sub-units, the Organy (northern) and the Ździary
(southern), which are separated by the Organy
fault (Kotański, 1963, Figs. 1C, 3). The Organy unit
is a chevron syncline, generally open to the north
(Rabowski, 1959; Kotański, 1963) and recumbent,
with its axial surface gently inclined towards the
west (Grochocka-Rećko, 1963; Szczygieł, 2013;
Fig. 3). The Ździary unit is also a syncline open to
the north (Rabowski, 1959; Kotański, 1963) but the
geometry is more concentric and the axial surface is
gently inclined to the east in a western side, and to
the south in central and eastern portion on the area
(Piotrowski, 1978; Szczygieł et al., 2014; Fig. 3). The
Organy Fault is quite uniform from the east to the
west of the Czerwone Wierchy massif. The fault plane
is steep and inclined towards the south (GrochockaRećko, 1963; Kotański, 1963; Szczygieł, 2013).

recharge area covering ca. 17 km2 of northern part
of Czerwone Wierchy massif. Its mean discharge
amounts to ca. 700 l/s (Barczyk, 2003).
The caves in the Tatras are deep, epigenic highmountain-type caves with two paleo-phreatic levels:
older and poorly preserved (1550 – 1650 m a.s.l.) and
younger (1300-1450 m a.s.l.) and one active (phreatic
and epiphreatic passage) cave level (Rudnicki, 1967).
These are intersected by steeply descending vadose
conduits up to 824 deep, mostly proglacial (Głazek
et al., 1977).
Initiation of the karst drainage probably started
at the Late Miocene-Pliocene (Nowicki, 2003). The
U-series dating of speleothems has revealed that
the highest paleo-phreatic passages in the Czarna
Cave (the highest cave level in the Lodowe spring
system; Fig. 4) transitioned to the vadose zone
no later than 1.2 Ma years ago (Nowicki, 2003).
Gradziński & Kicińska (2002) concluded that when
Czarna Cave was forming, the modern valley network
in the Czerwone Wierchy massif had already been
established and flow directions were similar to the
current ones. The lowest paleo-phreatic cave level in
the Tatra Mts. located ~100m above the valley bottom
was drained prior to ca. 120 ka (data from the Zimna
Cave; Fig. 4) indicating the maximum age of the
current relief (Nowicki, 2003). Vadose erosion started
simultaneously with phreatic one. Based on a map of
the last glacial maximum in the Tatra Mts. (Zasadni &
Kłapyta, 2014), many entrances to vadose caves are
located close to the last glacier’s edge and only some
are truncated shafts (Fig. 2). Many entrances are
also connected with the boundary of the crystalline
tectonic klippe in the summit regions of the massif
(Fig. 1C). Overall, the location of most of the cave
entrances is related to recent geomorphology, which
indicates a very intensive vadose phase took place
during the Late Pleistocene. However, features of
earlier cave morphology may have been erased by
subsequent erosion.

METHODS

Fig. 3. Geological cross sections of the Czerwone Wierchy Fold-AndThrust structure based on Kotański (1961), Bac-Moszaszwili et al.
(1984), Piotrowska et al. (2008) and own research. The cross section
lines are shown in Fig. 2. Karst conduits are projected toward the
direction of view. Notice how bedding planes of Ździary Unit guide the
development of the vadose ramps and shafts.

Karst morphology and hydrology
The Czerwone Wierchy massif is the largest karst
massif in the Tatras, with glaciokarst relief (Gądek
& Litwin, 1999), and where most of the caves are
located. The deepest caves drain the Czerwone
Wierchy massif. Within the massif, there are two
karst autogenic drainage systems. The first drains
the south-western part of the massif, comprising the
autochonous sedimentary cover, and drained by the
Pod Pisana spring (1023 m a.s.l.; Rudnicki, 1967).
The second, the Lodowe vauclusian spring, drains
the largest karst system in the Tatra Mts. with the

Studies described here are based on geomorphological
observations and measurements of the spatial
orientation of geological structures (bedding planes,
fractures, meso-faults with accompanying shears
and striations). Research was conducted in 23 caves
and comprised almost 3,000 measurements. Detailed
geometric structural analysis was performed. All
collected tectonic data were statistically analyzed
with the application of SpheriStat software (Pangaea
Scientific). The orientations were summarized as
structural diagrams in equal-area Lambert-Schmidt
projections on the lower hemisphere. Rose diagrams
illustrating strike directions were drawn.
To account for the structural guidance of entire
caves, the comparison of tectonic structures (contour
diagrams, rose diagrams, structural plans, geological
cross sections) with cave pattern and passage
morphology (field observations, maps, cross sections,
3-D survey data models) was supplemented by
rose diagrams showing the distribution of conduit
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Fig. 4. Spatial distribution of geomorphology and cave cross sections of the Czerwone Wierchy massif with marked recent and paleo karst flow
directions (after Szczygieł, 2015a; modified); note that in the figure are also Czarna and Zimna caves that have not been investigated, but previous
research from those caves is discussed; C – Czarna Cave, Z – Zimna Cave, LS – Lodowe spring, PP – Pod Pisaną outflow.

directions. The rose diagrams are a compilation of
conduit directions weighted by length. Survey data
(measurement of passage orientation derived from a
cave survey) with an inclination of 90º were omitted
because they have no azimuth. Due to the availability
of data, survey shots from 15 caves were made. The
entire analysis resulted in a simplified genetic model
of cave development of the Czerwone Wierchy massif.

CHARACTERISATION OF THE
INVESTIGATED CAVES
Cave morphology and pattern
Multilevel cave systems are distinguished by the
intersection of their cave levels by a series of shafts and
canyons (Fig. 4). The morphology and pattern of the
cave levels point to their formation under phreatic and/
or epiphreatic conditions. Morphologically, passages
are composed of horizontal or gently inclined rounded
and lenticular tubes varying from 0.4 to 6 m width,
often accompanied by scallops and solution pockets.
Within the cave levels, there are some very steep but
relatively short sections, which may have developed
under phreatic conditions, forming a phreatic loop
(Ford & Ewers, 1978; Gradziński & Kicińska, 2002).
Phreatic or epiphreatic passage pattern is represented
mostly by a main gallery with narrow branches. Single
branches represent the bypasses (sensu Ford &
Ewers, 1978) located above the main gallery and have
also been observed in Wysoka-Za Siedmiu Progami,
Śnieżna Studnia, Psia, Wielka Śnieżna. Maze-type
branches are characteristic for epiphreatic passages
and are produced by periodic flooding (Palmer, 2007).
Some of them form loops but there are also blind
branches. Anastomotic mazes are less common.
Vertical and steep parts of the caves formed under
vadose conditions are reflected in the following
morphology features:
• shafts and chimneys up to 200 m depth – many
of them are vertical cylindrical shaft (some up
to 10 m diameter), lens-shaped vertical profiles
and lenticular horizontal profiles of shafts are
common as well, irregular horizontal profiles
are less frequent but such shafts are deep (e.g.,
triangular, ~130 m deep Koloseum shaft in
Wysoka-Za Siedmiu Progami Cave);

•

canyons – gently inclined, rectilinear, wide (1.5-5 m)
passages even ~50 m high (Fig. 5A);
• meanders – narrow (narrowest place is 17 cm
wide, average width is about 0.5 m), sinusoidal
in plan-view, often with “keyhole” profiles and
solution notches;
• ramps – steep (but not vertical) passages whose
dip is identical to dip of the bedding on a long
distance (Fig. 5B); profiles can be similar to
canyons or lenticular tubes; in a few cases ramps
are roomy as a huge chamber, high but with
steep and more or less planar floor wide to tens
of meters.
Cascade and potholes are common in canyons
and meanders. The pattern of the vadose caves and
the vadose zone of multilevel systems are mostly
branchwork, curvilinear or rarely rectilinear (sensu
Palmer, 2007). Leakage and diversion of vadose flow
are very common, and are expressed as parallel shafts
or shortcuts in less steep passages. Fissure passages
are present in both phreatic and vadose sections.
All types of passages are locally remodeled by
breakdowns. The most frequent morphologic features
for each cave are presented in Supplemental Table 1.
Structural setting
Detailed tectonic data for each cave system are
provided in App. 1. The text below contains a
description of the most characteristic structures
documented in the caves and their variability in the
study area.
The general direction trend of bedding plane
strikes is varies between ENE and ESE. This trend
is disrupted in the fault zones (e.g., Lodowa Mułowa
Cave; Fig. 6 cross section D-D’, the Koprowa and
Świstacza caves; Fig. 7). The orientation of beds was
not documented in some caves (e.g., Szara Studnia,
Lodowa Małołącka; App. 1) due to thick-bedded
limestone and the lack of bedding plane regularity
on the size of passages. Most bedding planes dip at
angles of 40–70°, gradually changing to vertical in
fold hinge zones (App. 1, Figs. 3, 4). Gently inclined
strata have been documented only in the fault zones
(Lodowa Mułowa, Lejbusiowa, Koprowa and Świstacza
caves; Fig. 6 cross section D-D’; Fig. 5, App. 1). The
main fold in the autochthonous sedimentary cover,
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and inclined towards the east. Chevron geometry is
a distinguishing feature of the main syncline in the
Organy unit. In both synclines, the interlimb angle
ranges from open to tight. Within the upper limbs,
minor folds with gentle interlimb angles are often
found (e.g., Ptasia Studnia, Mała w Mułowej Cave;
Figs. 3, 6).
Due to erosion and corrosion, some fault features
may have been weathered and therefore omitted
during fieldwork. N–S and W–E strikes with steep to
vertical dipping prevail within the faults. Some W–E
striking faults are simply dislocations along bedding
planes. Such faults dominate caves located in the
Ździary and Organy units within the Middle Triassic
carbonates (e.g., Kozia Cave, Małołącka Cave, Śnieżna
Studnia). Some displacements along bedding planes
are younger than cave passages, as is concluded from
shifts in passage profile (Fig. 5D). Two generations of
striation can be found on some of the flexural slip
bedding planes, indicating multiple movements along
these surfaces. Small folds related to bedding plane
fractures have been documented as well, indicating
that some flexural slip displacements occurred along
beds when the rocks were more ductile, probably
before exhumation of the Tatras.
Most of the faults are normal or normal-oblique.
Fig. 5. Chosen tectonic features from studied caves: A) vadose canyon
Reverse
movements have been recorded infrequently
were formed along steep single-plane faults which is steeper than
(Groby Cave, Lodowa Mułowa, Mnichowa Studnia
bedding, Ptasia Cave; B) vadose ramp developed on gently dipping
strata, the direction of passage corresponds with dip direction of bedding,
Wyżnia). Thrust plane of the Czerwone Wierchy nappe
Kozia Cave (photo M. Golicz); C) vadose canyon formed along steeply
has been documented in the Mała w Mułowej Cave,
dipping bedding planes, on the left bedding plane the stration is visible
where passages from a depth of ~300 m to the bottom
which indicate flexural slip or neotectonic movement, the Wielka Śnieżna
are gently inclined along the border of the mentioned
Cave; D) a paleo-phreatic conduit developed along bedding plane, based
on the same bedding plane the tectonic displacement took place and
nappe and autochthonous series (Szczygieł et al., 2014;
vadose ramps were formed, the Wielka Śnieżna Cave; E) the biggest
Fig. 6). Many caves are located close to the Organy
cave chamber in Tatra's caves – The Fakro Chamber (the Mała w Mułowej
fault (Figs. 1, 2), however, passages cross this fault
Cave) developed in a hinge zone of main syncline of the Ździary Unit (see
only in the Ptasia Studnia and the Śnieżna Studnia
Fig. 6 cross section B-B'), steeply dipping bedding planes visible in ceiling
of the chamber, cavers on rope to scale (photo M. Golicz).
(Figs. 3, 6). In other cases, passages approaching the
Organy fault are closed by breakdowns
or filled by clastic sediments. Near the
main thrusts, the network of minor
faults is denser and multiple fault
zones were formed (e.g., in the Koprowa
Valley or near the Zośka-Zagonna
Studnia; Fig. 2).
The most numerous structures are
fractures. Dominant fractures strike
at an angle of 30–50° to the strike of
the bedding. The second set consists
of extensional fractures, which strike
parallel to the bedding, but whose dip
direction is perpendicular or oblique
to the bedding. These two groups of
fractures are common in all caves,
however, Riedel shears are dominant in
Fig. 6. Geological cross sections of the selected parts of caves based on field data and Szczygieł
cave segments located near faults. Their
(2011, 2013). Compilation and projection on one cross section plane would make it impossible to
orientation is dependent upon the fault
determine the relationship between dip of structures and cave course, therefore a detailed cross
with which they are associated. Within
sections for each fragments of the caves is presented. The traces are shown in Fig. 2; Karst
the shear zones, en-echelon fractures
conduits are projected toward the direction of view. Explanation of geology as in Fig. 3.
have been observed, but their calcite
documented in Wysoka -Za Siedmiu Progami Cave
filling prevents making orientation measurements.
is a plunging inclined antiformal syncline (Szczygieł,
Besides the above-mentioned sets, differently oriented
2012). Strata in the Ździary unit are arranged in
fractures, whose population was too small to extract
concentric fold, ranging from recumbent to plunging,
sets or systems, were measured.
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Fig. 7. A) Structural map of the Koprowa Studnia and the Świstacza caves, maps of both caves are projected in true distance;
B) chamber in the western part of Świstacza Cave developed on conjugation of faults, both steeper than bedding; C) Structural
map of the Pomarańczarnia Cave; D) orientation of fractures in the Pomarańczarnia Cave, orange circles correspond to fractures
measured in the fault core along which the shaft were formed; E) the shaft in the Pomarańczarnia Cave developed along fault.

STRUCTURAL GUIDANCE OF CAVES IN A
FOLD-AND-THRUST BELT
The fold-and-thrust belts may contain high variability
in tectonic styles over a small area, which may affect
cave patterns, as well as volume and morphology of
passages. For example, in a small area in the Mała
Łąka Valley, there are caves of extremely variable
lengths and volumes, despite intensive exploration
on both sides of the valley. The two deepest caves in
the Tatras, Wielka Śnieżna Cave System and Śnieżna
Studnia (Supplemental Table 1), are located on the
western slope of the Mała Łąka Valley. Conversely, on
the eastern side of the valley (Fig. 2), the largest cave
barely exceeds 50 m in depth, with a length of 360 m
(Lodowa Małołącka Cave). These slopes are only a few
hundred meters apart (Fig. 1C). Moreover, they are
built of the same tectonic units and lithostratigraphic
formations, therefore the lithological control can
be excluded. Additionally, this area was covered by
the same glacier during the Pleistocene (Zasadni &
Kłapyta, 2014), therefore the climatic and hydrological
conditions were also similar. Differences in the
development of caves on both sides of the Mała Łąka
Valley result from different local tectonic settings. The
western part of the valley is composed of a complex
of limestone steeply dipping towards the south, which
is only locally deformed by minor folds and faults
with small slip amplitudes (Fig. 6). As a result, water
flowed along steep bedding planes without obstruction
(Figs. 5C, D). On the eastern slope of the Mała Łąka
Valley, beds dip gently (20–40°) but many steep and
very steep fractures and faults occur, including the

thrust of the Giewont Unit (Figs. 1C, 2). On the western
side, the cave profile is slightly concave and strongly
hierarchical, whereas on the eastern side it is slightly
hierarchical. According to Audra et al. (2002), this
indicates high fracture density on eastern side. The
dense fracture network contributed to preventing the
penetration of focused water flow into the massif, and
thus inhibited the cave passages. A lot of exploratory
work on the surface and in the cave is devoted
to an attempt to find the entrance to the Śnieżna
Studnia cave in its eastern part. Cross section of cave
(cave no. 14 in Fig. 4) shows that the eastern part is
recharged just from the region of Kopa Kondracka.
However, these caves, which were explored in this
area, and chimneys, which were explored in Śnieżna
Studnia, are small, narrow and filled with rubble.
Comparison of morphological and structural features
of 23 caves, highlighted by the examples given above,
leads to the following interpretation. Caves can be
divided into three groups according to the formation
of vadose cave passages in different geological settings
encountered in the fold-and-thrust belt; caves guided
by (1) steep bedding planes or bedding plane fractures,
(2) dense network of discontinuities, (3) single-plane
fault (Fig. 8.). Phreatic passages rarely occur within
investigated caves (Supplemental Table 1), thus
data population is smaller and less representative.
Therefore, the scheme presented in Fig. 8. does not
include phreatic passages, of individual cases are
described in the text.
It can be seen that some cave directions presented
(App. 1) have no close relationship to fractures, faults
and bedding plane strikes. This may be a result
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of conduit development at the conjunction of two
structures or along the single inclined plane but oblique

to strike. Another reason may be that the methods of
surveying are not conducted in the middle of conduit.

Fig. 8. Three kinds of tectonic guidance can be distinguished: cave inception may take place within the bedding plane
fractures (A) and subtype of bedding plane fractures – fold hinge zone (B), multiple fault core (C), single-plane faults (D).
Thick red lines – fault; thin red lines – fractures; black lines – bedding planes; grey polygons – cave cross section. Caver
figure is posted to give the definition of a human accessible passage (a real cave); schematic rain, melting glacier and
snow represents past and present water recharge sources in Tatra Mts.

Caves guided by steep bedding planes or bedding
plane fractures
The first group consists of caves and cave passages
that developed on steep bedding planes or bedding
plane fractures (Fig. 8A). This group includes the
longest and deepest caves in the study area (upper
part of the Mała w Mułowej, lower part of the Ptasia
Studnia Cave System, Kozia, Małołącka, Wielka
Śnieżna Cave System, Śnieżna Studnia caves;
Figs. 2-4). Many displacements along guiding bedding
planes, older as well as younger than cave passages,
were documented. This type of passage occurs in both
paleo-phreatic (Fig. 5D) and vadose conduits (Fig. 5C).
In the case of paleo-phreatic galleries, minor vertical
amplitudes characterize passages. Cave patterns
are represented mostly by single passages along the
bedding strike; branching occurs rarely, but where
it does, it often develops along the same structure.
Passages formed in the vadose zone on bedding plane
fractures are characterized by plunge and direction
referring to the dip and dip direction of the bedding,
respectively (Figs. 3, 6). If compared with boxes in
rows 8, 10, 11, 13 in Appendix 1, it is clearly visible
that cave-passage directions are perpendicular to
bedding plane strike. Often, the general inclination
of the cave systems is parallel to the bedding, but
the direction of the individual passages is consistent
with brittle structures, mostly joints and rarely faults
(Fig. 5B). Ramps (see Cave morphology) are typical
for passages guided by bedding planes as well as for
canyons. Meanders are less frequent in the discussed
setting, but if they are present, solution notches
have developed along bedding planes. It is quite
common for bedding plane fractures to be found
in the ceiling; the passage morphology is then like
“stairs beneath a faulted roof” (Audra et al., 2002).
For example in the Małołącka Cave throughout
its length, the ceiling of the cave is the bedding
plane (Fig. 6, J–J’). The plunge and direction of the
passage coincides perfectly with the dip and dip
direction of the bedding, respectively. At the bottom
of the cave, the passage crosses a gently inclined
inactive fault, which drag zone probably contributed
to breakdown.

The lithology, in which such type of caves develop,
often include limestone and dolomitized calcarenites
of the Middle Triassic age. It could be assumed that
in the formation with dolomitic limestone interbeds,
ramps are guided by “inception horizons” sensu Lowe
& Gunn (1997). However, these rocks are thin- and
medium-bedded (a few cm to ~40 cm), hence even
a small-range fracture in less soluble dolomitic
limestone causes down cutting and the development
of stair-step morphology. The only layer that could be
identified as inception horizon is the Early Triassic
limestone and dolomite with shale interbeds, but it
guides only a few vadose passages in the lower part of
Wielka Śnieżna.
Specific conditions exist in the hinge zones of main
folds, where large-volume chambers or deep shafts
have developed, depending on the geometry of the fold
(Figs. 5E, 8B). Concentric folds have wider hinge zone
outer from the fold core and narrow hinge zone closer
to the core. Chevron folds have a comparatively narrow
hinge zone regardless of the position relative to the
core. In the Tatra Mts. main folds are recumbent, so
the strata in hinge zones are vertical. Large chambers
were formed in the narrow sections of bending, because
the vertical distance of the more strongly deformed
zone is shorter. Additionally, the contraction zone
promotes the formation of breakdowns. Deep shafts
are developed in the outer part of the concentric
folds, where the bedding planes are steep over a long
distance (Szczygieł, 2013).
Caves guided by dense network of discontinuities
The second group consists of caves developed in the
dense network of discontinuities related to the major
thrusts and other faults (Fig. 8C). These caves are
shallow and short, a6nd small volumes characterize
their passages. Cave pattern comprises anastomotic
mazes or single passages with narrow curves in paleophreatic caves, and mostly rectilinear branch work
in the vadose zone. A few caves contain chambers
that developed due to collapse. The caves from this
group comprise Lejbusiowa, Szara Studnia, Niebieska
Studnia, Pomarańczarnia, Mnichowa Studnia Wyżnia,
Lodowa Małołącka, Koprowa Studnia. Świstacza,
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Poszukiwaczy Skarbów, Groby (Fig. 2, Supplemental
of groundwater that hence the smaller size of the
Table 1). Control of cave passage direction with respect
cave and perhaps shorter activity. Additionally,
to the fracture and fault networks is presented in rows
permeability may be reduced by tectonic clay and flood
1, 12, 18, 20, 22 in Appendix 1.
loam, which contain less soluble minerals and fill the
Geological settings and morphology of the Koprowa
fractures (Fig. 9; Zupan Hajna, 1997). On the other
Studnia and Świstacza caves (located in the eastern
hand, numerous big chambers or roomy passages are
slope of Mała Łąka Valley), in relation to surrounding
known in fault settings from other areas. For instance,
surface geology reflect high fracture density impact.
in Postojna Cave (Šušteršič, 2006) and Spluga della
These caves developed in a multiple fault zone, in
Preta (Sauro et al., 2012) the biggest voids are located
vadose conditions in the Middle Triassic limestone,
where the conduits break through the fault zones
which belongs to the Ździary Unit (Fig. 1C). The
and related tectonic breccia, however in both cases
guiding fault dips at angles of 60–80° southward and
the roomy parts are mature (Šušteršič, 2006; Sauro
is conjugated with a fault dipping at angles of 40–55°
et al., 2012). The Koprowa Studnia and Świtacza
towards the southeast (Fig. 7A). The chamber on
caves are juvenile - the lack of absolute dating but
bottom of the Świstacza Cave and the widest part of
location of the entrances with respect to the recent
the entrance shaft in the Koprowa Studnia developed
geomorphology suggests their formation during the
at the conjugation of the two fault planes. The cave
last deglaciation; Fig. 2. Initially dissolved multiple
passages intersect with stratification dipping at angles
fault zones are not solid enough to support channel
of 20–45° towards the west and the northwest. Maps
formation, which leads to collapse. After subsequent
of both caves projected in true distance indicate that
enlargements channels may be stabilized (Šušteršič,
they constitute a single system connected by a fissure
2002). The vadose parts of the caves in the Tatras were
located between easternmost part of the Koprowa
originated or remodeled during the Late Pleistocene,
Studnia and westernmost passage in Świstacza, but
so are relatively young. Thus even if focused flow
they were once separated by breakdowns (Fig. 7A).
was present and a shaft or chamber developed, the
The course of the caves is similar to the south slope
highly fractured rock in the multiple fault core caused
of Koprowa Valley (Fig.1C). This could be indicative
breakdowns or diffused flow within the encountered
of the influence of a gravitational movement on the
strongly fractured zone. The propensity towards
formation of initial fissures. The normal-slip movement
collapsed (or undeveloped) passages in fault core
of faults and commonly occurring autochthonous
zone is well identified in the Organy Fault which was
rubble and fragility documented in the caves supports
previously proposed (Bac-Moszaszwili & Nowicki,
this claim. The steps on fault planes are mineralized
2006) as one of the main structures were the largest
which proves that they are older than the caves,
caves in the Tatra could have developed. However,
and possible gravity sliding was distributed along
these studies were based on interpolation from surface
existing surfaces. Tectonic history of this area may be
data and not on fieldwork in the caves. Observations
associated with the nearby Organy Fault along which
from the caves are contradictory, indicating rather an
the Koprowa Valley developed and with overthrust of
inverse relationship, whereby the Organy Fault often
the Giewont Nappe in the area of Kopa Kondracka
blocked the development of human-sized conduits
peak (Fig. 2).
(Figs. 4, 10B). For example, in the Śnieżna Studnia
The small dimensions of those caves are the result of a
at ca. 1,600 m a.s.l., where the passage crosses the
high fracture density, indicated by dispersing inflows.
Organy Fault (Fig. 6 cross section F – F’), the transition
The water flows into the massif along the steepest
was originally collapsed. The current excavated path
surface; in tectonically damaged areas, there is a
through the rubble is very narrow, especially when
dense net of steep planes, so water is able to penetrate
compared to the surrounding passages. Also caves in
many
places,
which
represents
entrances to Koprowa Studnia and
Świtacza Cave spaced about 30 m. A
dense network of discontinuities is
also characterized by relatively short
surfaces with narrower ranges, e.g.,
in comparison to the bedding planes.
However, the water does not drain
along the bedding planes, because they
are less steep (e.g., Lejbusiowa Cave
or Koprowa Studnia; see Appendix 1).
Audra et al. (2002) noted that intense
jointing allows the drainage area to be
partitioned into many small basins.
Consequently, many recharge points
and many drainage possibilities hinder
water flow and thus potentially leading
to the development of a human-sized
cave do not exist (Fig. 8C). Smaller Fig. 9. Example of the fracture filled by tectonic clay. The right image is detail from the black
catchment area is a smaller amount rectangle on the left photo.
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cliffs above the Wielka Świstówka terminate above the
fault, or start just below (Fig. 10B).
Caves guided by single-plane fault
The third group includes caves formed on the line
of sub-vertical individual faults or on a conjugation of
such faults (Fig. 8D). A relatively narrow drag zone is
typical for these faults. Networks of related fractures
or minor faults are rather poorly developed. These
are mostly single-plane faults, rarely accompanied by
tectonic breccia. It is also important that the plane
of the fault is steeper than the one of the bedding. In
other areas, it was documented that vadose passages
are guided by steep faults within gently inclined strata
(e.g., Plan et al., 2009; Sauro et al., 2013). Passages
originating along a steep fault in the phreatic zone are
characterized by relatively minor height differences
(e.g., Kalacka Cave: see Szczygieł et al., 2015). Cave
passages developed under vadose conditions are
rectilinear and high (Fig. 5A). The morphology of these
passages is often modified by breakdowns; however,
forms resulting from water erosion and sediment
transport are present (e.g., bends of meanders, scallops,
flutes, autochthonous and allochthonous pebbles).
Deep shafts were formed at the conjugation of vertical
faults. Their distinguishing feature is irregular cross
section. This group of caves comprises the eastern part
of Wysoka – Za Siedmiu Progami (Fig. 4), the western
part of the Wielka Śnieżna Cave System, Studnia w
Kazalnicy, Zośka – Zagonna Studnia, Pod Dachem,
partly Ptasia Studnia, Psia caves (Supplemental
Table 1, Fig. 2). The selection of drainage routes is due
to water flowing along the fault plane, which is steeper
than the surrounding bedding planes. Crucially, the
nature of the fault (single surface) enabled the water
flux to concentrate. The fact that the fault intersects
bedding planes makes lithology less important in the
guidance of passages, because water can flow across
less soluble carbonates. In such cases, lithology
mostly affects the volume and shape of passages but
not the cave pattern.
An example of a cave guided by single-plane
faults but limited by multiple fault zone could be
an aven-type cave, the Studnia w Kazalnicy, which
developed in the vadose zone (Figs. 7, 10B). A nearentrance passage (up to 25 m deep) was formed
along the bedding planes in the syncline hinge zone
of the Organy unit. Below, shafts and meanders are
guided by faults dipping at angles of 55–75° towards
the south and west; locally, the dip of meanders is
related to the dip of stratification, but the course is
identical with the fault. From a depth of 125 m to the
bottom, the passages are arranged spirally, primarily
along very steep faults, NW–SE fractures and locally
bedding planes which are not steeper than 55°
(Szczygieł, 2011). The cave is limited upwards by the
Organy Fault.
One special case involves caves formed along
faults containing drag zones 20–50 cm wide. For
example, Pomarańczarnia Cave developed along one
fault (178/89; Fig. 7C). The guiding fault consists of
two parallel slip surfaces and the narrow but highly
fractured zone contained between them, whereas

the outer walls are solid (Fig. 7D, E). In this case,
the 30-cm-thick tectonic breccia zone impeded the
flow and blocked the development of human-sized
conduits. Field studies of passages originating in
vadose zones show that single-plane faults without
tectonic breccia constitute much better drainage
routes (e.g., Studnia w Kazalnicy, Koloseum shaft in
Wysoka-Za Siedmiu Progami Cave). Sauro et al. (2013)
noticed similar relationships, but did not consider
faults with tectonic breccia as inception features
sensu stricto, as the passages did not develop along
breccia. Nevertheless, such fault zones can supply
water to surrounding structures.

ASYMMETRIC UPLIFT AND NEOTECTONIC
CONTROLS IN THE DEVELOPMENT OF THE
KARST SYSTEMS
Caves in the Tatras developed along the line of
single-plane faults, multiple fault cores, bedding plane
fractures and, of course, fractures related to these
structures. However, structural setting is not the
only geological factor determining cave development.
Discontinuities are open and connected to a protoconduit network depending on their orientation to
the present-day local stress field (Faulkner et al.,
2010), which may facilitate flow in rocks with higher
dissolution resistance. Common processes in the high
mountain active orogens include extension through
relaxation and gravity sliding. The impact of these
phenomena on the development of caves depends
on proximity to the surface (Sasowsky & White,
1994; Faulkner, 2007), whereas the directions of
stress tensors depends on morphology, i.e. principal
minimum compressional axis is perpendicular to
the slope (Szczygieł, 2015b). Therefore, they are
local processes, while complex cave systems cover
much bigger range reaching a few hundred meters
or even a few km. Apart from the influence of the
morphology, the stress field is controlled by regional
tectonics, e.g., transpressional settings (Sauro et al.,
2013), or in the Tatra Mts. by the asymmetrical uplift
(Králiková et al., 2014).
The hypothesis about the development of vertical
caves as a result of relaxation and extension cracks
parallel to the slopes was presented by Grodzicki
(1970), who postulated dissolution as a negligible
factor in cave formation, while the main factor would
be related to a few meters displacements located
below the nearest glacial cirque. Considering current
geodynamics of the Tatras, such movements are
highly unlikely. The number of solutional-erosional
forms and their volume in Tatras’ caves indicates
that Grodzicki’s assumptions (1970) were incorrect.
According to Sasowsky & White (1994) and Faulkner
(2006, 2007), relaxing movements may affect small
or shallow caves formed in the immediate vicinity of
the glacier cirque but not deep complex cave systems.
Nonetheless, even in cave passages located parallel to
the cirque walls, there are karstic forms, developed
by dissolution as demonstrated by Lauritzen (1986).
An example of a cirque-wall-parallel cave from Tatras
may be the Studnia za Murem. The entry shaft is
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separated from the cirque wall by 0.5 m thick bedrock.
The shaft is characterized by an oval cross section
pointing clearly to dissolution origin (Fig. 10C, D).
From the cave map, the western part of the cave is
parallel to the cirque (Fig. 10A), but the morphology of
cave is characterized by lens-shaped shaft, meanders
with potholes and, rarely, fissure passages. Thus,
neotectonic processes or gravity sliding could have
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extended initial fissures. Nevertheless, dissolution and
not extension due to relaxation was the main process
behind the enlargements of passages. Also other
caves in the study area which are similarly located
could be partly initiated by the relaxation nearby the
glacial circuses wall, including: Pod Dachem, Lodowa
Mułowa, upper part of Studnia w Kazalnicy, W–E
trending meanders and canyons in Ptasia Studnia.

Fig. 10. A) Structural map of the Studnia za Murem Cave, cave map by Rutkowski (1972); B) Cliffs above the Wielka
Świstówka; black line – stratigraphic boundary, red lines – faults, cross sections of caves are projected perpendicular to the
photo; C) entrance shaft to Studnia za Murem Cave (to the left) separated from the cliff (to the right) by the thin (even less
than 0.5 m) rock wall, downward photo; D) entrance shaft to Studnia za Murem Cave with typical morphology of vadose shaft;
view is upwards to the entrance at the center-top (photo downloaded from SBB).

Taking a more regional approach, there is a need to
consider the uplift effect on speleogenesis. In previous
studies, this issue has been regarded mainly as a
regulator of base and water table levels (Palmer, 1991;
Hauselman et al., 2003; Plan et al., 2009; Piccini,
2011; Audra & Palmer 2013; Gabrovsek et al., 2014).
Faulkner (2006) described its role in the process of
opening the structure and allowing drainage of water
as tectonic inception hypothesis. Sauro et al. (2013)
suggested participation of tectonic inception in deep
endokarst system development. In the investigated
caves, displacements younger than passages are
characterized by a gap approximately 3–5 cm wide
and dip separation up to approximately 30 cm
(Szczygieł, 2012, 2015b; Szczygieł et al., 2015).
Crucially, many of these movements were triggered
by asymmetrical uplift (Szczygieł, 2015b). All of
neotectonic displacements reactivated existing
structures: fractures and bedding planes, which
in combination with two generations of striation on
some bedding plane fractures, are consistent with the
regularity with which tectonic stresses are distributed

along the pre-existing plane of weakness (Fossen,
2010). In the Tatras, flexural slip along bedding planes
took place probably as early as during the folding
process at the Late Cretaceous (Plašienka, 2003).
During the subsequent deformation, flexural slip
surfaces could have been planes of weakness along
which tectonic stresses were relaxed. The neotectonic
deformation phase in the Tatra Mts. refers to the Late
Pliocene–Quaternary, and tectonic stress field during
that time was unchanged (Králiková et al., 2014).
This period also corresponds to the time span of cave
development in the Tatras (Nowicki, 2003).
If neotectonic movements used pre-existing
structures, within a constant tectonic stress field
during succeeding tectonic events (e.g., earthquakes),
the stress should have been relaxed along the same
structures. After each event, such structures are
“weaker” and thus even more prone to reactivation.
Therefore, faults rejuvenated in earlier phases of
tectonic activity during the Quaternary were
characterized by similar kinematics, sense and
separation to recent faults. If so, the discontinuities
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were opened due to neotectonic processes over
several hundred meters, e.g., a bedding plane fracture
(Szczygieł, 2015b). Along such a structures, passages
in the phreatic zone were formed, while speleogenesis of
vadose conduits could be initiated independently along
the same structure in the higher parts of the massif.
Middle Triassic thin-bedded limestone with bedding
planes as the most common planes of weakness, are
particularly predisposed to this type of deformation.
Filipponi et al. (2010) has interpreted bedding plane
fractures as a one of three types of inception horizons.
In turn, Sauro et al. (2013) noted that bedding
plane fractures allow flow, because of some tectonic
processes and not lithological differences. Therefore,
bedding plane fractures are connected with tectonic
inception sensu Faulkner (2006) and “the weakest”
bedding planes reactivated as bedding plane fractures
described above confirm this thesis.
The cycle of multi-level cave evolution during the
Quaternary glaciations has been repeatedly described
(e.g., Rudnicki, 1967, Głazek et al., 1977; Audra et
al., 2002). The role of uplift in this cycle has been
emphasized as well (Plan et al., 2009, Piccini, 2011).
Audra & Palmer (2013) summarizes these relationships:
“Vertical cave pattern is mainly controlled by time,
by the position of the aquifer (perched vs. dammed),
by recharge type (regular vs. irregular), and by baselevel changes (lowering vs. rising)”. All these factors
explain the presence or absence of cave levels, depth
of phreatic loops and average plunge trend of caves in
vadose zones. However, they do not explain how the
youngest vadose conduits, which evolved regardless
of the cave levels located below, have developed
along intersecting structures or linked simultanously
different cave levels. Water that flows into the massif,
e.g., 500 m higher, reaches precisely the passage
belonging to the cave level, often cutting it continuing
down to reach the underlying levels. Two scenarios
are possible to explain the linking relationships
between vadose passages and paleo-phreatic levels: 1)
opening of fissures during or before the first phase of
speleogenesis and their continuous karstification in
the succeeding phase, 2) or multiphase speleogenesis
related to multiphase neotectonic movements.
It is a widely accepted theory that cave levels are
link with base level. Phreatic passages, which form
cave levels, are transformed into epiphreatic and/or
vadose zones as a result of base level lowering (e.g.,
Audra & Palmer, 2013). The causes of such changes
in mountainous environments is valley incision and
this, in turn, is controlled by tectonic activity, mostly
uplift and climate changes, for example glacial cycles
that occurred during the Quaternary (Calvet et al.,
2015). Based on sedimentological, geochronological,
geomorphological and tectonic data mean rate of
uplift on the Tatra Mts. can be an estimated at up to
1.0 mm/a, with a denudation rate of 0.2—0.5 mm/a
(Králiková et al., 2014 and reference there). This
points to the importance of tectonic factors in base
level changing in the Tatras orogen, at least as much
as deglaciation. Based on that, a simplified genetic
model for the caves in the Tatras is here proposed
(Fig. 11). After asymmetrical exhumation of Tatra

block, carbonates were exposed in northern portion of
Tatras (the Pliocene? – Middle Pleistocene; Králiková
et al., 2014). Cave levels originated along the strikes of
the weakest planes in the rock (the most susceptible to
water flow, i.e. tectonic inceptions); in many conduits,
these original pathways were bedding planes moved
by flexural slip or neotectonics (Fig. 11A). When the
uplift led to descent of base level, phreatic galleries
were elevated above the water table. Regional
extension, which causes uplift, was expressed also
as rejuvenation of faults operated under the valley’s
bottom, and facilitated the formation of phreatic
loops. This rejuvenation resulted in the development
of two cave levels along the same structure in
succeeding speleogenesis phases, which are vertically
separated for a few hundred meters (Fig. 11B). The
possibility that guidance structures were open over
the entire vertical range of current karst system

Fig. 11. Simplified genetic model of cave development of the
Czerwone Wierchy massif. For explanation, see text; water table
is represented schematically – in nature it is not so uniform.
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during the formation of the upper (the oldest) level is
unlikely. In this scenario guidance structures in the
Middle Pleistocene would had to have been widened
approx. 600 m below the valleys’ bottom, because that
is the vertical distance between the highest and the
lowest cave levels in Tatra Mts. It is more probable
that extension operated during uplift, progressively
widened fissures along with the exhumation of next
portions of the orogen. Simultaneously, due to the
deepening of the valleys, the relaxation of the massif
resulted in some gravity sliding parallel to the ridges.
The stresses were distributed in the first instance along
existing planes (the weakest). Water drained along the
same structures in the vadose zone and intersected
the elevated paleo-phreatic cave levels to finally reach
the current phreatic zone. This cycle in the Czerwone
Wierchy massif was repeated at least twice (Fig. 11C).
Three cave levels (including one active) and vadose
conduits linking the levels were developed. Completely
vadose caves could have been formed independently, as
they are also guided by three main types of structures
opened by regional extensional tectonic regime (e.g.,
the Mała w Mułowej Cave) or by relaxation caused by
valley incision (e.g., the Studnia za Murem).

CONCLUSIONS
Three main types of structures are most prone to
speleogenesis in the Tatra Mts.: single-plane faults,
multiple fault cores and bedding plane fractures
(Fig. 8). Furthermore, this research indicates that
the structural setting was not the only tectonic factor
influencing the predisposition of fissures towards the
drainage of karstic water. The netotectonic activity
of the massif, which determines regional stress field
and consequently closes or opens fissures, thereby
predisposing them to speleogenesis, seems to be equally
important. The study results show that neotectonic
processes, both older than and the contemporary to
formation of caves, had a significant influence on the
development of karst conduits. Although neotectonic
movements probably involved the whole massif below
the base level, it is unlikely that whole connected protoconduit network was established before the first phase
of speleogenesis, especially when it concerns deep
caves (a few hundred meters or more than a kilometer).
When the base level lowering it is connected not only
with erosion but also with uplift; structural settings
are strongly affected by tectonic movements. Hence,
the proto-conduit network was adjusted just before
or simultaneously to the development of the conduits.
This applies especially vadose zone where, in addition,
the regional stress strongly influences the relaxation.
Gravity sliding, as well as regional extension,
opened the existing structures, creating a network
of initial fissures. However, the main factor behind
the enlargement of cave passages (contradicting
Grodzicki, 1970) was dissolution, not tectonics. It can
be assumed that the recent neotectonic displacements
reach a value of fault separations similar to that of
pre-speleogenesis neotectonic faults. Therefore, they
constituted prominent paths for water drainage.
Bedding plane fractures, which were not deformed
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by faults, created the best conditions for drainage.
In concentric and recumbent folds, bedding planes
dip steeply, i.e. at the angle of 50–90°, over several
hundred meters. This makes the bedding plane
fractures the most prone pathway to groundwater
circulation and thereby caves were formed in these
geologic and geodynamic setting, i.e. an uplifting foldand-thrust belt.
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Appendix 1. Spatial orientation of bedding planes, fractures and faults from investigated caves. Line numbers correspond to the number of caves in Supplemental Table 1 and Figs. 1 and 2. Caves are sorted
so that the top of the columns are the most westerly orientated and down the caves are located more to the east. In columns A, C, E, rosette diagrams are presented for each structure measured in the caves.
In columns B, D, F contour diagrams are presented, or if the data population was too small (assumed boundaries of 20 measurements) point diagrams, of structures measured in the caves. Contour and point
diagrams are made on a Lambert- Schmidt grid in the projection of the lower hemisphere. If the fieldwork did not provide relevant data, in place of the respective diagram is a horizontal line. Last column contains
the rose diagrams of conduit directions are weighted by length. Explanations: G – geological unit / nappe; g – geological subunit.
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Book Review
Trevor Shaw & Alenka Čuk

Slovene karst and caves in the past.
2015, Zalozba ZRC, Ljubljana, 464 p., ISBN 978-961-254-740-0
200x290, 582 b/w and color illustrations, hardcover, € 49.00.
English and Slovene versions available.
The authors are well-known historians of speleology at a top level.
They have produced a number of fascinating books both individually
and together, but this one is exceeds expectations.
The Introduction describes in detail the karst from a geological,
historical, anthropological, and environmental point of view. This
is followed by four sections dealing with the lakes of Cerknica and
Rakov Škocjan, the caves of Postojna, the caves of Škocjan and
Vilenica, and some other cavities.
The text in each of these sections is built on a tremendous amount of
information from antiquity to the present. The documents consulted
and duly reported were extracted from archives and libraries after an
incredible effort to identify and trace them in dusty shelves. Anyone
involved in similar activities is well aware of the amount of work
beyond each single piece of paper. Therefore, this book is a gold
mine to anyone searching for information on various aspects related
to caves and karst environments of Slovenia. Since the region taken
into account is the area where speleology developed, the book is a
must for anyone interested in this branch of science. Its elegance
and very accurate production should also be emphasized.
Arrigo A. Cigna

