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FOREWORD

The proceedings of the 19® International Congress of Speleology,
held in Belo Horizonte (Brazil) from July 20 to 27,2025, comprise seven
volumes that gather over 400 scientific papers (extended abstracts) dis-
tributed across sixteen thematic sessions. These works were evaluated
by an extensive group of reviewers, each guided by a Brazilian and a
foreign coordinator, aiming to ensure their collective relevance, proper
presentation, and compliance with the UIS Code of Ethics. The layout
of the articles was prepared by the authors themselves and is their
sole responsibility; however, the editorial team made an extra effort to
maintain a minimum standard in their presentation.

These proceedings represent the work of more than a hundred indi-
viduals—scientists, technicians, and explorers who voluntarily dedicated
thousands of hours to their production. To all of them, our heartfelt
thanks. We hope you enjoy it and that the science compiled herein
broadens the technical and academic horizons of karst and cave science.
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Recharge landforms in a subjacent
karst aquifer in Sete Lagoas,
Minas Gerais, Brazil

Pedro Assuncao (1,2,3), Rafael Magno (1), Camila Schuch (1), Lucas Padoan (1,4),
Guilherme Ribas (2,5), Bruno Aguiar (2,6), Rodrigo de Paula (1) & Paulo Galvao (1)

(1) Universidade Federal de Minas Gerais, Programa de P4s-graduagdo em Geologia, Instituto de Geociéncias, Departamento de Geologia, CPMTC-
-IGC, Laboratdrio de Estudos Hidrogeoldgicos (LEHID), Belo Horizonte, Brasil, phassuncao@ufmg.br.

(2) Sociedade Excursionista e Espeleoldgica (SEE), Ouro Preto (MG), Brasil
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(6) Geréncia de Espeleologia da Vale S.A., Belo Horizonte (MG), Brasil

Abstract

Sinkholes and lakes are features of the karst landscape that can act as recharge points to the underground flow system. Among several types of
sinkholes or dolines, caprock dolines are related to the interstratal karstification. In Sete Lagoas city, a well-developed urban area of the state
of Minas Gerais, Brazil, there are several occurrences of this type of sinkhole, indicating that landscape subsidence in insoluble rocks could be
associated to a karst aquifer development in an underlying soluble unit.. The objective of this work was to characterize sinkholes in metape-
lites that have never been studied diligently, in order to understand their genesis and the water dynamics associated to these karst features.
Geomorphological/ and geostructural mapping and investigation, together with digital elevation models (DEMs) analysis from unmanned
aerial vehicle (UAV) imagery were carried out to characterize the morphology of these features. An electrical resistivity tomography was carried
out to represent the hydrodynamics in the subsurface. The results showed that there are 5 perennial and intermittent karst lakes, in addition
to 8 caprock sinkholes in the study area . All the evidences support the hypothesis that both features are directly related to the metapelites and
are conditioned by the underlying karstification. It became evident that these features are fundamental hydrodynamic structures, acting on
the recharge of the aquifer system.

Résumé

Les dolines et les lacs sont des formes de relief du paysage karstique qui peuvent agir comme points de recharge pour le systéme souterrain.
Il existe plusieurs types de dolines, dont certaines sont liées au karst intra-stratal, appelées dolines caprock. Dans la région karstique de Sete
Lagoas, dans |’Etat de Minas Gerais, au Brésil, on observe la présence de ce type de doline, mais elles n’ont pas été étudiées de maniére appro-
fondie. Lobjectif de ce travail était de caractériser les dolines dans les métapélites, afin de comprendre leur genése et la dynamique de 'eau de
ces formes karstiques reposant sur 'aquifére karstique. A cette fin, des cartes géomorphologiques et géostructurales ont été réalisées, et des
modeles numériques de terrain (MNT) ont été générés a partir d’images de véhicules aériens sans pilote (UAV) pour caractériser la morphologie
de ces formations. Une méthode de tomographie de résistivité électrique a également été utilisée pour comprendre ’hydrodynamique en sou-
s-sol. Les résultats ont montré qu’il existe 5 lacs karstiques, certains pérennes et d’autres intermittents, en plus de 8 dolines classées comme
caprock. Ces deux types de formations sont directement liées aux métapélites et conditionnées par le karst sous-jacent. Il est devenu évident
que ces formations jouent un réle fondamental dans le comportement hydrodynamique, contribuant a la recharge du systéme aquifére.

Resumo

Dolinas e lagoas sdo feicdes do relevo carstico que podem atuar como pontos de recarga do sistema subterraneo. Existem varias tipos de do-
linas, algumas delas estdo relacionadas ao carste subjacente, que sdo chamadas de dolinas de cobertura. Na regido cdrstica de Sete Lagoas,
estado de Minas Gerais, Brasil, existe a ocorréncia deste tipo de dolina, porém ndo foram estudadas profundamente. O objetivo deste trabalho
foi caracterizar as dolinas em metapelitos, a fim de compreender a sua génese e a dindmica hidrica dessas feices carsticas sobrejacentes do
aquifero cérstico. Para isso foram realizados o mapeamento geomorfolégico/geoestrutural e modelo de elevagdo com drone para caracterizar
a morfologia destas feicdes e método geofisico de eletrorresistividade para compreender a hidrodindmica em subsuperficie. Os resultados
mostraram que existem 5 lagoas cdrsticas algumas perenes e outras intermitentes, além de 8 dolinas classificadas do tipo encoberta por
rocha. Ambas as fei¢des estdo diretamente relacionadas com os metapelitos e condicionadas pelo carste subjacente. Ficou claro que essas
feigBes sdo parte fundamental do comportamento hidrodindmico, atuando na recarga do sistema aquifero.
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1. Introduction

Karst terrains occupy approximately 15% of the Earth’s continen-
tal surface and they can be defined as a specific type of landscape,
where a complex network of caves and subterranean conduits develop
and are formed by the dissolution process of highly soluble rocks such
as limestones, marls, or evaporites. These terrains commonly feature
intrinsic landforms such as lapiés, stone towers, dolines and sinkholes,
sinking streams, canyons, and blind valleys (FORD & WILLIAMS, 2007;
GOLDSCHEIDER et al., 2020). In Brazil, about 3% of the country’s ter-
ritory is covered by karst terrains, which predominantly develop in li-
mestones and dolomites deposited during the the Neoproterozoic and
the Cambrian (AULER & FARRANT, 1996).

Water plays a fundamental role in the formation of these systems,
asitis transmitted and stored through the network of caves and under-
ground conduits, giving rise to karst aquifers. Regarding the origin of
water, two types of recharge in karst aquifers can be highlighted: auto-
genic and allogenic. When recharge originates within the karst system
itself, it is considered autogenic, while allogenic recharge originates
from non-karstic regions. In terms of infiltration type, water can infil-
trate either concentrically at recharge points (sinkholes and dolines) or
diffusely through soils, epikarst, fractures, or the rock matrix (FORD &
WILLIAMS, 2007; GOLDSCHEIDER & DREW, 2007; PALMER, 2007).

Karst landforms result from hydrological and geochemical pro-
cesses involved in the development of the karst system, occurring at
various scales. These features can be classified as input, output, or
residual forms. Karst input features are those that allow the rechar-
ge of surface and/or meteoric water into the aquifer system (FORD &
WILLIAMS, 2007; TRAVASSOS, 2019).

Dolines or sinkholes are karst recharge landforms and commonly
appear as enclosed circular or oval depressions, wider than they are
deep. Based on their genesis, dolines can be classified into various
types. A noteworthy type is the caprock doline, where subsidence oc-
curs in the overlying insoluble caprock, and can be considered a sub-
type of collapse doline. This type of doline is related to the underlying
soluble rock, indicating the karstification processes in the lower rock
layers (FORD & WILLIAMS, 2007; KRANJC, 2013; TRAVASSOS, 2019; FER-
REIRA & UAGODA, 2019).

Dolines related to interstratal karst are less frequent than other
types of dolines. Interstratal karst refers to the dissolution occurring
in more soluble rocks that are overlain by less soluble rocks, and it is
subdivided into subjacent, entrenched, or deep-seated karst (KLIM-
CHOUCK & FORD, 2000).

In Brazil, this specific type of doline is still poorly identified and
described (FERREIRA & UAGODA, 2020). In the Parana Basin, a set of

2. Materials and methods

2.1. Pre-existing Data

To characterize the local geology, geological maps (TULLER ET AL.,
2010), produced by the Brazilian Geological Service (SGB) at a scale of
1:100,000, were used. For elevation data, the ALOS PALSAR satellite’s
digital elevation model (DEM) with a spatial resolution of 12.5 m was
employed. Subsurface geological information was obtained from borehole
data, including location and lithological profiles, acquired through two
governmental open access platforms: SIAGAS (SGB) and SIAM (SEMAD-MG),
as well as additional data provided by Ambev S.A. company and the Sete
Lagoas Water and Sewerage Service (SAAE). Information on groundwater
flow was based on previous studies conducted in the area (GALVAO et al.,
2017; ALVES et al., 2021; SCHUCH et al., 2023; MAGNO, 2024).
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dolines in sandstones of the Furnas Formation (PR) and Aquidauana
Formation (MS) were formed due to the presence of subjacent karst
(SALLUN FILHO & KARMANN, 2007). Similarly, some dolines in sands-
tones of the Urucuia Group in the S3o Desidério region (BA) have been
associated with subjacent karst in limestones of the Sdo Desidério For-
mation (GODINHO & PEREIRA, 2013). A cave formed in metapelites in
the city of Lagoa da Prata (MG) has its entrance within a collapse do-
line, and its genesis is related to subjacent karstification in carbonate
rocks of the Sete Lagoas Formation (Bambui Group) (ZENHA & MACIEL,
2003). The karst of the Peruagu Cave National Park has also been inter-
preted as intrastratal karst and evolution into a fluviokarst (PEREIRA
etal., 2006).

Several techniques are commonly used to characterize dolines,
including electrical resistivity, a terrestrial geophysical method that
allows indirect identification of karstified zones and delineation of
the vadose and phreatic zones (ZHANG et al., 2024). Combined with
geophysical methods, geological-structural mapping can be used to
identify faults and folds that may influence karstification and, con-
sequently, doline formation (ELGATTOUSSI et al., 2023; SENER et al.,
2023; MAIA et al., 2024). Geomorphological mapping based on high-re-
solution topography obtained via drones (UAVs) can facilitate the iden-
tification and morphological characterization of dolines (FERREIRA et
al., 2023). The use of Light Detection and Ranging (LIDAR) has become
increasingly common for doline mapping, as it enables better delinea-
tion of their morphology, especially in heavily vegetated areas. In re-
gions where aerial laser scanning is available, it can be a powerful tool;
however, when such data is unavailable, UAV-based laser scanning for
more localized characterizations can be an innovative alternative (TE-
LBISZ et al., 2024; MAIA et al., 2024; KIM & HONG, 2024).

In Sete Lagoas (MG), various types of dolines and karst lakes occur,
mainly where carbonate rocks of the Sete Lagoas Formation are expo-
sed. However, there are also records of dolines occurring in metapelitic
rocks of the Serra de Santa Helena Formation (Fig. 1). Although these
dolines have been documented in metapelites, which are low-solubi-
lity rocks, their genesis, morphology, and hydrodynamic behavior re-
main uncertain (PESSOA, 1996; GALVAO et al., 2017; MAGNABOSCO et
al., 2020; ALVES et al., 2021; SCHUCH et al., 2023; MAGNO, 2024).

Thus, the objective of this study was to characterize dolines in me-
tapelites through geomorphological/geo-structural mapping, drone-
-based topography, and electrical resistivity, to understand the genesis
and hydrodynamic behavior of these karst features overlying the karst
aquifer in northern Sete Lagoas, Minas Gerais, Brazil.

2.2. Geomorphological and Geostructural
Mapping

The study area’s landforms were initially analyzed through satellite
image interpretation, enabling the identification of the most prominent
karst features. Areas of major interest were visited in the field to characte-
rize the karst recharge landforms, and to collect geographic coordinates,
morphological attributes, and hydrogeological data. A total of 13 karst
landforms were surveyed, including 8 dolines and 5 karst lakes. Dimen-
sional estimates (axes and area) were conducted using geoprocessing
tools in QGIS 3.16, while volume estimates were based on the forms
and calculations proposed by Telbisz et al. (2024). Geological-structural
mapping was conducted to detail the local geology, based on previous
mapping efforts. A total of 45 field sites were surveyed where structural
measurements of bedding, foliation, fractures, and faults were collected.
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2.3. UAV-based Elevation Model

To obtain a high-resolution digital elevation model and detailed
geomorphological mapping of karst landforms, topographic surveys and
high-resolution aerial photographs were acquired using an unmanned
aerial vehicle (UAV) (drone), specifically a DJI AIR 2S model equipped with
anonboard optical sensor (1” CMOS, 20 megapixels, nominal focal length
of 24 mm, f/2.8-11). The flight was conducted at an altitude of 130 meters
with a 70% image overlap. The Agisoft Metashape software was used for
photogrammetric processing and digital elevation model (DEM) generation.

2.4. Geophysics: electrical resistivity tomo-
graphy

The geophysical survey involved acquiring electrical resistivity data
(geoelectric profiles) using the electrical resistivity tomography (ERT)

technique. The survey lines were positioned in areas of interest near
karst features to investigate subsurface hydrological conditions and
infiltration structures.

Five geoelectric profiles (L6, L7, L8, L9, L10) were executed, with
lengths ranging from 320 to 500 meters and an electrode spacing of 20
meters. The chosen electrode array for the ERT survey was the Dipole-
-Dipole configuration, due to its high lateral resolution at multiple depth
levels. The resistivity meter used was the X6xtal 500 model, manufactured
by Auto Energia, featuring a 32-channel multipoint system with an actual
power output (RMS) of 450 Watts and a peak power output (PMPO) of
698 Watts. An additional five geoelectric profiles (L1, L2, L3 L4 e L5) were
previously conducted by Alves et al. (2021) at Lagoa Grande, during a
period of reduced water levels, allowing electrical resistivity surveys of
dolines on the lake bed (Fig. 1).
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Figure 1: Location of the study area in the northern region of the municipality of Sete Lagoas, state of Minas Gerais, Brazil, highlighting the karst
features and the lines (L1 a L10) of the geoelectric profiles.

3. Results

3.1. Morphology of Karst Landforms

The analyzed karst recharge landforms were categorized into two
groups based on their hydrological conditions. Five of them are karst
lakes, named: Lagoa Grande, Lagoa dos Patos, Lagoa das Piranhas, Lagoa
do Remédio, and Lagoa Comprida. The lakes Grande, Piranhas, and Com-
prida are perennial, experiencing only a reduction in water level during
the dry season. In contrast, Remédio and Patos lakes are intermittent,
drying out completely during the dry season. Lagoa Grande is the largest
among them and is connected to the underlying karst aquifer through
sinkholes S3 and S2, as confirmed by Alves et al. (2021). The estimated
depth of the lakes ranged from 5 to 10 m, with an average of 6 m. Their
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area varied from 156,305 m? to 794,872 m?, with an average of 319,165
m?, while the estimated volume ranged from 390,762 m? to 3,974,360
m?, with an average of 1,222,929 m®.

The other eight features were classified as caprock dolines (sink-
nholes) (S1, S2, S3, S4, S5, S6, S7, and S8), which do not contain water.
Regarding their morphology, they were classified as bowl-shaped dolines,
except for doline S4, which was formed by collapse. All of them occur
in metapelites of the Serra de Santa Helena Formation, as confirmed
by the presence of weathered metapelite outcrops in doline S4. The
estimated depth of the dolines ranged from 2 to 25 m, with an average
of 8 m. Their area varied from 287 m? to 8,416 m?, with an average of
3,684 m?, while the estimated volume ranged from 287 m* to 130,075
m?, with an average of 25,825 m*.
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3.2. Geophysics and Geology fractures). The geoelectric profiles reached a maximum depth of 75 m.
Therefore, none of the profiles penetrated the limestone of the

Sete Lagoas Formation, which lies at depths greater than 100 m, as
confirmed by geological profiles of tubular wells near some dolines.
Profiles L1, L2, L3, L4, and L5 were interpreted by Alves et al. (2021),
confirming hydraulic connection features between Lagoa Grande and
the underlying karst aquifer. Profiles L6, L7, L8, and L9 were analyzed
in this study and by Magno (2024), indicating the presence of structures
that control recharge flow from caprock dolines to the underlying karst
aquifer. The dolines are aligned with structural lineaments identified in
the field, which were interpreted as normal faults.

The 10 geoelectric profiles (Fig. 2) surveyed near the karst landforms
indicated the presence of an upper zone with low resistivity and a lower
zone with higher resistivity, with the contact between them (dashed
line) atan approximate depth of 30 m. The upper zone was interpreted
as the weathered metapelite/soil with groundwater storage (perched
aquifer), while the lower zone corresponds to the metapelite bedrock
(Serra de Santa Helena Formation). Some profiles (L2, L3, L7, and L8)
revealed subvertical structures with intermediate resistivity, which
may indicate water infiltration zones via brittle structures (faults or
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Figure 2: Geoelectric profiles surveyed near the karst features, with hydrogeological interpretations of the electrical resistivity values of geological media.

4, Discussion

The karst landforms (lakes and dolines) can be considered as punctual condition to the development of sinkholes in the less soluble cover unit,
autogenic recharge features to the underlying karst aquifer, as they allow in a similar way as interpreted by Gao et al. (2005) in Minnesota (USA).
theinfiltration of meteoric water or water from the perched aquifer into The lakes are of great hydrogeological importance, especially the
the zones of weathered metapelite rock and soil. The chemical charac- perennial lakes, as they serve as permanent recharge areas throughout
teristic of this recharge water is acidic, allowing the dissolution in the theyear. The dolines were interpreted as caprock type (FORD & WILLIAMS,
contact with the underlying limestone, and consequently enhancing the 2007), since their genesis is conditioned by the karstification of the un-
karstification process. The alignment of these dolines suggests that they derlying limestone (Sete Lagoas Formation), and further collapse of the
were formed by infiltration along deep geological structures, likely normal metapelitic caprock (Serra de Santa Helena Formation). The proposed
faults, as evidenced by some of the geoelectric profiles. Additionally, hydrogeological conceptual model considers these features as part of
in this area, the depth of the limestone of the Sete Lagoas Formation the hydrodynamic behavior, contributing to the recharge of the karst

is shallower (100 m) when compared to other regions of the Bambufi aquifer system (Fig. 3).
Group basin (MAGNO, 2024), indicating that depth may be a favorable
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Figure 3: Hydrogeological conceptual model and the role of karst landforms (lakes and dolines) in the recharge and hydraulic connection of the
underlying karst aquifer.

5. Conclusion

The geomorphological mapping, combined with geological-struc-
tural mapping and the electrical resistivity geophysical investigation,
allowed for an understanding of how the recharge karst landforms
(lakes and dolines) present in the area are important for maintaining
the hydrodynamics of the underlying karst aquifer. The challenge in
characterizing this type of doline is that the karstification that conditions
its formation occurs at depth, requiring subsurface information. In this
sense, geophysics helped to identify geological structures and their
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Abstract

Amatérska cave system provided a wide spectrum of structural data which enabled us to draw certain conclusions about the role of tectonics
in speleogenesis. Directions of the main cave systems are controlled by structures of the biggest scale - thrust faults and other big scale faults,
whereas smaller faults and fractures control the cave corridor’s directions locally. The size of cave corridors/domes is in direct correlation with
fracture densities - denser fractures tend to cause bigger cave volumes. Preliminary modelling of fracture distribution using data from the
cave and surrounding areas proved that the fracture network can be modelled with a high degree of confidence. Such models can be used for

hydrodynamic modelling or in cave exploration.

1. Introduction

Therole of tectonics in underground water migration and cave spe-
leogenesis in carbonate karst terrains is crucial. Limestones have very
small primary porosity and even smaller effective porosity. Underground
water migration in these rocks is controlled by the so-called secondary
porosity formed by fractures and other brittle structures. These struc-
tures’ orientation and density (number of fractures per meter) control
the direction of underground water migration and, consequently, the
direction of cave corridors. Structures of all scales control karstification
and underground water migration: main thrust faults control the main
cave corridor trends in the whole karst scale, faults and cleavage control
the directions of cave corridors in the cave system scale and joints and
other fracture types control the cave corridors directions in the scale of
individual cave parts/corridors (e.g. Rez, Baldik, 2023).

Amatérska cave system is the most extensive cave system in the
Czech Republic (fig. 1). It is in the northern part of the Moravian Karst
(the most significant karst area in the Czech Republic). Moravian Karst
is mainly built of limestones of the Macocha Formation (ca. 1000 m
thick sequence), which is the shallowest facies of the Moravo-Silesian
Palaeozoic Unit (Middle Devonian to Mississippian). Macocha Formation
is formed from several types of limestones, which are deposited in four
distinct depositional cycles (Hladil 1986). Limestones of the Macocha
formation lie over Palaeozoic basal clastics, which lie over Pre-Cambrian
granitoids of the Brno Massif. Limestones of the Macocha Formation are
overlain by several tens on meters (several hundred in the southern
part of the Moraviam Karst) of limestones of the Lieri Formation. This
carbonate sequence is thrust over by Variscan flysch stack (Rozstani and
Myslejovice Formations; Rez, Melichar, Kalvoda, 2011).

21

Figure 1: Location of the cave systems in the Moravian Karst mentioned
in the text. Blue polygons indicate the extent of limestones.
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Figure 2: Brittle structures in the Moravian Karst: a) thrust faults with pressure solution in the Byci skdla cave; b) thrust fault with pressure solution in
the Novy Lopac cave; ¢) cataclastic/brecciated core of a fault in Punkva cave; d) fractures in Amatérskd cave system.
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Figure 3: Rose plots of main brittle structure types from the Amatérskd cave: a) thrust faults; b) faults; c) cleavage; d) fractures; e) rose plot of
cave corridors.
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2. Methods

Systems of fractures were studied in the Amatérska cave (New and
Old Amatérska cave systems) in 28 places scattered throughout the whole
cave system as uniformly as possible. A dataset of 30 fractures (50 in some
areas) was acquired at each station, and minimum and maximum block
size was determined (i.e. the minimal mean fracture spacing of the most
dominant fracture system and maximal mean fracture spacing of the
least dominant fracture system). The fracturing intensity was expressed
as the RQD index (Deere & Miller, 1967; see equation in Figure 4). RQD
=100 have rocks without fractures, and RQD = 0 has the most highly
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A preliminary fracture model was created using Schlumberger Pe-
trel software. Main fracture systems were identified using a contoured
equal-area plot - 25in total plus random fractures making “noise” in the
dataset. The number of fractures in each system was upscaled into the
model grid (50 x 50 m). Each fracture system was then distributed into
the whole grid using a Gaussian sequential simulation using variograms
for each fracture system. Resulting fracture densities were then added
together to obtain realistic fracture densities for each grid cell.
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Figure 4: Map of the Amatérskd cave system with fracture analysis results - rose plots and RQD in each station. xy plot shows the relationship be-
tween RQD and the cave corridor/dome area.

3. Results

Brittle tectonic structures are the mostimportant for developing the
Amatérska cave system. Several significant phases can be distinguished
in the Moravian Karst (e.g. Rez et al., 2011; Rez et al., 2023). The oldest
and most important is the Variscan thrust/fold structure, which is do-
minated by younger NNE-SSW oriented Variscan thrust faults (fig. 3a).
These thrusts are up to several meters thick shear zones connected with
pressure solution. These highly strained zones resemble sandstones or
siltstones (fig. 2a, b), which confuse most explorers. These thrust faults

4, Discussion

We can demonstrate, based on the Amatérska cave case study, that
notonly the directions of cave corridors are controlled by the orientation
of fractures, but that the intensity of fracturing control the volume of cave
corridors/domes (fig. 4). Smaller corridors have usually higher values of
RQD (are less fractured), bigger corridors and domes have smaller values
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caused the primary folding of the area and produced axial cleavage (fig.
3c). Other cleavage systems relate to younger fault systems (see figs. 3c
and 3b). One can detect three main systems of faults: NNE-SSW, W-E and
NW-SE (fig. 3b). more fault systems and their possible relationships are
discussed in detail in Rez et al. (2023).

These major structures are complemented by fracture systems, which
copy the orientation and localisation of their “parent” structures (fig. 3d).

of RQD (are much more fractured). Limestones of the northern part of the
Moravian Karst and non-calcareous rocks of the Culmian facies (wackes
and conglomerates) are dominated by sub-vertical fractures, which can
be divided into four main systems. All of these systems are associated
with the main tectonic features of the area: NNE-SSW fractures corres-
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pond with the main thrust faults, and NE-SW, W-E and NW-SE fractures
are associated with young fault systems.

The preliminary fracture model in Figure 5 clearly shows the rela-
tionships between cave corridors and fracture densities. This not only
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8
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o
E

confirms our findings that the main structures controlling the general
directions of cave corridors are the thrust faults (all lines of red squares
follow thrust faults), but it also helps us detect possible continuations
of cave systems and direct future exploration.

Figure 5: Fracture model of the northern part of the Moravian Karst and adjacent areas. The floor plan of the Amatérskd cave system is in grey.

5. Conclusions

Results of several years of fieldwork (both on the surface and sub-
surface - in karstic caves) can be summarised in a few points: 1) brittle
deformation structures control both underground water migration and
karstification; 2) directions of the main cave systems are controlled by
most significant structures - thrust faults and other big faults; 3) more
minor faults and fractures control the cave corridor’s directions locally;
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4) the size of cave corridors/domes is in direct correlation with fracture
densities; 5) from hydrogeological end environmental point of view,
non-calcareous rocks of the infiltration area are as important as the
karstified limestones, and we have to focus on their protection and also
on increasing the environmental awareness of population.
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Resumo

A popularizagdo de RPA (Remotely Piloted Aircraft), mais comumente conhecidos como drones, vem fazendo destes, instrumentos pratica-
mente obrigatdrios no exercicio das atividades de prospeccéo espeleoldgica e caracterizagdo de fei¢des do relevo cérstico. Todavia a oferta de
dispositivos, ainda que financeiramente ndo tdo acessiveis, nem mesmo a nivel empresarial, faz com que os equipamentos utilizados sejam
os modelos mais basicos, sem grandes recursos operacionais, muitas vezes limitando a tarefa a tomada de imagens para o apoio da logistica
de atividades de campo, ou para registro fotografico de alto apelo estético, mas sem fins analiticos. Este trabalho, que teve como palco de es-
tudos a Bacia Poligonal da Vargem da Lapa, no municipio de Lagoa Santa, Minas Gerais, Brasil, vem sugerir algumas normatizagdes que fagam
com que aplicagdes simples do dispositivo, possam ser empregadas de maneiras distintas, sem que seja necessario o empenho de grandes
recursos técnicos e financeiros, permitindo alcancar elementos nio visiveis em softwares de visualizacdo do terreno, especialmente, aqueles
resultantes das atividades antrépicas.

Abstract

The popularization of RPA (Remotely Piloted Aircraft), known as drones, has made these instruments almost indispensable in the practice of
speleological prospect and characterization of karst landforms. However, the accessibility of such devices, seldomly affordable even at the
corporate level, often results in the use of the most basic models, with limited operational capabilities. This frequently restricts their use to
tasks such as capturingimages to support fieldwork logistics or producing visually appealing graphic outputs. This research used the Poligonal
Basin of Vargem da Lapa in the municipality of Lagoa Santa, Minas Gerais, Brazil, as a case study to propose standards that allow simple appli-
cations of the device to be employed in different ways without the need for significant technical and financial resources. This approach aims to
uncover elements that are not visible in terrain visualization software, especially those resulting from human activities.

1. Introducao

ABacia Poligonal da Vargem da Lapa, se posiciona como um recorte
dentro de um importante cenério das Ciéncias da Terra brasileira, o
Carste de Lagoa Santa na regido central de Minas Gerais (Fig. 1), onde
ainda no século XIX, o naturalista dinamarqués Peter Willian Lund teve
seu interesse despertado pelas caracteristicas do meio fisico da regigo.
O Carste se apresenta como um dos principais palcos de pesquisas ar-
queoldgicas, paleontoldgicas, espeleoldgicas e carstoldgicas do Brasil.
(BARIONI, 2018)

A presenca humana no Carste de Lagoa Santa, remonta ha apro-
ximadamente 12.000 anos sempre tendo uma relacdo estreita com
o impacto antrépico sobre o ambiente carstico. Muito comum neste
periodo, era a alteragdo das entradas das cavernas, seja por meio do
vistoso acervo rupestre deixado em seus pareddes calcarios ou pela
surpreendente acumulagdo de varios metros de sedimento de origem
antrépica (PILO, 1998).
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Como uma das maiores dificuldades da tentativa da mensuragao
do impacto humano frente a qualquer sistema natural, é a dificuldade
na distingdo das mudancas naturais, daquelas que sdo resultados da
intervencdo antropogénica, tende a se tornar ainda mais imprecisa a
constatacdo de impactos acionados pelo homem, em uma escala de
tempo que contemplaria praticamente todo periodo Holocénico.

0 amago desta tarefa é desenvolver um estudo sobre a onde haja a
capacidade de observar a discreta inter-relagao dos elementos geomor-
foldgicos e pedoldgicos desta peculiar paisagem na Bacia Poligonal da
Vargem da Lapa, e identificar quais as forcantes antrpicas que possam
estarinfluenciando a suscetibilidade do relevo a uma eventual alteragdo
no equilibrio dindmico de dado ambiente, tendo como ferramenta de
trabalho, a aplicagao de RPA (Remotely Piloted Aircraft), como meio de
captagdo de processos ativos no ambiente.
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Figura 1: Em azul, a totalidade da Bacia Poligonal Centripeta da Vargem da Lapa no contexto local.

2. Materiais e Métodos

Asolucdo encontrada para a melhor avaliagdo da escala mais mo-
desta, foi a utilizagdo de um Drone para a obtencdo das ortofotos da
area da pesquisa em uma nova metodologia chamada RPA (CUNHA et
al., 2016). O equipamento da marca DJI, modelo Phanton 3, dispde de
camera com sensor fixo Sony Exmor de 1/3 polegadas e resolucdo de
12,4 MP instalada a um gimbal - dispositivo de giroscopio para estabilizar
a camera. Abertura da lente foi de f/3,61. O ISO utilizado nas fotos foi
de 100, enquanto a velocidade do obturador foi de 1/100 de segundo,
suficiente para estabilizar qualquer movimento brusco na imagem. O
RPA conta com baterias de 4.480 mAh possibilitando autonomia média
de 25 minutos.

Somado a isso, o aparelho conta com posicionamento via Global
Navigation Satellite System (GNSS), sistema este, que opera simulta-
neamente com a estrutura satelital estadunidense, (Navstar GPS) russa
(GLONNAS) e europeia, (Galileo) permitindo o georreferenciamento de
excelente precisdo de todas as imagens obtidas.

A administracdo do voo do RPA foi feita de maneira autémata pelo
software para smartphone Drone Deploy, especifico para o trabalho
com RPA. Neste software, cabe ao usuario apenas gerar um poligono
de onde o RPA devera realizar asimagens, a que altura elas deverdo ser
tomadas e o percentual de sobreposicdo em latitude e longitude das
tais. Feito isso, o proprio software estipula a quantidade deimagens e o
tempo de voo para a obtencdo das mesmas, além de controlar o trajeto
do aparelho durante tal atividade.

Foram realizados dois grupos de voos para a obtengéo das fotos
ortogonais ao solo em duas alturas distintas, sendo uma a 200 metros

3. Resultados

0O produto grafico fornecido pelo RPA se mostrou uma importante
ferramenta para a interpretacdo de fenémenos e agdes morfoldgicas que
possam estar sucedendo na area. O tamanho de pixel extremamente dimi-
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de altitude do ponto de partida do aparelho buscando a cobertura total
da bacia poligonal enquanto o segundo, foi realizado a uma altura de 75
metros, visando captar ainda mais detalhes das posi¢Ges inferiores da bacia.

Para as imagens a 200 metros foram feitos dois voos apenas por
precaucdo em relagdo a autonomia das baterias. Na ocasido o aplicativo
obteve 469 fotografias com sobreposicao longitudinal de 60% e transver-
sal de 40%. Ja para o Unico voo a 75 metros de altura, foram realizadas
189 fotos com a mesma taxa de sobreposicdo entre elas.

0 processamento das imagens foi realizado em software Agisoft Me-
tashape para a geragdo de modelos tridimensionais de prédios, objetos
e estatuas que mais recentemente foi adaptado para o processamento
de imagens oriundas de RPAs.

Inicialmente sdo reconhecidas as coordenadas dos centroides de
cada imagem, em seguida com o auxilio de um algoritmo de busca
baseado no SIFT, (Scale Invariant Feature Transform) sdo reconhecidos
os pontos homdlogos entre asimagens. Este processo é capaz de tratar
diversasimagens em um tempo diminuto, obviamente variavel de acordo
com a capacidade de processamento da maquina utilizada.

Uma vez os pontos fotogramétricos identificados, é criada uma
nuvem de pontos esparsa e em seguida com base na posigdo de cada
camera, é gerada a nuvem de pontos densa, onde se torna possivel obter
dados de profundidade, completando a nuvem esparsa.

Na Ultima etapa os pontos da nuvem densa sdo conectados com o
auxilio de algoritmos de triangulagdo, de modo a construir uma malha
de diversos tridngulos e assim gerar o Modelo Digital do Terreno (MDT).

nuto, serviu para uma melhor compreensao da paisagem da bacia. Para
ovoo a 75 metros de altura, o pixel apresentou tamanho de 13,3 cm (Fig.
2), ao passo que uma imagem do satélite World View 3, que atualmente
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oferece a melhor resolugdo dentre os sistemas de aquisi¢ao de imagens
disponiveis por satélite, entrega um pixel de 31 cm, além de ser muito mais
onerosa. Ja em softwares livres como Google Earth, raramente o pixel
apresenta menos de 1 metro de dimensao (Fig. 3). Soma-se a isso baixo
erro posicional dos trés eixos da aeronave, os quais totalizados foram de
3,52m, que poderia serainda menor caso na area sobrevoada, houvessem
pontos de controle de sistemas de GNSS de precisao.

Outro artificio conveniente que o RPA fornece, é a possibilidade de
sobrepor o produto da interpolacdo dasimagens no software Google Earth,
favorecendo a melhor compreens&o do ambiente e de fatos geomorfolégicos.

» ,g'

No entanto este sistema se mostra limitado para a geragao de Mo-
delos Digitais de Terreno, visto que é apenas um sistema de captacdo
de imagens e ndo de rastreamento da superficie, por meio de bandas
espectrais. O processo de digitalizacdo do relevo se mostrou vagaroso
ainda que pratico, uma vez que o sistema de digitalizagdo, ndo reconhece
autonomamente elementos nao referentes ao relevo, como vegetacao,
construgdes ou mesmo uma simples superficie de uma lagoa, classifi-
cando-os como parte das vertentes. Dessa maneira, o produto tende a
ndo apresentar plena concordancia a morfologia do terreno, salvo se o
usudrio despender enorme quantidade de tempo para corrigir os erros.

Google Earth

Figura 2: Imagem do macigo rochoso feita com RPA.Escala equivale a
20 metros

4, Discussao

Mesmo com RPA s basicos, é possivel extrair informacdes que ndo
sdo visiveis em softwares de visualizacdo de terreno tradicionais. Algu-
mas técnicas que viabilizam a obtengdo dessas informagdes incluem:
a) Analise de Sombra e Iluminagdo. Utilizar diferentes angulos de ilumi-
nagdo (voos em horarios distintos) para realgar feicdes do relevo, como
pequenas depressdes ou elevacdes. b) indices de Vegetacdo. Aplicar
indices de vegetacdo (ex.: NDVI) para identificar areas com vegetacdo
densa (TAGLIARINI, 2020), que podem estar associadas a zonas de in-
filtragdo ou feigBes carsticas ocultas. ¢) Filtragem e Realce de Imagens:
usar técnicas de processamento de imagens para realgar contrastes e

5. Conclusao

E sabido que apés seis anos desde a aplicacdo destas metodologias,
as tecnologias disponiveis aos sistemas RPA, sofreram significativos
incrementos além de expressiva reducdo nos custos de obtencdo de
aparelhos dotados de mais recursos como Lidar, cdmeras multiespectrais
e térmicas, além de softwares com maior poder de processamento de
recursos capazes de subtrair cobertura vegetal, por exemplo.

No entanto a utilizagdo desta metodologia, ainda que em suas aplicagdes
mais basicas, também podem ser de grande valia em atividades que exijam
mais dinamismo, bem como respostas mais imediatas ao usuario,como é o
caso de frentes de prospecgdo por caminhamento em campo empenhadas
por grupos de espeleologia, empresas do ramo das ciéncias ambientais ou
mesmo o poder publico em atos de fiscalizagdo ou monitoramento.

Soma-se a isso, que neste estudo, a utilizagdo do RPA trouxe o
desenlace de sua aplicagdo como um recurso que possa ser adotado
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Figura 3: Imagem disponivel no Google Earth para o mesmo macigo.
Escala equivale a 20 metros

identificar padrdes no terreno que podem indicar fei¢Bes carsticas ou
areas de interesse espeleoldgico.

Para a Exemplo de Aplicagdo na Bacia Poligonal da Vargem da
Lapa, os RPA “s podem ser utilizados para: 1) Mapeamento de dolinas e
sumidouros que caracterizam a regido; 2) Monitoramento na evolugdo
de processos erosivos e o impacto das atividades humanas (RODRIGUES,
2019); 3) Documentagao das entradas de cavernas e outras feicdes es-
peleoldgicas; 4) Geragdo de modelos 3D que auxiliem no entendimento
da dindmica hidroldgica da bacia.

com frequéncia regular e constante, viabilizando o monitoramento de
possiveis deflagragdes de processos erosivos, sejam estes naturais, ou
de fomento consequente as atividades antrdpicas. Desta maneira, em
aspecto mais célere, seria possivel a viabiliza¢do de respostas mitigado-
ras, ou mesmo neutralizar novos passivos ambientais, em um ambiente
carstico tdo impactado pela presenca humana na érea.

No que se refere ao monitoramento, RPA s podem ser vistos como
um recurso muito conveniente, uma vez que tal metodologia permite a
facil replicagdo de voos de controle, sendo uma tarefa simples, a repe-
ticdo dos voos - apenas sua programacdo acerca da area, sobreposigdo
e altura - situacdes que ndo sdo tdo vidveis com a presenca in loco do
observador, seja porinviabilidade de acesso, dimensionamento ideal do
passivo, ou mesmo dificuldade de controle da replicagdo da metodologia
de captagdo de imagens.

equipamento para este estudo. Também somos extremamente gratos
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Abstract

Clastic sediments in caves can provide insights into geomorphic, paleoclimatic, and contaminant transport processes that occur in cave and
karst systems. A facies-based classification system for cave sediments, developed through international literature review and field observa-
tions in the Eastern United States, facilitates communication and consistency in cave sedimentology research. This classification system has
been adopted globally, and here we present two applications demonstrating its utility. In the first application, analysis of a major debris-flow
deposit in Mammoth Cave using facies classifications, combined with geomorphic, geophysical, and terrestrial lidar techniques, revealed evi-
dence of two distinct flow events. In the second application, we integrated the classification system with geochronology and numerical mode-
ling to examine base level history and phreatic conduit growth in the Central Kentucky Karst region. The resulting model idealizes interactions
among base level stability, conduit development, and cuesta-bench sinkhole plains, providing a plausible mechanism to explain cosmogenic
dating and field observations. This work demonstrates how systematic classification of clastic sediment deposits advances our understanding
of both sedimentation processes and karst landscape evolution.

Resumen

Les sédiments clastiques dans les grottes peuvent fournir des indices sur les processus géomorphologiques, paléoclimatiques et de transport
des contaminants qui se produisent dans les systémes karstiques. Un systéme de classification basé sur les facies, développé a partir d’une revue
de la littérature internationale et d’observations de terrain dans ’Est des Etats-Unis, facilite la communication et la cohérence dans la recherche
sédimentologique des grottes. Ce systéme, adopté mondialement, est illustré ici par deux applications. Dans la premiére, I'analyse d’un important
dépdt d’écoulement de débris dans la grotte de Mammoth, utilisant les classifications des faciés et des techniques géomorphologiques, géophysi-
ques et lidar terrestre, a révélé deux événements d’écoulement distincts. Dans la seconde, nous avons intégré le systeme avec la géochronologie
et la modélisation numérique pour examiner [histoire du niveau de base et la croissance des conduits phréatiques dans la région karstique du
Kentucky central. Le modéle résultant idéalise les interactions entre la stabilité du niveau de base, le développement des conduits et les plaines
de dolines, fournissant un mécanisme plausible pour expliquer la datation cosmogénique et les observations de terrain.

Resumo

Sedimentos clasticos em cavernas podem fornecer informagdes sobre processos geomorfoldgicos, paleoclimaticos e de transporte de conta-
minantes que ocorrem em sistemas carsticos. Um sistema de classificacdo baseado em facies, desenvolvido através de revisdo da literatura
internacional e observagdes de campo no leste dos Estados Unidos, facilita a comunicagdo e a consisténcia na pesquisa sedimentoldgica de
cavernas. Este sistema, adotado globalmente, é demonstrado aqui através de duas aplica¢des. Na primeira, a analise de um depdsito de fluxo
de detritos na Caverna Mammoth, utilizando classificagdes de facies e técnicas geomorfoldgicas, geofisicas e lidar terrestre, revelou dois even-
tos distintos de fluxo. Na segunda, integramos o sistema com geocronologia e modelagem numérica para examinar a histéria do nivel de base
e o crescimento de condutos fredticos na regido carstica do centro de Kentucky. O modelo resultante quantifica interagdes entre estabilidade
do nivel de base, desenvolvimento de condutos e planicies de dolinas, fornecendo um mecanismo plausivel para explicar a datacdo cosmogé-
nica e observacdes de campo. Este trabalho demonstra como a classificagdo sistematica de depdsitos de sedimentos clasticos avanga nossa
compreensado dos processos de sedimentagdo e da evolugdo da paisagem carstica.

1. Introduction

leading to their hypothesis that the deposit resulted from a major flood
event. Subsequentinvestigation by Bosch et al. (2019) confirmed both
the sandstone presence and identified an unsorted, chaotic sediment

1.1. Classification of Clastic Sediments in
Karst Conduits and Characterization of

an In-Cave Debris Flow Deposit

A boulder pile in Mammoth Cave, Kentucky, USA was first docu-
mented by John Wilcox of the Cave Research Foundationin 1971, who
marked it as “sandstone breakdown” on the cave map. Palmer et al.
(2019) examined the pile, later named Mt. Ararat, and observed large
sandstone blocks beneath a solution-weathered limestone ceiling,
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deposit. The researchers applied the classification system of Bosch &
White (2004; 2018) to characterize the formation, identifying it as a
diamicton cave deposit - specifically, from a debris flow comprising
matrix-supported material ranging from clay to boulder size, lacking
bedding or sorting. Comparison with Pierson’s (1986) studies of ter-
restrial and submarine debris flows, which document upstream fine
material and downstream coarse material distributions, supported this
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interpretation. The sediment distribution and morphology at Mt. Ararat
in Mammoth Cave align with these established debris flow patterns.

These debris flow characteristics highlight a fundamental aspect of
karstic drainage basins: their subsurface conduit systems can transmit
insoluble materials ranging from colloids and clays to boulders, as
demonstrated by the Mt. Ararat deposit. Clastic sediments originate
from surface streams, land surface materials, and bedrock dissolution
residues. These sediments, mixed within the conduit system, lose
their source characteristics and are deposited in caves or discharged
from karst springs. There are also multiple mechanisms for transport
of clastic sediments. Cave deposits provide a useful representation
of the types of materials being transported through the aquifer, so
it was necessary to develop a means for classifying these deposits.

Given the importance of clastic sediments in contaminant transport,
the facies concept of clastic sediments in caves was refined emphasi-
zing their relevance to the storage and transport of certain classes of
contaminants, integrating the nomenclature of cave sediment facies
with traditional sedimentation terminology, as well as calculating the
hydrologic conditions that would have likely been required to produce
the observed sediment deposits (BOSCH & WHITE, 2018).

Previous studies (WHITE, 2007; HERMAN et al., 2012) discussed
sediment sources, deposits, and transport mechanisms. The facies
concept, initially proposed by WHITE & WHITE (1997) and expanded by
BOSCH & WHITE (2004), has been useful in describing clastic sediments
in various cave systems (e.g., CHESS et al., 2010; FARRANT & SMART,
2011; LABORDA-LOPEZ et al., 2024; MARTINPEREA et al., 2023; PAL-
MER, 2011; PARES et al., 2018; VAN HENGSTUM et al., 2011 ; XIE et al.,
2013). The system classifies cave sediment deposits into five facies by
grain size, sorting, and sedimentary structures: backswamp, channel,
diamicton, slackwater, and thalweg (Fig. 1).
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Figure 1: Qualitative sketch showing the division of cave sediments
into facies based on grain size and sorting, including MIALL’s (1996)
facies codes.

Debris flow deposits in caves worldwide often provide stratigraphy
for anthropological or archaeological studies. Examples include El
Sidrén Cave, Spain (SANTAMARIA et al., 2010), Scladina Cave, Belgium
(ABRAMS et al., 2014), and the Great Cave of Niah, Borneo (GILBERTSON
etal.,, 2005). Geological studies, such as those by GILLIESON (1986) and
CHESS et al. (2010), describe similar deposits. In a study of a modern
event, VAN GUNDY & WHITE (2009) detailed a volume of material that
they estimated at 1800 m3 (from before and after measurements of the
sediment source area) that was transported completely into, through,
and out of Mystic Cave in West Virginia, USA, during the “1985 Potomac
Valley flood.” The observed sediments that were discovered wedged
into crevices in the cave after the storm contained a broad “range of
particle sizes with a significant fraction of cobble-sized colluvium.”
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When they divided mean-known discharges during the storm event by
the cross-sectional area of smaller conduits in Mystic Cave, they arrived
atan estimated water velocity of 5-9 m/s required to move that volume
of water through some portions of the cave.

Figure 2: Head of Mt. Ararat as seen from Big Avenue, standing to the
northeast of the deposit. Photo used with permission of the photogra-
pher, A. N. PALMER.

Mt. Ararat is located at the junction of Big Avenue and Noah’s Way
in the Joppa member of the Ste. Genevieve limestone in Mammoth
Cave, Mammoth Cave National Park, Kentucky, USA (Fig. 2). The deposit
is about 12-15 m wide with a maximum relief of 7 m and a 75 m long
tail that extends into Noah’s Way. The grains in this deposit consist of a
buff-colored fine- to medium-grained quartz sandstone consistent with
descriptions of the Big Clifty sandstone member of the Mississippian
Golconda formation, which is stratigraphically about 60 m above the
Joppa limestone The smooth ceiling above the deposit indicates the
rocks are allochthonous.

Four discrete levels are observed consistently throughout the over
four-hundred miles of mapped passage in the Mammoth Cave System
and have been labeled A through D by PALMER (1989) with A at about
200 m above mean sea level (amsl), B at 177-186 m amsl, C at 166-167
m amsl, and D at 151-158 m amsl. The passages associated with the
Mt. Ararat deposit correlate in elevation with other level C passages.
Cosmogenicradionuclide burial dating using 26Al and 10Be to detail the
sequence of events resulting in these cave levels (GRANGER et al., 2001)
suggests the passage was last active as a cave stream flow route at base
level around 1.21 Ma. Sedimentological analyses, terrestrial lidar, and
geophysical data were used to deduce the sequence of events leading
to the deposition of Mt. Ararat (BOSCH et al, 2021).

1.2. Extension of Sinkhole Plain Development
Geochronology

At Mammoth Cave, cave passages that drain to the Green River are
connected hydrologically along dipping bedding planes to the cuesta
bench of the Dripping Springs Escarpment, which is retreating down dip
toward theriver. This escarpmentis capped by chemically resistant and
relatively impermeable sandstone (Fig. 3). The cuesta bench (i.e., the
Sinkhole Plain) hosts only dissected, deranged fluvial catchments that
each drain to one of thousands of sinkholes connected through karst
conduits under the cuesta escarpment to the Green River. Topographic
metrics indicate ongoing adjustment of fluvial networks related to
incision through folded strata of differing resistance to physical and
chemical erosion, and the Ohio River base levelis known to be unstable
on glacial-interglacial timescales. Multi-level caves often result from
periods of base level stability, allowing larger passages to develop near
the water table, or from changesin rock solubility as the base level river
incises through layered stratigraphy.



19t International Congress of Speleology and 38° Congresso Brasileiro de Espeleologia - Belo Horizonte 2025 - Vol. II

Deciphering landscape response to climate-driven or fault-driven
incision episodes is challenging in karst areas with dipping and folded
rock layers. This study explores the implications of differing erosion
rates of cuesta benches, depending on whether they are connected to
base level by karst conduits or fluvial channels. Additionally, the concept
of alternation between karstic and fluvially dominated landscapes is
considered relative to periods of baselevel stability versus incision, or

204m

GEQLOGY AND HYDROLOGY OF THE CENTRAL KENTUCKY KARST

possible dependence upon rock type, structural geology, and landscape
preconditioning. The Green River gorge’s greater relief adjacent to Mam-
moth Cave suggests possible drainage capture or fault activity, contri-
buting to greater cuesta dissection. Burial cosmogenic dating, exposure
cosmogenic dating, and numerical modeling support this conceptual
model and lend insight into landscape evolution of karst landscapes.

Prepared by
Rachel Bosch
2022

Figure 3: Hydrogeologic map of the Central Kentucky Karst.

2. Materials and methods

2.1. Classification of Clastic Sediments in
Karst Conduits

Thefacies classification system for sediment deposits in caves was de-
veloped upon extensive field documentation. Cavesincluded in this survey
included Rock Spring (Pennsylvania, USA), Tytoona Cave (Pennsylvania,
USA), Mystic Cave (West Virginia, USA), Hindman Cave (Pennsylvania, USA),
and Columbian Avenue and the Logsdon/Hawkins River areain Mammoth
Cave. Flow calculations to support the facies model were performed
following the balance of torques method as presented by ALLEN (2012).

2.2. Characterization of an In-Cave Debris
Flow Deposit

Methods used in the characterization of the debris-flow deposit,
Mt. Ararat, included field observations both in the cave and on the
overlying landscape, terrestrial lidar, laboratory and digital sedimento-
logy, electrical resistivity, and digital morphological analyses. A RIEGL
VZ-400i was used by surveyors from KCI Technologies to perform four
three-dimensional terrestrial lidar scans in the cave. The resulting point
clouds were merged to create a high-resolution stereolithography file
of the surface of Mt. Ararat. Grain size distribution within Mt. Ararat was
determined by dry sieving with a mechanical shaker of three samples
from within the deposit combined with grid-square counting using a
photograph of an exposed cross section of the deposit. Morphological
analysisinvolved importing the lidar point cloud into CloudCompare to
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build a digital elevation model (DEM). This DEM was then analyzed in
QGIS to extract a longitudinal profile and seven cross-sectional profiles.

2.3. Extension of Sinkhole Plain Development
Geochronology

Sediment samples from a deposit inferred to represent channel
facies were collected from Crystal Onyx Cave, a knob cave approximately
36 m above the Sinkhole Plain surface in Cave City, Kentucky, USA, and
from bank deposits and modern streambed deposits in Little Sinking
Creek, Smiths Grove, Kentucky, USA. These samples were submitted to
the Purdue Rare Isotope Measurement Laboratory (PRIME Lab), Purdue
University, Indiana, USA, for analysis of the cosmogenic nuclides 26Al
and 10Be. A numerical model developed in Matlab by Ward (WARD &
BOSCH, 2024) tracks the dip projection of base level to the surface, the
position of the cuesta escarpment, and the expected length of conduit
development during stable base level periods across a series of incision
and stability periods. As the base level river lowers in the model, the
fluvially connected cuesta bench lowers at the same rate, and the cuesta
escarpment retreats toward the river. If the base level remains stable
long enough, growing karst conduits break through, creating efficient
subsurface drainage of the bench. At this point, the model’s erosion
rate on the bench decreases as surface streams become disconnected
from each other and from the base level. Given a sufficiently long period
of incision, it is assumed that the fluvial network recaptures the karst
plateau through knickpoint propagation, and erosion rates on the bench
catch up with base level lowering.
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3. Results

3.1. Characterization of an In-Cave Debris
Flow Deposit

During surface field investigation above the passage that contains
Mt. Ararat, a sinkhole was found at about 140 m south-southwest from a
metal bore hole that penetrates into the passage; it was dry at that time
andisindicative of the closest modern place for water to enter that area
of the cave. An entrance point for debris deposition over one million years
ago may have looked somewhat like this but at 2-7 m higher in elevation.
Results from sediment grain-size analysis revealed a maximum grain
size of 100 cm and a D50 for the entire grain-size distribution of about
20 cm. Results from electrical resistivity to determine the depth of the
subsurface portion of the deposit indicated three subsurface material
layers: human-built trail material from 0 m to 0.25 m below ground
surface (bgs), sand and boulders (interpreted as debris flow deposit)
from 0.25 m to 0.75 m bgs, and vuggy/fractured limestone from 0.75 m
to over4.5 mbgs. Morphological analysis of the lidar data indicated two
main peaks along the ridge of Mt. Ararat: one 7 m tall at the downstream
end and the other at 4 m tall, 35 m upstream from the taller peak. The
DEM and profiles of Mt. Ararat are included in Figure 4.
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Figure 4: DEM of Mt. Ararat with longitudinal profile (A) and cross-sectional

profiles (B-H).

3.2. Extension of Sinkhole Plain Development
Geochronology

WHITE (2009) and KAUFMAN & BRAUN (2201 suggest similar efficien-
cies of fluvialand karst denudation in the same drainage basin over long
timescales, but base level changes and other disequilibrium processes
may introduce lags in the response of different parts of the landscape.
Recent cosmogenic data for the Central Kentucky Karst suggest a reduced
lowering rate for the Sinkhole Plain relative to the incision of the Green
River. Results of 26Al/10Be paired cosmogenic dating of cave-buried
sediments from Crystal Onyx Cave reported a burial age of about 5.1
million years (My). This is consistent with the chronology for Mammoth
Cave established by GRANGER et al. (2001). From this, we calculate a
lowering rate for the Sinkhole Plain at 36 m / 5.1 My, equal to 7 m/My.
Results of 10Be cosmogenic erosion rate for stream sediments from
Little Sinking Creek indicate a basin-average erosion rate of about 4.4 -
4.6 m/My, which is consistent with an approximate 7 m/My longer-term
denudation of the Sinkhole Plain.

The numerical model results for cuesta distance from the river, cave
conduit length, and depth of erosion for the base level river and the cuesta
bench vary depending on the inputinterval of incision and stasis periods:

« Regularintervals of incision and stasis produce constant conduit
growth in each interval;

« Randomintervals with a similar distribution of stasis and incision
periods result in similar behavior to regular intervals, but with
relatively quicker karst capture of the bench; and

« Randomintervals with stasis periods that are longer than incision
periods resultin a similar capture time but with different relative
erosional dynamics. This conditions best simulates a pattern of
discrete conduits which more realistically reflect field conditions
observed in the Central Kentucky Karst.
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Figure 5: Geomorphological map of Mt. Ararat.
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4, Discussion

4.1. Characterization of an In-Cave Debris
Flow Deposit

Development of the facies concept of cave sediment classification has
enabled many recent advances in karst geomorphology. Regarding the
characterization of an in-cave debris flow depot, the evidence supports
the hypothesis of sandstone-floored-pond collapse(s) or valley-wall
landslide(s) that initiated two debris flow surges into a now-obscured
sinkhole entrance in the paleo Doyle Valley floor releasing a total more than
3800 m3 of material into the cave system. The sediment was deposited
taking the form of Mt. Ararat with most of the material coming to rest at
the junction of Noah’s Way and Big Avenue, and a secondary volume of
material coming to rest on top of the tail of the first debris flow. Material
was partially eroded from the eastern side via a north-flowing stream
either after or between the two deposition events, and later down a steep
side passage (Fig. 5).

4.2. Extension of Sinkhole Plain Development
Geochronology

Concerning the extension of Sinkhole Plain development geochronology,
the cosmogenic burial date for Crystal Onyx Cave plotted with the GRANGER
et al. data (2001) yields an estimated 25 m/My long-term average Green
River incision rate (Fig 6). This is significantly more rapid than the long-term
estimated Sinkhole Plain denudation rate of 7 m/My or the more recent
basin-average erosion rate of ~4.5 m/My. These differing rates are consistent
with the results of an idealized numerical model which assumes that at the
time of karst capture of the cuesta bench, the erosion rate of the Sinkhole
Plain would have slowed dramatically with respect to the Green River (Fig. 7).

250

240 4 Crystal Onyx Cave

230

220

210

—.—

€ 2004 e
§ 1 o O
T 180 Lokl
S et e — O Mammoth
2 e -
© 1704 v - _ Cave system
2 160 4 =0~ Events: (Granger et
E ;) al., 2001)
& 1504 *'*' e =D v

140 4 0@ o®

' 2

er
120
y T T T T T T T T T 1
05 1 15 2 25 3 35 4 45 5 55
Burial Age (Ma)

Figure 6: Crystal Onyx Cave burial data (WARD & BOSCH, 2024) plotted
with Mammoth Cave system data from GRANGER et al. (2001).

5. Conclusion

This research advances understanding of both clastic sediment
dynamics and karst landscape evolution through two complementary
applications. The facies classification system enabled detailed charac-
terization of the Mt. Ararat debris flow deposit while also supporting
enhanced geochronological analysis of the Mammoth Cave area. Beyond
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Abstract

The geomorphological study of the fossiliferous area of the “Cradle of Humankind” in South Africa showed that the karst caves in which ho-
minins (Australopithecus, Paranthropus and Homo) were discovered, resulted from emptying alterite residue of ghost-rock. For the first time,
similar type of karstification was identified in Botswana, in on-going studies on caves paleontology and archaeology. Beyond considering it
as another type of karstification, it appears that karst caves formed by ghost-rock process are favorable for trapping and preserving ancient
hominin fossils, enabling us to focus our research in similar geological context of other countries located in Southern Africa.

Résumé

L’étude géomorphologique de laire fossilifere du « Berceau de 'Humanité » en Afrique du Sud a montré que les cavités karstiques dans les-
quelles les hominines (Australopithecus, Paranthropus et Homo) ont été découvert découlent de la vidange de fantémes de roche. Pour la
premiére fois, le méme type de karstification vient d’étre identifié au Botswana, dans des cavités que nous étudions et qui livrent leurs pre-
miers fossiles. Plus que les autres types de karstification, il apparait les cavités formées par fantdmisation sont favorables au piégeage et a la
conservation de fossiles anciens, ce qui permet d’orienter nos recherches dans les autres pays d’Afrique australe.

Resumen

El estudio geomorfoldgico de la zona fosilifera de la «Cuna de la Humanidad» en Sudafrica ha demostrado que las cavidades kérsticas en las
que se descubrieron los hominidos (Australopithecus, Paranthropus y Homo) eran el resultado del vaciado de fantasmas de roca. Por primera
vez, se acaba de identificar el mismo tipo de karstificacién en Botsuana, en cavidades que estamos estudiando y que estan dando sus primeros
fosiles. Mas que otros tipos de karstificacion, parece que las cavidades formadas por fantasmas de rocas son favorables para atrapary conser-

1. Introduction

For nearly twenty years now, the detailed study of the karst of the
Cradle of Humankind (South Africa) led us to question the origin of
the caves. A better knowledge of their genesis and evolution help us
to understand the functioning of these caves as traps during several
millions of years. Such geomorphological research can also provide
some evidences for the exploration of new hominin sites at the scale of
alargerregion, such as Southern Africa. Therefore, the detailed explora-
tion of the Sterkfontein cave as well as fifty surrounding caves allowed

2. Material and methods

The search for ancient hominin fossils, covering the period between
4 and 1 million years ago, in the Ngamiland region NW of Botswana, led
us to prospect several groups of low karstic hills: i) the Aha Hills, ii) the
Gcwihaba Hills and iii) the Koanaka Hills. Such sites form a series of
marble and dolomite patches in the Kalahari landscape

Although located on karstic hills, the studied caves do not all have
similar features. We distinguish two types of caves: i) vertical shafts in
the Aha Hills (Whaxhu North and South caves) and ii) horizontal maze
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var fésiles antiguos, lo que significa que podemos orientar nuestras investigaciones hacia otros paises del sur de Africa.

us to identify some of the most demonstrative examples of ghost-rock
karst, known to date. In the framework of the “Hominins in Botswana:
karst research project” we are leading, caves in the North Western part
of Botswana are explored and studied, in collaboration with the team
of the Botswana National Museum. This research brings additional
evidences about the origin of these caves. Alike the cave of the Cradle
of Humankind in South Africa (Bruxelles, 2017), the studied cave sites
can be attributed to ghost-rock karstification.

cave in both Gecwihaba and Koanaka hills.

In these last two hills, some of the caves (e.g. Gewihaba, !Wadoum,
Bones and Blue caves) have natural entrances whereas others (e.g. De-
viners, Mongongo, Gecko, Dimapo caves) are only accessible through
boreholes, mined specifically to reach voids detected by gravimetry (Ellis,
2000). The core of Gcwihaba and Koanaka hills revealed a dense network
of interconnected underground galleries and chambers, developed at
~30-40 m depth (Fig. 2). The water base level is nearly 100 meters below
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the surface but no cave reaches this base level at the moment. In order
to precise the origin and evolution of the studied caves, much focus was
given to organization of the cave conduits, the morphology, the detrital
fillings as well as the cave morphological and infill link with the landscape.

Figure 1: Location of the studied areas: Cradle of Humankind in South
Africa, Gewihaba, Koanaka and Aha hills in Botswana (Bastien Chadelle).

3. Results

Regarding the organization of karst networks, the studied caves
are genuine three-dimensional mazes of galleries, spanning several
kilometers of conduits (Fig. 2). No clear hydrological structuration is
discernible. Field observation indicate that every fracture was exploited
by dissolution. Therefore, it is not possible to determine a direction of
the underground flow, an organization or a hierarchy of hydrogeological
circulations.

Regarding the shape of the walls, two types of morphology can be
distinguished: i) caves that are naturally open are marked by a strong
biocorrosion phenomena due to the presence of large colonies of bats
(Dandurand, 2019). The walls have been extensively corroded and show
softened shapes, hollowed out with conches and niches. The cave ceilings
are covered with biogenic cupolas; ii) In artificially opened caves, the walls
and ceilings are highly irregular with a very rough surface. The soluble
parts of the bedding have been dissolved, while the less soluble strata,
often reinforced by fine silica partitions, are exposed in relief. The walls
and ceiling are bristling with needles and silica sheets. It is noticeable
that no classic (phreatic, epiphreatic, paragenetic or even hypogenic)
forms of karstification is present.

We identified three types of infill within these networks:

I. Intheareasdeepinthe caves, far from the surface and unaffected
by biocorrosion, a black and sometimes grey to reddish sandy
formation (Fig. 3A), composed of iron, manganese, and fragments
of silica and needles (Fig. B & C). Subsidence reveals that this
infill can exceed 10 m thick (Fig. 3D). Except in collapsed zones
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or areas where calcite flowstones precipitated, such formation
cover the entire floor of the galleries (Fig. 3 A & B). This black
sandy formation also covers all horizontal surfaces, morpholo-
gies and even the bottom of small lateral galleries, regardless
of their size (Fig. 3B & C).

IIl. Inareas close to the surface, the presence of orange quartz sand
infill is dominant, contrast with the previous formations. Such
sediment is aeolian sand (Kalahari sand), indicating an outer
connection between the gallery and the hillside slope. This
intrusive sand indicates the intersection of the underground
gallery by the hillside, which has been regularly dusted for
several thousands of years.

Inareas, where the cave has been intersected by the topographical
surface for a long time, a breccia infill from 1 to 10 m thick, can
be observed. These are composed of clasts, gravel, and sand
embedded in asilty matrix and cemented by calcite. The presence
of bones, as found in Gcwihaba or Bones Caves, clearly shows
the connection to the surface, sometimes for several million
years, as is the case in the Cradle of Humankind in South Africa
(Granger et al., 2015 & 2022).

As these entrances were accidentally cut by the surface, they have
no functional link with the present-day landscape, which shows not a
single karst feature.
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Figure 2: Report of the main cave under Gcwihaba (A), Koanaka 1 & 2 (B) and Koanaka 3 (C) Hills. One can notice the huge density of galleries under
these small dolomitic outcrops (Bastien Chadelle).

4, Discussion

All these observational characteristics are comparable to the cave
sites studied in the Cradle of Humankind. The genesis of latter site was
attributed to ghost rock processes (Dubois et al., 2014; Bruxelles et al.,
2017). Such processes result in maze caves with no network organization,
no water flow features, and no connection with the landscape.

The most demonstrative element in our fieldwork observation and
laboratory analysis is the presence of a high amount of black to reddish
soft infill at the bottom-end of the studied caves. Made solely of iron
and manganese, this dark accumulation contains a significant number
of spines or thin sheets of silica, that were originally embedded in the
dolomite bedrock. In this infill, no sedimentary structuring is noticeable
that would indicate infill deposition by water or grain sorting. Such de-
trital cave formation was first described as “Wad” (Buttrick, 1986) in the
Sterkfontein caves (Martini, 2003), and later identified as ghost rock in the
same cave (Bruxelles etal.,2017). These black accumulations correspond
to the previous descriptions and can be considered as the collapse of the
initial ghost rock that occupied the entire cave site. Since the alterite was
highly porous (up to 70%), the collapse of the porosity alone is sufficient
to create a void between its top and the cave roof (Fig. 3). Such material
can be later washed out by water, which explains why it is so rare to ob-
serve such quantities of ghost rock remnantsin other geological contexts.
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The dolomitic marbles of the Precambrian (800-600 Ma) consist
of over 6,000 m of limestone and dolomitic strata (e.g. Damara forma-
tion), interspersed with limestone beds. Tectonic folding caused by the
Pan-African orogenesis, between 800-900 Ma and 460 Ma, affected the
carbonate beds and resulted in a dense network of fractures and faults.
They allowed for very slow groundwater circulation, which in turn favored
the chemical alteration of the bedrock.

In the dolomites, the particular ghost-rock speleogenesis occurred
in two stages, instead of following a classical process (Quinif, 1999):

1- Frist stage: over millions of years, slow water circulation facilitated
the weathering of the dolomite along open cracks, faults, and joints.
However, the flow was not powerful enough to remove the residual
alterite composed of insoluble iron, manganese and silica initially pre-
sent in the bedrock. This led to the formation of a very porous alterite,
organized as a 3D maze, mirroring the original tectonic and lithological
pattern. When the water base-level dropped, associated with the evolu-
tion of the Okavango fluvial Delta, the alterite gradually emerged from
the aquifer. Due to its high porosity (up to 70% void space according to
Duboisetal.,2014), the alterite collapsed on itself. Such genesis explains
the presence of black deposit on every horizontal surface as well as on
the cave ground floor (Fig. 3).
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Itis the first time we observe such an abundantand well-preserved
amount of ghost-rock in caves, as if nothing had changed since it collap-
sed in on itself. This is also due to the fact that no water flow occured
in such arid area to wash away this soft and fragile alterite. However, in
some places, the collapsed alterite has been flushed out and sinkholes
of more than 10 m deep can be seen, such as in the Grand Canyon of
Deviners Cave (Fig. 3D). Such setting allowed us to estimate the thick-
ness of this dark to reddish infill and evaluate how much dolomite was
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affected by this process.

2-Second stage: when the cave is intersected by the topographical
surface, the walls are reshaped by water dripping, condensation corro-
sion, and most of the ghost-rock disappears. In caves where bats live,
the effectis even more pronounced, as the walls retreat significantly due
to biocorrosion. However, in some places, such as in Gcwihaba Cave,
remnants of in situ ghost-rock are still visible, providing evidence that
this process was also at the origin of the cave’s formation.

Figure 3: Ghost rocks remnants and specific features. A: Collapsed ghost rock filling the bottom of Dimapo cave (Laurent Bruxelles). B: Collapsed ghost
rock on the soil and the shelves of Dimapo cave, below silica spines and sheets (Laurent Bruxelles). C: Another example of remnant of collapsed ghost-ro-
ck on a horizontal surface (Laurent Bruxelles). D: De-clogging of ghost rock in Deviners cave (Grand Canyon) showing its thickness (Carole Bruxelles).

5. Conclusion:

Inthese particular caves, we identified some of the most spectacular
examples of ghost-rock speleogenesis. This geological phenomenon was
previously unknown in Botswana. For the very first time, following the
example of studies previously conducted in South-Africa, we were able to
demonstrate the role of ghost-rock in the genesis of caves in Botswana.

Beyond its contribution to speleogenesis, the study of these caves
revealed the significance of ghost-rock processes for the trapping and
preservation of fossils of several million years old. In South-Africa, the
density of voids due to dense maze cave network and their successive
alterite erosional removal when the regional water base-level dropped,
explains the presence of a large number of sites covering more than 4
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million years of fossil records. Moreover, the absence of hydrogeological
circulations limits the reworking or draining of infills under the surface
openings and permits a good preservation of the fossil bearing deposits.
These types of karsts represent a prime target for the research we are
conductingin Southern Africa, and their discovery in Botswanais a very
encouraging sign for our studies. This model can now be extended to
other karsts in the region, and other ghost-rocks are now identified in
Namibia, Zimbabwe, and Zambia. Such findings open up new research
perspectives for more targeted fossil site exploration that could help
documenting the history of our origins in Africa.
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Abstract

1. Introduction: what is speleology?

The Emilia-Romagna region, in northern Italy, is known for the pre-
sence of important evaporite karst areas hosted in both Triassic (Upper
Secchia Valley) and Messinian gypsum outcrops. These areas, studied
from a geological, geomorphological, naturalistic, archaeological and
historical standpoint since the 16th century, have been recognised as
UNESCO World Heritage Site in September 2023 (Evaporitic Karst and
Caves of Northern Apennines, EKCNA, site 1692), and are the world’s
only evaporite karst area on this list.

One of the main gypsum outcrops of EKCNA serial site is the Vena
del Gesso romagnola, a Regional Park located about 12 km SW of the
cities of Imola and Faenza (Fig. 1). This elongated gypsum ridge forms a
hogback, extending for over 20 km in a W-NW/E-SE direction and with an
average width of about 1 km, with the gypsum beds dipping toward the
NE (the Po Plain). This karst area hosts around 300 natural caves with a
total explored and surveyed length of more than 48 km.

During field surveys carried out in the framework of the EvolGyps
Project, sponsored by the regional cave federation (FSRER), many calcite
speleothems were found on the forest floors in some specific areas,
often at the higher altitudes of the northern slopes (CHIARINI et al.,
2024). These speleothems (mainly flowstones) have survived erosion
and dissolution, whereas the original gypsum caves that hosted them
have almost completely disappeared.

These flowstone fragments, some being close to 400 ka old, are
often concentrated in single spots (as showing the intersection of vertical

2. Materials and methods

The first speleothems collected and dated were those taken in the
period 2014-2016, during a study on the evolution of Re Tiberio Cave,

The Vena del Gesso romagnola area is composed of Messinian gypsum outcrops running in a W-NW/E-SE direction over a length of 20 km
along the northern margin of the Apennines, ca. 30 km SE of Bologna (N-Italy). This ridge, sticking out of the clayey and marly landscape, hosts
around 300 karst caves explored and surveyed for a total development of over 48 km. Field work carried out in the framework of the EvolGyps
Project, funded by the Federazione Speleologica Regionale dell’Emilia-Romagna (FSRER) and aiming at understanding landscape evolution
and the intimate connection between cave systems and fluvial networks, attested the presence of many calcite speleothems scattered in the
woods, especially in some areas of the northern slopes of the gypsum outcrop. These flowstones are what is left of ancient gypsum caves, now
completely eroded. Detailed fieldwork allowed to map these cave remnants, through the identification of speleothem distribution, morpho-
logical evidences (e.g, traces of cave galleries), and outcrops of cave sediments. Dating of the oldest flowstones of the surveyed area delivered
ages between 312 + 5.6 and 399 + 15 ka, showing some of these unroofed caves to have formed during the cold stages of MIS 10 and 12.

cave fragments, i.e. shafts), or are distributed linearly, probably along
ancient sub-horizontal cave passages. The aim of this study is to map
and characterise these unroofed caves, and put them in the framework
of the known cave systems and the karst evolution over the past 600
kyrs. As a first step, only the central portion of the gypsum outcrop (Ca
Monti area) between the Senio and Sintria rivers has been investigated.

Figure 1: The main gypsum outcrops (in violet) and the study area (black box).

a multi-level cave system that clearly recorded a climate-driven river
incision and aggradation of the nearby Senio River (COLUMBU et al.,



19t International Congress of Speleology and 38° Congresso Brasileiro de Espeleologia - Belo Horizonte 2025 - Vol. II

2015). Further investigations during those years allowed to find several
old speleothems in the summit areas near Mt. Mauro and brought
COLUMBU et al. (2017) to build a model explaining the evolution of
gypsum caves in the Vena del Gesso area in relation to late Quaternary
climate oscillations.

Further field surveys were carried out during the EvolGyps Project, in
the 2021-2023 period. Although the aim of EvolGyps was to reconstruct
both cave and landscape evolution using cave levels, river terraces, and
their chronological determination, flowstone fragments scattered at the
surface were also collected and dated.

The uranium-thorium (U-Th) dating of speleothems was carried
out at the School of Earth Sciences at University of Melbourne in the
years 2014-2016, and at the National Taiwan University, in the Research
Center for Future Earth for the samples taken between 2021 and 2023.
Subsamples (ca. 100 mg) to be used for analysis were obtained using a
Dremel drill with a 1 mm-diameter drillbit. Each sample was dissolved
in ultrapure HNO3, and then subjected to cyclic washing through ion
exchange resin columns to physically-chemically separate uranium
(U) and thorium (Th) from the carbonate matrix. This U-Th compound
was then analysed, after mixing with a standard with a known compo-
sition of 229Th/233U/236U and drying for 12 hours on a plate at 80 °C.
Compounds were analysed using a multi-collector inductively coupled
plasma mass spectrometer (MC-ICP-MS). Analytical errors were 2s of the

3. Results and discussion

Over 50 locations with carbonate speleothems were found in the
gypsum area between the Senio and Sintria rivers (Fig. 2). Most of these
samples were pieces of old layered flowstones, some were thick curtains
or parts of stalactites and columns. These speleothems were often used
by local people to build dry walls, pave roads, or were even included
into the walls of houses (Fig. 3). Carbonate flowstones were indeed the
most resistant building material in this area, where rocks are almost
exclusively composed of macrocrystalline (selenitic) gypsum.

Figure 2: Speleothems found on the forest floor in the area around Ca’Monti
(Photos by Elisa Ponti (A) and Giovanni Sangiorgi (B)).

Figure 3: Speleothem fragments used for building the walls of a house at
Ca’ Monti (Photo by Veronica Chiarini).
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mean. [238U] = [235U] x 137.818 (+0.65%o) (HIESS et al., 2012). Decay
constants used were 9.1705 x 10-6 yr-1 for 230Th, 2.8221 x 10-6 yr-1 for
234U (CHENG et al., 2013), and 1.55125 x 10-10 yr-1 for 238U (JAFFEY et
al., 1971). Age corrections, were calculated using an estimated atomic
230Th/232Th ratio of 4 (+ 2) x 10-6. Those are the values for a material
at secular equilibrium, with the crustal 232Th/238U value of 3.8. The
errors are arbitrarily assumed to be 50%.

The final results are reported as age + error, both expressed in ka
(= thousands of years before 1950). Dating of speleothems was mainly
focused on the bottom (oldest part) of the speleothems.

Additional field surveys were carried out from the end of 2024 with
the aim of identifying ancient traces of cave passages. These could be
recognised by the presence of remnants of cave walls and antigravitative
(paragenetic) ceiling channels, cave sediments or fragments of carbonate
speleothems. These last were scattered along an elongated trace (i.e.
the old cave passage) or found in patches (i.e. vertical cave shafts cut
by surface erosion). Field observations have been supported and inte-
grated by the analysis of a 2 m resolution DTM produced by LiDAR data
provided by the Emilia-Romagna Region and compared with existing
cave georeferenced maps.

All georeferenced data were analysed using the QGIS 3.22.4 software,
and interpreted coupling the U/Th dates and the descriptions of data
and outcrop morphologies.

Aligned occurrences of carbonate speleothems can thus be explained
by ancient road pavements, but some are away from any ancient tracks
and are clearly naturally aligned.

In many cases the distribution of these speleothems is accompanied
by rocky (gypsum) side walls, sometimes still hosting remnants of an-
tigravitative (paragenetic) ceiling channels, or notches (Fig. 4). These
morphologies are typical of gypsum caves in this area (DE WAELE et
al., 2018; SEVIL-AGUARELES et al., 2025), and in a few cases they have
survived erosion and dissolution.

With respect to unroofed caves in limestones (e.g., ZUPAN HAJNA
et al., 2024), cave wall morphologies and cave sediments are much
less preserved due to their fragility and the high solubility of gypsum.

Note also the gypsum wall in the back of the picture. This remnant of
channel also displayed pieces of speleothems on its floor (area around
Ca’Monti, photo by Giovanni Sangiorgi).

Almost 30 speleothems were dated using the U/Th technique. Althou-
gh some of these delivered younger ages, many were older than 300 ka
(Fig. 5). Several of the old unroofed caves, according to the model that
places the main speleogenetic phases during cold periods (COLUMBU
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etal.,2015), appear to have formed during the cold stages of MIS 10 and
12, with speleothem ages mainly falling in the warmer phases of MIS 9
and 11, respectively.

Only CAMTS5 has an age centered on the MIS10 glacial peak, thus
appearing to have formed during a colder period.

Sample | Weight oy [®Th/A%U] I HARTh Age (kyr BP)
D P 10%/g activity® atomic (x 109) relative to 1950 AD
BA2.1* 0.050 804 [+ 60 0.9569 | +0.0045 3429 378.00 [ +29/-20
CAMT2 0,052 490,25 | £0,58 0,963 40,014 92,7 117 370 +51
CAMTS 0,0505 608,48 |+0,64 | 09546 | +0,0029 88,9 +36 | 3507 £9,9
CAMT7 0,0507 1501,08 [+ 1.4 0,9452 +0,0025 3961 £15 312,0 +5,6
DM3-1 0,0494 769,24 [+0,74 0,9914 £0,0032 1743,6 17,0 399 15

Figure 5: U/Th analyses of some older speleothems.

From the analysis of the map showing the traces of unroofed caves
and the areas of major occurrence of loose speleothems together with
the presently known cave systems (Fig. 6), it is evident that the old caves
follow the same directions of the explored ones. This is an expected result,

—— Cayve polyline
Unroofed cave trace

}'Area with abundant speleothems

since gypsum caves normally follow the major discontinuities (fractures
and bedding planes), in the past as today. This setting also suggests that
the drainage pattern was not characterized by remarkable modifications
during the time period in which both the old, now “unroofed”, caves and
the existing karst systems formed. The area where the highest concen-
tration of speleothems was observed is characterized by the presence of
relict karst systems characterised by entrances which often correspond
to truncated shafts, and which present a relatively short planimetric
development, thus suggesting a plausible old age for these cavities.
The only exception is represented by the Bentini Abyss, which is one
of the most important karst systems of the Messinian gypsum outcrop.
The latter, however, develops at the western limit of the studied area,
and is characterized by a subterranean drainage direction towards NW
and SE (Fig. 6), while the topography of the unroofed caves surveyed in
the same area suggests an opposite drainage direction. Thus, further
investigations are needed.

430 m slm

305 m sim |

Figure 6: Example of map showing the unroofed cave traces on a LiDAR image (2 m resolution, courtesy Emilia Romagna Region), areas of speleo-
them occurrence at the surface, and the underlying mapped galleries of the Bentini Abyss.

4, Conclusions

Several fragments of speleothems have been found in the woods
of the central portion of the Vena del Gesso romagnola area, between
the Senio and Sintria rivers.

U/Th dating showed many of them to be older than 300 ka. A de-
tailed geomorphological survey allowed to map the areas where these
speleothems are more abundant together with some morphologies
which are typical of subterranean gypsum environments (e.g., notches
and antigravitative channels), thus enabling the identification of ancient
cave portions, older than 300 ka, now destroyed by erosion.
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The comparison between these ancient caves with the existing ones
showed similarities in the direction of development of the cave galleries,
confirming the structural setting as an important forcing factor for the
development of gypsum caves.

In addition, it points out a relative stability of the drainage pattern
during the formation of both the unroofed caves and the existing ones.
If this is true for the less developed caves, further investigations are
required for what concerns the relation of the ancient karst systems with
the most developed active ones, such as the Bentini Abyss
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Abstract

The Klamath Mountains geomorphic province of northwestern California and southwestern Oregon, USA, occupies 30,0002 hectares of rugged
mountains inland from the Pacific. Rocks in the Klamath Mountains are sedimentary, metamorphic, intrusive and ultramafic, being largely ac-
creted terranes on an active continental margin. Carbonates include limestone and marbles of Devonian, Permian, Triassic and Jurassic ages.
These are often highly fractured and intruded by Jurassic diorite and quartz. Stripe karst dominates and outcrops are often narrow bands that
form cliffs, massifs and bare, alpine karst at elevation. Structural control on active and paleo conduits is highly varied and includes lithological
contacts, bedding on both dip and strike, joints and minor faults. Klamath carbonates make up a small percentage of the landscape (< 5%)
leading to wide-spread sinking stream, allogenic recharge, except in the Marble Mountains where autogenic recharge is also important. Both
active and abandoned conduits are common as are numerous karst springs. Some caves are located hundreds of meters above active base
level indicating a great age for these systems. There are approximately 300 caves, and extensive karst development is seen in the McCloud
Limestone of Shasta County, California, near Oregon Caves National Monument in Josephine County, Oregon and in the Marble Mountains of
Siskiyou County, California. The highest concentration of caves is in the Marble Mountains with 50 km of cave passages, including the former
deepest cave in the US, Bigfoot-Meatgrinder (-370 m). The McCloud Limestone contains hypogenic caves derived from sulfuric acid dissolution,
which has led to an unusual mineral assemblage in cave sediments.

1. Introduction

Caves and karst development are uncommon on the western
margin of North America where volcanic, plutonic and non-carbonate
marine rocks dominate. One exception is the Klamath Mountains of

northwestern California and southwestern Oregon occupying 30,0002
hectares of rugged mountains inland from the Pacific Ocean. Rocks in
the Klamath Mountains are sedimentary, metamorphic, intrusive and
ultramafic, being largely accreted terrains on an active continental mar-
gin. Carbonates include limestone and marbles of Devonian, Permian,
Triassic and Jurassic ages. While caves and karst are found throughout
the region, even here these carbonates are uncommon and make-up
less than 5% of the landscape. (Fig. 1) IRWIN (1994)

The Klamaths are composed of multiple steep ranges rising to 2800
m in the Trinity and Alps mountains. The area has high annual rain and
snowfall during the winter months with more than 200 centimeters falling
in the northwestern part of the region in some winters. Summers are hot
and dry with frequent forest fires. There are many perennial rivers and
streams making the region an important source of water for California.
The Klamaths are sparsely populated with only a few small communi-
ties and a limited network of roads making field work challenging and
time consuming.

Native Americans first made use of the caves across many millennia
and human remains and artifacts are common. The cultural use by Native
American nations continues today in many caves of the region. The Kla-
math Mountains are also known for their high biological diversity exem-
plified by conifer, amphibian and cave-adapted species, which include
millipedes, spiders, isopods and many more. SLEETER & CALZIA (2012)
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Figure 1: Location of the Klamath Mountains with the approximate location
of karst areas in blue.

Geologic research in the Klamath Mountains has been sporadic with
most work focused on the tectonic history of the many terranes, Jurassic
emplacement of intrusive rocks and the marine depositional setting for
the rocks of the region. The carbonates are little studied with the excep-
tion of the McCloud Limestone of Shasta County, which isimportant for
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Wolfcampian (early Permian) indicator fossils. WILSON (1970) Caves in
the McCloud were also studied in the early 1900s for the Pleistocene
remains of extinct animals, greatly expanding the understanding of fauna
in the western United States at that time. MERRIAM (1906)

All told, there are approximately 300 caves known in the region.

2. Materials and methods

This paper is synthesis of pertinent literature from multiple authors
and caving projects dating back decades and from field observations
and cave documentation projects in the region over the last dozen years.

Cave mapping and exploration work began with the Shasta Area
Grotto (caving club) and the Klamath Mountains Conservation Task Force
both internal organizations of the US National Speleological Society
(NSS) inthe 1970s. More recent work has been completed by the Klamath
Mountains Project of the Cave Research Foundation.

Mapping work has used standard methods including analog instru-

3. Results

Four primary terranes have been identified by Irwin (1994) and other
authors: 1) the Jurassic western terrane, 2) a second western terrane of
Paleozoic and Triassic rocks, 3) a much smaller central metamorphosed
terrane thatis Devonian and 4) an eastern terrane that is early Paleozoic
to Jurassicin age. Besides the accreted marine rocks, also prevalent are
abundant plutonic rocks of Jurassic age that form large outcrops as well
as dikes in the accreted rocks.

Karst-bearing carbonates are found primarily in the second western
terrane and the eastern terrane and are nearly absent from the other
two. Carbonates in the western terrane have largely been metamor-
phosed to marble while in the eastern terrane they remain limestones
that are often fossiliferous. Most outcrops are small, being only a few
square kilometers in size or even smaller. Stripe karst dominates and
outcrops are often narrow bands that form cliffs and massifs and bare,
alpine karst at elevation. However, larger bodies are found in the Marble
Mountains of Siskiyou County and in the Permian McCloud and Triassic
Hosselkaus limestones of Shasta County. Many of the outcrops are not
individually mapped but rather are shown as components of mélange
units containing a wide variety of marine rocks. IRWIN (1994)

The limestones vary in composition with dolomitic and argillaceous
rocks as well as purer, calcite-rich limestones. Chertis common in some
of the carbonates. Some units formed as banks while others are reef
deposits. Bedding is retained in most units but is obscured in smaller
more metamorphosed outcrops.

Theorigins and characteristics of many of the carbonate units have
not been studied. Best researched is the McCloud Limestone. WATKINS
(1993) wrote of its deposition: “It formed as isolated platforms about 30
km long that developed on volcanic highs as bank deposits and ramps
of mixed volcaniclastic and carbonate sediments. Bank growth resul-
ted in slope deposits of argillaceous spiculitic wackestone, limestone
conglomerates, and limestone turbidites. Lateral growth of platforms
occurred by progradation of slope deposits, and platform-top deposits
consisting mainly of packstone and wackestone of subtidal origin. Rapid
subsidence of platforms resulted in sediment accumulation rates of up
to 30 ¢cm/1000 year.”

Porosity, that allows the development of karst in the limestone, is
highly varied and wide-spread. Cave passages often exhibit strong structural
control along these areas of porosity. Many of the carbonate outcrops are
heavily fractured with prominent joints and cracks. Very small to minor
faults are common and bedding planes exist in most units. Lithological
contacts are also common on the margins of the small carbonate outcrops
and where dikes (usually diorite) intrude the karstic rocks. Cave passagesin
the Klamath Mountains have developed along all of these types of porosity.
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The longest is more than 25 kilometers in length (Bigfoot Cave in the
Marble Mountains) and more than 20 are longer than a kilometer. The
best-known caves are two tour caves, Oregon Caves National Monument
near Cave Junction, Oregon and Lake Shasta Caverns near Redding,
California. JOHNSON (1990), DESPAIN (2022).

ments in the past and more recently digital tools for charting the caves
and documenting their features and contents.

One very important book on the caves was the Guidebook to the
1990 NSS Convention, which was held in Yreka, California, a small town
inthe region, edited by Victoria Johnson (1990). The guidebook included
maps of many caves of the region. Also important in more recent times
is the 2022 report of the Klamath Mountains Cave Research Foundation
Project by Joel Despain (2022) which also includes many maps and
articles on the geology of specific caves.

Karst recharge is dominantly allogenic with streams rising on adja-
cent non-carbonate lithologies and entering caves as sinking streams.
Sinks and dolines are uncommon except in the Marble Mountains where
autogenic recharge is important. Both active and abandoned conduits
are wide-spread and numerous karst springs are found across the region.
Most water flow occurs and occurred in the vadose zone with few fluvial
cave passages formed phreatically. Some caves such as Apogee in the
Marble Mountains and October (Fig. 2) in the McCloud Limestone are
located hundreds of meters above active base level, indicating a great
age for these systems. The steep terrain of the region has created ample
gradients supporting subterranean waterflow through the limestone
and marble bedrock.

In most cases, caves in the Klamath Mountains have formed in
small groups in a respective block of limestone. Frequently there will
be one larger cave and smaller satellite caves nearby. The groups are
often widely spaced across the landscape with kilometers between
karstified outcrops of limestone or marble. These groups of caves range
in elevation from as low as 200 meters to as high as 2000 meters. Thus,
temperaturesin the caves range from 16 to 0 degrees C with permanent
ice occurring in the highest caves.

Caves across the greater region are highly varied. Some are linear
and joint controlled while others contain complex mazes. Some are a
single level, while others are multi-leveled. Many have active streams
but others are dry and abandoned. Paul Gibson Cave is more than two
kilometers long and formed as an anastomotic maze on a single level
with an active stream and resurgence. The cave has large sediment de-
posits and very few speleothems. Scorpion Cave is a canyon complex 1.5
kilometers long formed on at least five levels and is dry and abandoned
with many speleothems and very little sediment. There is little surface
karst development such as dolines or sinks near these caves and most
have formed in small bodies of limestone.

Oregon Caves is a nearly five kilometers long and formed as a complex
maze on multiple levels with many side passages and multiple streams.
This tour cave is a national monument managed by the National Park
Service with copious sedimentation and rich displays of speleothems
in some locations and none in others.

The greatest concentration of cave passages and developmentisin
the Marble Mountains Wilderness Area on the Klamath National Forestin
Siskiyou County, California. Here in a 20-kilometer square area, more than
50 kilometers of cave passages have been discovered and mapped since
the 1970s. This includes the longest cave in the region and the former
deepest cave in the US, Bigfoot with 25 kilometers of passageways and
a depth of 370 m. Nearby are another ten caves more than a kilometer
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in length. EHR, et al (1990) Bigfoot is also the longest alpine cave in the
US and the Marble Mountains is the most concentrated area of cave
development in California.

These caves have multiple levels, many vertical pits and many side
passages adding to the complexity and length of the cave systems. The
Marbles are described by cavers as being like a sandwich cookie with
the cream filling being the marble and the cookies being the bounding
dark schist that occurs above and below the carbonate and the caves.
Many caves here descend steeply from the surface to the lithological
contact with the schistand then have developed sub-horizontally along
this contact. Speleothems vary with many areas containing none, but
some locations being rich in beautiful displays of secondary deposits.
KNUTSON (1990).

Figure 2: Aroom in October Cave in the Permian McCloud limestone of the
eastern Klamath accreted terrane. This cave was discovered four years
ago and is still being explored. Photo by Heather Veerkamp

In the eastern Klamath terrane, the Hosslekaus limestone contains
many small caves and pits, but no larger systems have been found so
far. Low Gap has the greatest concentration of caves in this area. This
limestone is very remote, and there is still a great deal of potential for
more cave discoveries.

The McCloud Limestone (Fig. 3) contains nearly 100 caves in total.
Many of these are fluvial including deep pits at Packrat and Ringtail
caves, small stream caves near the McCloud River and abandoned caves
in the walls of steep, narrow canyons. These caves have heavy sediment
loads and vadose features such as narrow canyons and paragenetic
development. The McCloud is broken up by faulting and diorite dikes,
limiting the size of the limestone outcrops and therefore the size of the
caves. DESPAIN (2022)

Hypogene recharge coupled with sulfuric acid chemistry and eleva-
ted water temperatures have created some of the caves in the McCloud
Limestone. These caves are inactive, extend vertically, formed phreatically
and have hypogene morphology including cupolas, phreatic domes, wall
notches from acidic pools and sudden passage terminations. Primary
sediments in these caves include unusual clay minerals. A sample from
January Cave contained smectite/montmorillonite, illite, and disordered
kaolinite. Another sample from Ancient Palace adjacent to a diorite dike
contained pitted and corroded quartz, opal-A, manganese-oxide and
hydroxides, iron oxides and hydroxides, and minor authigenic calcite
and alunite and trace allogenic fayalite. Fayalite is a high temperature
olivine-group mineral that occurs in predominately ultramafic, volca-
nic and plutonic rocks or in metamorphosed iron-rich sediments and
impure carbonates. XRD and SEM-EDX results suggests the material is
an authigenic corrosion residue of both the altered diorite and limes-
tone bedrock. The allogenic fayalite is assumed to be residuum from
the diorite or limestone. LATHROP (2024) Ancient Palace also contains
the largest cave room in California at 140 by 50 meters. The origins of
the hypogene development are unknown but may be volcanogenic or
associated with sulfate-rich ores found within the limestone. Apparent
hypogene caves of the McCloud Limestone include January, Ancient
Palace, Lake Shasta Caverns, Sa-Wel, Potter Creek, Deanna Lynn and
Jacob David. DESPAIN (2022)

Figure 3: A fall view of the McCloud limestone with the McCloud River arm of the Lake Shasta reservoir far below. The McCloud contains both epigene
and hypogene caves. This view illustrates the steep landscape found in the Klamath Mountains. Photo by Heather Veerkamp
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4, Discussion

Decades of cave research and exploration in the Klamath Mountains
have revealed an extensive and significant set of karst systems scattered
about these remote mountains. Perhaps the most important aspect of
this work is the discovery of a great variety of caves found here. There
are carbonate caves of many sizes and types: Deep caves, shallow caves,
simple caves and complex systems, active and abandoned caves, cold
caves and warm caves all are prevalent in the region.

Most unusual are the hypogene caves of the McCloud Limestone

5. Conclusion

The caves of the Klamath Mountains are not the largest or deepest
inthe US or even in the western part of the country. But they are an im-
portant part of the karst of the nation due to the paucity of caves along
the Pacific coast and the diversity of the caves of the region. These many
caves are well worth the ceaseless efforts of cavers and researchers to
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Resumo

0 artigo aborda a prospeccio de cavernas na regido da Area de Protecio Ambiental Nascentes do Rio Vermelho (APANRV), em Goids, utilizando
a detecgdo semiautomatica de depressdes a partir de Modelos Digitais de Elevagdo (MDE). A principal dificuldade enfrentada na regido é a falta
de informagdes sobre a localizagdo de cavernas, especialmente em areas remotas com acesso limitado e dados oficiais escassos. O estudo
se concentra na provincia carstica de Mambai, onde predominam rochas carbonaticas e um ambiente de carste coberto, com a presenca de
cerrado e matas galerias, que dificulta a identificagdo visual de feicdes como dolinas e cavernas. A metodologia envolve o uso de MDEs para
gerar uma base de dados com depressdes (poligonos), as quais sdo validadas em campo. Com base nos dados do satélite ALOS-PALSAR, foram
selecionados alvos prioritarios para inspecdo in loco, resultando em 332 cavernas identificadas, sendo que cerca de 70% das cavernas estavam
associadas a depressdes previamente detectadas pelo sensoriamento remoto. A validagdo em campo também identificou novas depressdes e
cavernas fora dos poligonos prioritarios. Os resultados indicam que a utilizagdo de MDEs, embora eficaz, apresenta limitacGes, especialmente
devido a escala dos dados e a dificuldade de representar adequadamente areas com vegetacéo densa. A pesquisa conclui que o uso de MDEs
pode ser uma ferramenta valiosa para a prospeccdo de cavernas em areas de carste coberto, proporcionando uma alta taxa de sucesso (até
70%) na identificacdo de cavernas, e destacando a importancia de combinar técnicas de sensoriamento remoto com valida¢gdes em campo
para aprimorar o mapeamento espeleoldgico e contribuir para a conservagao dos recursos naturais da regido.

Abstract

The article discusses the prospecting of caves in the Nascentes do Rio Vermelho Environmental Protection Area (APANRV) in Goias, using the
semi-automatic detection of depressions from Digital Elevation Models (DEMs). The main difficulty faced in the region is the lack of information
about the location of caves, especially in remote areas with limited access and scarce official data. The study focuses on the karst province of
Mambai, where carbonate rocks and a covered karst environment predominate, with the presence of cerrado and gallery forests, which hin-
ders the visual identification of features such as sinkholes and caves. The methodology involves the use of DEMs to generate a database with
depressions (polygons), which are validated in the field. Based on data from the ALOS-PALSAR satellite, priority targets for on-site inspection
were selected, resulting in 332 identified caves, with about 70% of the caves associated with depressions previously detected by remote sen-
sing. Field validation also identified new depressions and caves outside the priority polygons. The results indicate that the use of DEMs, althou-
gh effective, has limitations, especially due to the scale of the data and the difficulty of adequately representing areas with dense vegetation.
The research concludes that the use of DEMs can be a valuable tool for cave prospecting in covered karst areas, providing a high success rate
(up to 70%) in cave identification, and highlighting the importance of combining remote sensing techniques with field validations to improve
speleological mapping and contribute to the conservation of the region’s natural resources.

1. Introducao

Um dos maiores desafios para a prospeccao de cavernas reside na
falta de informacdes sobre a sua localizagdo em campo, especialmente
em dreas remotas, com bases de informacges oficiais deficitarias, mapas
em escalas inadequadas e exiguos relatos da populagdo local sobre
existéncia de cavidades em areas de dificil acesso. Essa é exatamente a
condic&o da provincia carstica de Mambai, nordeste do estado de Goids,
onde seinsere a Area de Protecio Ambiental Nascentes do Rio Vermelho
(APANRV), uma unidade de conservacdo da natureza, gerida pelo ICMBio
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e criada dentre outros motivos para conservar os recursos hidricos e as
inmeras cavernas presentes na regido (Fig. 1). Adrea, com 1.776km?, é
caracterizada pela ocorréncia de rochas carbonaticas do Grupo Bambui,
formacdo Lagoa do Jacaré, que estdo em processo de exumagdo com
a remogdo de sedimentos detriticos atribuidos a retragdo da escarpa
arenitica da Serra Geral (Grupo Urucuia).  Essa regido possuium clima
dotipo tropical com estacdes secas e chuvosas bem definidas (CALDEIRA
etal., 2021) e que apresenta uma vegetacdo tipica do cerrado, ou seja,
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savanas esparsas nas areas plandlticas e de vertentes com a inser¢do
de matas galerias junto as drenagens. Essa geografia permitiu o desen-
volvimento de um carste coberto em processo de exumagao, em fungdo
de um reajuste dos niveis de base regionais com o aprofundamento da
calha do Rio Vermelho e a formagdo de um canyon de mais de 80m de
altura nesta drenagem. Essa e outras importantes calhas de escoamento
funcionam como pontos principais de descarga dos sistemas carsticos
adjacentes, apresentando surgéncias, ressurgéncias e janelas carsticas
(CALDEIRAetal.,2021). Nos planaltos circundantes ocorrem campos de
dolinas e outros tipos de depressdes de dificil identificagdo visual em
fungdo da presenca da vegetagdo nativa ou grandes dimensdes (Fig. 2).

0 estudo e mapeamento de dolinas é uma area das ciéncias do carste
ja ha muitos anos desenvolvida (FERREIRA & UAGODA, 2020) e cujos
propdsito e técnicas atendem variados segmentos. Trabalhos pioneiros
em geomorfologia carstica se destacam desde o final do século passado,
enfatizando principalmente aspectos morfométricos, distribuicéo e
génese (WILLIAMS, 1972; DAY, 1976; BONDESAN et al., 1992; KARMANN,
1994). Tais trabalhos se utilizaram principalmente de bases cartograficas
antigas, com ainterpretacao de cartas topograficas, fotos aéreas e outros
recursos para identificar dolinas. Mais recentemente outros trabalhos
se utilizaram de Modelos Digitais de Elevagdo (MDE) para a identificagdo
de dolinas por métodos automatizados (CARVALHO JUNIOR et al., 2014;
MIHEVC & MIHEVC, 2021; UTLU & OZTURK, 2023; TELBISZ et al., 2024). O
mapeamento de dolinas atualmente visa sobretudo criar bases de dados
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para analises em geomorfologia (LONCAR & GRCIC,2022), gerenciamento
de dreas derisco (Salles et al., 2018), uso e ocupagdo (GUTIERREZ et al.,
2014), conservagdo dos recursos hidricos e analises de vulnerabilidade
do carste (MORENO-GOMEZ et al., 2019). Entretanto, poucos trabalhos
se debrucaram sobre o potencial da detecgdo de dolinas servir também
para prospecgdo de cavernas (FERREIRA et al.,2022) dada a suaintrinseca
relagdo de génese e desenvolvimento.

No Brasil as cavernas sdo protegidas pela legislacdo (BRASIL, 2008)
e 0 seu mapeamento é fundamental para o ordenamento territorial e
licenciamento de atividades potencialmente lesivas ao meio ambiente,
especialmente em dreas cérsticas (AULER, 2016). Para a area de estudo
poucas cavernas foram mapeadas e cadastradas na base oficial do gover-
no federal (BRASIL,2022) se considerada toda a sua real potencialidade.
Essa condicdo ¢ altamente indesejével visto o avanco de atividades
potencialmente lesivas aos sistemas espeleoldgicos locais, como a mi-
neragdo, agronegdcio ou obras de infraestrutura (rodovias e ferrovias). O
objetivo deste trabalho, portanto, é apresentar os resultados referentes
aidentificacdo de cavernas a partir do mapeamento semiautomatico de
depressdes realizados previamente (FERREIRA et al., 2022) e até entdo
ndo devidamente checado in loco. As atividades de campo serviram
para confirmar a presenca de dolinas, cavernas e caracterizar outros
aspectos do quadro natural, criando assim uma base mais apropriada
para o planejamento da unidade de conservagdo e tomada de decisdo
por parte dos gestores.
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Figura 1: Localizagdo da drea.
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Figura 2: Exemplo de dolinas encontradas na regido. No lado esquerdo uma dolina colmatada com vegetagdo rasteira sem entrada de caverna. Ao
centro um ponto de recarga sob mata com caverna. Na direita uma dolina de sufusdo com acesso a uma caverna.

2. Materiais e Métodos

O uso de Modelos Digitais de Elevagdo para a detecgdo de depressdes
edolinas em dreas carsticas estd amplamente documentado na literatura
(CARVALHO JUNIOR et al., 2014; CAHALAN & MILEWSKI, 2018; FERREIRA
& UAGODA, 2020) e consiste basicamente numa operagdo aritmética de
soma e subtragdo. Ferramentas de restituicdo hidroldgicas em rasters
no geoprocessamento preenchem eventuais depressdes, supostamente
por serem defeitos do modelo (Hydrology=>Fill). A subtragdo do modelo
preenchido pelo modelo original gera uma base de depressoes, que em
uma area carstica pode significar feicdes auténticas de ligagdo com o
meio subterrdneo (FERREIRA e UAGODA, 2020). Poligonos séo criados a
partir desse processo e geralmente sdo inspecionados com o auxilio de
imagens de satélites para um primeiro nivel de validagdo. Entretanto,
nem todos os trabalhos realizados neste tipo de abordagem avangam
para uma etapa subsequente de validagdo, ou seja, a verificagdo em
campo (WU et al., 2016; CAHALAN & MILEWSKI, 2018).

Neste trabalho optou-se por utilizar uma base de poligonos referen-
tes a possiveis depressdes ja existente (FERREIRA et al., 2022) advindas
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de dados do satélite ALOS-PALSAR (Advanced Land Observing Satellite
Phased Arrayed type L-Band SAR) com 12,5m de resolugdo espacial.
Desta feita, a area de estudo restringiu-se ao da APANRV (1776km?), de
abrangéncia inferior ao trabalho original, mas ainda assim bastante ex-
tensa para o pleno recobrimento em campo. De um universo de milhares
de poligonos gerados de forma automatica, selecionou-se, na primeira
etapa de validagdo por imagens de satélite (Google Earth e Imagery),
um quantitativo inferior e exequivel de alvos prioritarios espalhados
pela area para checagem in loco (Fig. 3). Os caminhamentos em campo
buscaram também agregar outros poligonos, ndo considerados como
prioritarios, sempre que proximos do trajeto estabelecido para alcangar
os alvos prioritarios. Uma vez atingidos os alvos (pontos centroides)
percorreu-se também os arredores, mesmo fora dos poligonos, buscando
feicdes eventualmente ocultas pelas matas ou préximas das bordas, ndo
atingidas pela delimitagdo automatica que possui algumas limitacdes
(linha de extravasamento e ndo bacia hidroldgica, p.ex.).
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Figura 3: Exemplos de alvos prioritdrios estabelecidos e ranqueados em niveis de maior possibilidade de acerto. Em verde depressées consideradas

de maior potencial que as marcadas em amarelo, além das bancas consideradas néo prioritdrias. A delimitagdo dos poligonos se deu de forma au-

tomadtica, até no nivel de “extravasamento” teérico da depressdo. Na direita as linhas de caminhamento (azul) e as cavernas identificadas (laranja).
Fonte: Imagens Google Earth.
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No ensejo das atividades de campo buscou-se ndo apenas validar
as depressdes do sensoriamento remoto (ainda em progresso) como
mapear todo tipo de fei¢do de importancia do carste, seja dentro, nas
proximidades ou nos trajetos dos alvos estabelecidos. Desta forma esta-
beleceu-se duas bases distintas, ou seja, uma do sensoriamento remoto
prévio, constituida por poligonos de maior abrangéncia, com graus
maiores e menores de possiblidade de serem depressdes auténticas e
outra, efetivamente de campo e numa escala de detalhe que se constitui
de pontos referentes a dolinas, cavernas, sumidouros e surgéncias.
Todas as feigoes foram fotografadas e sucintamente caracterizadas,
com a descricdo do uso e ocupacdo do local (matas, pasto, cerrado
etc.), ocorréncia de corpos hidricos (no caso das cavernas ou dolinas)

3. Resultados

Devido a dispersdo dos alvos e grande abrangéncia territorial da
area de estudo, foram percorridos cerca de 260km em trilhas de cami-
nhamento em inimeras expedicdes. Praticamente todos os alvos foram
atingidos, excetuando-se aqueles em areas de grande dificuldade ou
restricdo de acesso (7), em geral associados ou préximos as escarpas da
Serra Geral. Por outro lado, houve um acréscimo substancial de novos
poligonos inspecionados (90), mesmo ndo considerados prioritarios
num primeiro momento (235), muitos inclusive contendo depressdes
auténticas (dolinas) e cavernas (Fig. 4).

Poligonos Qtde %
Alvos prioritarios 235 73,89%
Alvos checados 228 71,69%
Outros poligonos checados 20 28,30%
Poligonos totais checados 318

Figura 4: Quantidades totais de poligonos identificados por sensoriamento
remoto checados em campo.

No total foram identificadas 332 cavernas na area conforme a meto-
dologia de trabalho proposta (Fig. 5). Cerca de 27% das cavernas foram
identificadas justamente no interior de depressdes carsticas previamente
selecionadas como prioritarias (MDE), confirmando-as, portanto, como
verdadeiras. Entretanto, se forampliado um buffer de 50m ao redor dos
objetos alvo criados em laboratério, essa percentagem amplia-se até
cerca de 70%. Baseado em experiencia de campo, considera-se este limite
discricionario como razodvel para alcangar as fei¢des que a metodologia
de preenchimento até o nivel de extravasamento em MDE’s pode ndo
ter abarcado, conforme relatado por FERREIRA & UAGODA (2020). As
cavernas localizadas além deste limite de 50m e que comp&em a amostra
final representam, portanto, os possiveis erros de omissdo, alcancando
a métrica aproximada de 30%.

Cavernas Qtde %

Dentro dos poligonos 89 26,81%
50m dos polignos 230 69,28%
Omissdo (>50m poligonos) 102 30,72%
Total 332 100%

Figura 5: Potencial do uso de depressoes identificadas por sensoriamento
remoto para prospecgdo de cavernas.

4, Discussao

Considera-se que a proposta inicial de validagdo dos objetos prio-
ritarios foi exitosa e resultou numa taxa de positivos em relagdo a
ocorréncia de cavernas bastante significativa, especialmente se consi-
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e observagdes referentes ao potencial das cavernas para maior desen-
volvimento, presenca de algum risco (abelhas, abismos etc.) ou danos
(lixo, p.ex.). Aatividade de campo foi facilitada pelo uso de geoaplicativos
em celulares (Avenza, p.ex.) o que permitiu carregar as bases de dados
(imagens, poligonos, alvos e percursos) e tragar as melhores estratégias
para alcangar os pontos planejados. Deve-se ressaltar que nesta etapa
as cavernas nao foram topografadas, ou seja, foram apenas coletados
os pontos de entrada, que certamente serdo em maior nimero que o de
cavernas propriamente dito. Outras atividades deste projeto ocorrem
de forma paralela ou serdo retomadas adiante, como a topografia de
detalhe das cavernas com maior potencial.

Eimportante deixar claro que os objetos gerados automaticamente
como depressoes e estabelecidos como alvos de validagao possuem em
geral dimensGes mais abrangentes que dolinas pontuais dispersas num
campo ou planalto, muito em fun¢do da escala da base utilizada (ALOS-
-PALSAR, 12,5m). Os objetos advindos da analise dos MDE, grosso modo,
funcionam como depressdes compostas que podem conter inimeras
dolinas ou eventualmente apenas um ponto mais profundo (menos
comum). Estes dados acerca da relagdo entre as dolinas identificadas
em campo e sua contraparte identificadas em gabinete e de escala mais
abrangente, ainda estdo sendo tabulados. Mas é possivel afirmar que para
a area de estudo, cerca de metade das dolinas identificadas em campo
(50%) apresentam entradas de cavernas em seu interior, normalmente
no ponto mais profundo.

Quanto ao uso e ocupacao das areas onde estdo as cavernas e suas
dolinas (Fig. 6), identificou-se o predominio de ocorréncias em areas de
matas (78,5%). Praticamente todas as demais fei¢des foram encontradas
em dreas de pastagens (21%) e pouquissimas em areas degradadas
ou regides de veredas (< 1%). Nenhuma dolina contendo caverna foi
identificada em area de cerrado preservado nas modalidades de campo
aberto (e ndo mata galeria). Outro dado observado é que praticamente
ametade das cavernas encontradas (154) possuem agua em seu interior
(cursos ou corpos d’agua). Por fim, também foi observada baixa correla-
¢do das cavernas identificadas em campo com a base do CANIE para a
area. Mesmo usando o buffer arbitrario de 50m a partir das 332 cavernas
conferidas apenas 69 registros do CANIE foram convergentes. Mesmo
que haja uma diminuicdo forte do nimero de entradas para de fato o
ntmero de cavernas cadastradas, ndo é de se esperar uma propor¢ado
de quase cinco para um nesta relagdo.

Uso do solo Qtde %

Mata 259 78,48%
Pasto 68 20,61%
Area Degradada 3 0,91%
Vereda 2 0,61%
Cerrado 0 0,00%

Figura 6: Uso do solo prioritdrio nas cavernas mapeadas.

derada a estratégia de caminhamento nas cercanias dos objetos e ndo
apenas até seu ponto centroide (buffer de 50m). Foram 332 entradas
de cavernas localizadas, sendo que quase 70% atreladas intimamente
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as depressoes identificadas previamente por sensoriamento remoto.
Obviamente que esses resultados sdo especialmente importantes para
uma éarea caracterizada por pouca ou nenhuma representatividade
de morros testemunhos ou muralhas aflorantes (fei¢cdes positivas) se
comparado por exemplo, ao carste de Lagoa Santa-MG ou especialmente
de Pains-MG (AULER & PESSOA, 2020; PILO & CRUZ, 2022; TIMO, 2022)
onde é comum ocorrerem cavernas nestas condi¢des. Neste contexto da
APANRY, aonde predominam superficies em exumacdo (carste coberto),
as depressdes sdo os elementos do ambiente superficial mais marcantes
do carste local e potencialmente mapedveis por sensoriamento remoto.
Apesar de fei¢Bes positivas também serem potencialmente mapeaveis
com a mesma metodologia de preenchimento e subtracdo com MDE’s
(LYEW-AYEE et al., 2007), a correlagdo genética destas feicdes com a
ocorréncia de cavernas é bem menos direta. A presenca de depressdes
no terreno em areas carbonaticas tem alto potencial de indicar processos
de carstificacdo e espeleogénese, sendo um fator muito mais propicio
que superficies isoladas ou resultantes da erosdo diferencial. Além
disso, a possibilidade da identificagdo de cavernas ativas e conectadas
a sistemas mais abrangentes do ponto de vista hidroldgico enaltece a
representatividade e importancia desses achados, especialmente para
analises posteriores sobre o comportamento desses sistemas frente a
eventos extremos de chuva (mudancas climaticas), sobre vulnerabilidade
e risco em areas carsticas (HOFIERKA et al., 2018). No caso da APANRY,
as cavernas com fungdo hidroldgicas ativas serdo consideradas com
maior cuidado tendo em vista os objetivos primordiais de criagado da
unidade de conservagao, ou seja, a conservagao das cavernas e dos
recursos hidricos locais.

Jaaquestdo das omissdes, ou seja, a ndo previsdo pelo modelo da
ocorréncia de depressGes aonde de fato ocorrem, pode-se interpretar
especialmente em fungdo da escala da base utilizada e da sua baixa

5. Conclusao

O estudo baseado em dados de sensoriamento remoto relativos
a possiveis depressdes carsticas no terreno a partir de MDE se revelou
bastante util para delinear alvos de grande potencial de ocorréncia de
cavernas. Areas de carste coberto com poucas e esparsas exposicdes
de rocha, como muralhas ou morros testemunhos, mas com grande
potencial para dolinamentos podem ser beneficiadas com uso da
metodologia proposta, com até 70% de acerto. Além disso, apesar de
desejaveis bases em escalas mais detalhadas ou o uso de sensores
capazes de penetrar o dossel (LiDAR, p. ex.), o MDE utilizado teve custo
zero e uma boa taxa de retorno positivo. A base ALOS-PALSAR utilizada
indica naturalmente dreas mais carstificadas em que ha a possiblidade
de achados acessérios ndo necessariamente atrelados aos poligonos de
depressdo. Ela, porém, ndo esgota métodos classicos da prospecgdo
espeleoldgica, como andlise de imagens, fotos aéreas, demais fontes
bibliograficas e sobretudo entrevistas junto as comunidades locais e
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efetividade em representar o real nivel do solo em ambiente de densa
vegetacdo. O uso de MDE de alta resolugdo ou com sensores capazes
defiltrar avegetagdo (LiDAR, p.ex.) certamente geraria um nimero bem
maior de alvos potenciais que representassem mais fidedignamente
as dolinas (WU et al., 2016; UTLU & OZTURK, 2023; TELBISZ & SZEKELY,
2024). Entretanto, essas bases sdo de dificil acesso ou com abrangéncia
mais restrita que o necessario para a abordagem executada na drea de
estudo. Pelo conhecimento que se obteve neste projeto da geografia
local, observou-se que as depressdes carsticas mais importantes foram
detectadas pelo modelo de elevacdo utilizado, estando muitas outras
préximas ou sendo parte dos mesmos fendmenos representados (coales-
céncia de objetos, normalmente).

Como visto, no geral, as cavernas identificadas neste projeto estdo
majoritariamente inseridas em dreas de mata e muito secundariamente
em dreas de pastagens. A presenca de dgua em quase metade da amostra
ajuda a explicar melhor esse fenémeno naregido. As vertentes e planaltos
mais propicios a agricultura, originalmente associadas ao cerrado (campo
aberto), foram sendo paulatinamente convertidos em pastagens, onde
atualmente ainda se encontram algumas dolinas com cavernas. Outras
provavelmente foram soterradas com o uso de maquinario agricola. As
areas mais preservadas, normalmente com declividades maiores junto
aos cursos de agua, bordas de dolinas e exposicdo de rochas foram
preteridas e abrigam a maior quantidade de cavernas, justamente onde
ha maior umidade que permite o desenvolvimento das matas galeria.
Tudo isso também converge para a percepgao de que a carstificagdo,
mais acelerada nas franjas erosivas na interface entre os carbonatos
do Grupo Bambui e os sedimentos clasticos referentes ao desmonte
do Grupo Urucuia na regido, vem capturando as aguas superficiais para
niveis inferiores por meio das dolinas (CALDEIRA et al., 2021).

pessoas com maior conhecimento do campo.

Como etapa subsequente ao trabalho aqui descrito almeja-se dar
continuidade ao projeto de validag&o e tabulagdo dos dados referentes as
demais depressoes detectadas na metodologia que eventualmente ndo
foram classificadas como alvos prioritarios. Paralelamente as cavernas
identificadas neste trabalho como de maior potencial espeleométrico,
importancia ambiental ou conveniéncia logistica, serdo listadas em
niveis hierdrquicos para priorizacdo das atividades topograficas. Com
isso espera-se também contribuir com a melhoria das informacdes
presentes no CANIE, que terd os dados antigos ajustados ou incorpo-
radas novas cavernas. O avango do projeto também visa incrementar a
base de informagdes qualificadas de campo relativo as demais fei¢des
do carste local, colaborando assim no resultado geral para um maior
entendimento do quadro natural da APANRV e, possivelmente para
subsidiar a elaboragéo do seu plano de manejo.
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Abstract

We investigated the age (U-Th dating) and isotopic composition (6180 and §13C) of epiphreatic calcite speleothems (shelves, subaquatic
crusts, and poolfingers) from La Rovellonera Hall in Avenc de Sabarin Cave (Tarragona, NE Spain). The Hall is located in the upper level of the
cave, 33 m above the current aquifer base level. It has an oval shape, with a height of 15 m, a maximum diameter of 30 m and shows evidence of
having hosted a large underground lake. Cave clouds and poolfingers are observed aligned at different heights relative to the base of the Hall,
as well as large shelves with rounded edges indicating the maximum oscillation level of the lake. These were left hanging like “cornices” when
the water abandoned the lake. U-Th dating of some of these speleothems indicates that the origin of the Hall dates back over 600,000 years and
that the underground lake still existed 29,000 years ago. The oxygen isotopes of the speleothem carbonate suggest that they may have formed
from waters with temperatures ranging from 7°C to 16°C, like the current cave temperature (~8.5°C), so with no influence of thermal water.
Further studies on these speleothems may shed light on the paleohydrological evolution of the regional aquifer.

1. Introduction

Precipitation of subaqueous carbonate speleothems in caves occurs The recently discovered La Rovellonera Hallin the Avenc de Sabarin
within phreatic and epiphreatic environments, either under low-tempe- cave (Tarragona, NE Spain) (UEC TORTOSA et al., 2024), offers a unique
rature or hydrothermal conditions (e.g. KLUGE et al., 2014; GAZQUEZ et opportunity to study subaqueous speleothem. The Hall, with a maxi-
al., 2018; KOLTAI et al., 2024). The presence of subaqueous speleothem mum diameter of 30 m and a height of up to 15 m, houses spectacular
in caves indicates total or partial flooding at the time of carbonate pre- formations of subaqueous calcite speleothems that appear horizontally
cipitation. Therefore, by determining the age of different subaqueous aligned at different levels, indicating past water-level paleo-positions.
speleothems located at different depths, it may be possible to track the Inthis study, the age of some of these speleothems was investigated
evolution of the water table over time in karstic aquifer hosting caves by means of U-Th isotope dating, along with their oxygen and carbon
(e.g. GAZQUEZ et al., 2018). isotopic compositions, in order to unearth the timing and environmen-

Besides, the oxygen and carbon isotope composition (5¥0 and §**C) tal conditions in which they formed. The objectives were to determine
of speleothemic carbonate can provide information about long-term the temporal framework of past water-level fluctuations in the Hall,
environmental changes in the cave, including water temperature os- the timing when the phreatic water abandoned this cave level, and to
cillations in relation to paleohydrological variability (e.g. KLUGE et al., make a preliminary estimation of the water temperature at the time of
2014; GAZQUEZ et al., 2018; KOLTAI et al., 2024, among many others). speleothem formation.
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Figure 1: A. Location of Avenc de Sabarin cave. The cave is developed in Jurassic dolostone. Geological map modified from MAGNA 1:50,000 (GARCIA
DE DOMINGO & LOPEZ-OLMEDO et al., 1982). B. Location of the three main levels of galleries within the cave, including the level where La Rovellonera
Hall is located. C. Cross section of Avenc de Sabarin cave.

2. Geological setting and cave description

Avenc the Sabarin cave is located in the Massis dels Ports (S Tarra-
gona province, NE Spain), at the contact between the Iberian Mountain
Range and the Catalan Prelitoral Range. This massif consists of kasrtified
Mesozoic carbonate materials. In particular, the cave is developed in
Upper Jurassic dolostone (Figure 1). La Mola de Cati mountain, where
the caveislocated, has a maximum elevation of 1,326 ma.s.l. and sharp
slopes. The massif is highly kartified, as evidenced by the presence of
caves systems some of which exceed 1 km in length. Around the Mola
de Cati mountain, various springs are found, Font del Mascar on the
southeastern slope, being the most relevant.

In the heart of the Mola de Cati lies Avenc de Sabarin cave, which,
with its 2,689 m of passages and a maximum depth of -105 m, has become
a renowned cavity for speleological activities in recent years. The first
references to this cave date back to 1945. More recently, between 2009
and 2020, it was surveyed and topographically documented.
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The entrance lies at 1,219 m and the cave “s development occurs
along a large NE-SW oriented fracture that dictates the alignment of its
galleries. This results in a generally sub-horizontal pattern, spanning
approximately 500 m in length. Broadly speaking, the cave can be di-
vided into three sectors according to the sub-horizontal development
of its passages: the upper levels (-10 to -20 m deep) that are composed
of galleries and chambers with broader cross-sections and a notable
abundance of speleothems, the intermediate levels (-20 to -50 m) with
smaller galleries sometime not being interconnected, and the lower levels
(-50to -56 m and below), which is occupied by a perennial water course.
This river plunges through several shafts before vanishing at the cavity’s
deepest point, at -105 m. The topographically lower cave passages are
partially under water and can get completely flooded during heavy rain
events (Figure 2).1n 2020, within the upper cave level, the extraordinary
La Rovellonera Hall was discovered (Figure 3).
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Figure 2: La Rovellonera Hall within Avenc de Sabarin cave. Note the level of shelves in the middle part of panel A. Subaqueous speleothems, like
cave clouds, are found beneath this leve of shelves, as observed in panel B. Different levels of shelves (in the range of 50 cm in heigh) can be found at
8 m from the Hall ’s floor (panel C).

3. Materials and methods

Sampling of speleothems and water

In January 2023, eight carbonate samples were collected from
different parts of the Rovellonera Hall at varying heights from the base,
ranging from 0.25 to 8 m. Samples were primarily taken from shelves that
mark levels of relative stability of water at 0.25 (ROV-01), 0.9 (ROV-02),
7.5 (ROV-07), and 8 m (ROV-04 and ROV-06) from the Hall s bottom. A
sample of calcite rafts (ROV-05) was collected from a still active pond
located over the upper most shelves at 8 m from the base. In addition,
2 samples of subaqueous cylindrical speleothems with rounded tips,
typified here as « pool fingers », that show up hanging from the walls at
different heights were collected (at 1 m, ROV-03, and at 6.5 m, ROV-08,
from the Hall “s bottom). Finally, a sample of a modern, actively growing
self (NEO) at the lowest level of the cave (-56 m) where the current cave
river flows, was collected. Water samples were taken at the sites where
calcite samples ROV-05 and NEO were collected.

U-Th dating

The ages of carbonate samples ROV-03, ROV-04, ROV-07 and ROV-
08 were determined by U-Th isotope dating at the High-Precision Mass
Spectrometry and Environment Change Lab (HISPEC) at the National

56

Taiwan University using resin column separation and a multicollector
inductively coupled plasma mass spectrometer (MC-ICPMS). Details of
the analytical protocol and isotopic parameters used for age calculations
can be found in SHEN et al. (2012).

Stable isotopes

Ten powdered samples were analyzed for stable isotopes of car-
bonates, using a Gas Bench Il (Thermo Scientific) sample preparation
device coupled with a DELTA V Plus isotope ratio mass spectrometer
(Thermo Scientific) at the University of Burgos (Spain). The isotopic
composition of oxygen and carbon (6'*0 and &**C) was standardized
against the international V-PDB standard. The reproducibility of the
method was +0.03%o (10) for §**C and +0.05%o for §'*0, based on the
analysis of internal standards. The &0 values in the V-PDB scale were
converted to V-SMOW (Vienna Standard Mean Ocean Water) using the
formula provided by COPLEN (1995) to facilitate comparison with water
values. The two liquid water samples were analyzed for §**0 and &°H at
the University of Almeria using a Picarro L2140i isotope analyzer. Results
are standardized against V-SMOW and given as %o units.
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By 2 1) >y PP | PP (|Age (orago) Agedlorago)| MU | g | g
Sample Description 10%/g " 107%/g measwead” activity” atomic (x 10%) ted ted ted” | o | g

ROV-01 Shelf at 0.25m -596|-5.96
ROV-02 |Shelfat09m -5.20|-5.07
ROV-03a |Pool fingerat 1 m 102.69(+0.18 | 19.608/+0.066| 827(21.9|1.1198(:00028 | 9670+ 0.37| >600 >600 - -3.88|-5.31
ROV-03b |Poolfingerat1m -572|6.14
ROV-04 |Shelffai8m 7970+ 0.14 | 7.436/:0.023 | 1720.1|1 4.3 | 0.6752|+0.0021 | 119.33(2 0.48 | 30.19(2 0.12 | 20.33(20.45 | 18686 |+ 53 | -7.86|-5.23
ROV-05  |Cakte rafis 5.71/6.20
ROV-06 |Shelfat8m £.78|-6.30
ROVO7 |Shelfat7.5m 149.55+0.19 | 14.427|+ 0.051| 32.8[¢1.6|1.0415/+0.0026 |178.00(+074| 583272 | 581[x71 169 |+ 47 | -8.76| 6.86
ROV-08  |Poolfinger at6.5m 138.52+0.13 | 12.346/+ 0.051| 636(21.5|1.0652(+0.0037 | 1976[¢1.0 | 424219 | 422|z18 209 +13 | 7.80|-6.38
NEO Modern shelf lower cave level -10.39|-6.02

Table 1: U-Th ages and carbon and oxygen isotopes of carbonate. Analytical errors are 2c of the mean. °[?*U] = [?*U] x 137.818 (+0.65%o) (HIESS et

al., 2012); 82U = (P#U/25U]
corrected age. <[?°Th/>*U]

- 1) x 1000. %8%4U

activity initial

activity

corrected was calculated based on ?°Th age (T), i.e., 63U
=1-e-PT+ &2y /1000)[L, /(L,.,- ,,)](1-e~(P°-P*)7), where T is the age. Decay constants are 9.1705 x 10° yr*

=§31y

measured

x el*xT and Tis

initial

for#°Th, 2.8221 x 10° yr* for **U (CHENG et al., 2013), and 1.55125 x 10%° yr* for U (JAFFEY et al., 1971). ?Age corrections, relative to 2023 C.E., were
calculated using an estimated atomic #°Th/?**Th ratio of 4 (+ 2) x 10° (SHEN et al., 2008). Those are the values for a material at secular equilibrium,
with the crustal %?Th/%8U value of 3.8. The errors are arbitrarily assumed to be 50%.

4, Results

U-Th dating

28 contentin the four analyzed samples ranged from 78 to 150 ppb.
The 2°Th/*2Th activity ratio, which together with the error associated
with the calculation of 222U/2**U/%°Th/%2Th rules the uncertainties asso-
ciated with the final ages, is relatively high (>95), indicating low detrital
thorium contamination. As a result, the #°Th corrected age differs by less
than 5% to the “uncorrected” ages. The age of the pool finger collected
from the lower part of the Hall exceeds the U-Th dating limit, indicating
>600 ka (where ka is 1000 years). The shelf at 7.5 m from the bottom was
dated to 581+71 ka, while the pool finger at 6.5 m was determined to be
422+18 ka. The youngest speleothem analyzed in this study is the upper
shelf (8 m), dated to 29.3+0.4 ka.

Stable isotopes

The &0 values of carbonate samples (n=10), previously confirmed
to be calcite by XRD analyses, ranged from -6.86 to -5.07%o, while §**C
did from -10.39 to -3.88%o (V-PDB) (Table 1). The highest §'*0 values
correspond to the shelf at 0.9 m from the Hall s bottom, whereas the
shelf at 7.5 m show the lowest values. The highest §*C values were
found in the poolfingers at 1 m, while the lowest were recorded by
calcite shelves collected at the lowest cave passages, ca. 44 m below
La Rovellonera Hall, likely of recent origin. The &**0 of water in a gour
at the Hall was -6.06%o (V-SMOW), while the 6?H value was -37.7%o. For
the water from the underground river at the -56 m deep level, the §'°0
was -7.01%o and the &H was -42.1%o.

LA ROVELLONERA HALL SW - NE
- —
stalagmites
maximum lake level v " ~
¥~ 29.240.4 ka
shelves
. 581+81 ka

< 422+18 ka ’

cave clouds H
<> 600 ka K /callf:tit fingers

ra
cones =X
1m // S

Figure 3: Scheck of La Rovellonera Hall and approximated position of the main speleothems and their ages.
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5. Discussion

The age of the subaqueous speleothems in La Rovellonera Hall
ranges from >600 to 29 ka. This suggests that the -12 m-deep cave level
was occupied by water, continuously or discontinuously, for at least 570
ka. The oldest speleothems have been found in the middle and lower
parts of the Hall. This includes cave clouds that coat its walls, and in
pool fingers appearing at various levels of depth. Specifically, the pool
fingers located in the lowest part, 1 m above the base of the paleolake,
exhibit the oldest ages. The uppermost edge of the shelves, 8 m above
the lower part of the chamber, shows the youngest age of 29 ka. This
could indicate that the lake still existed during the last glacial period.
However, given the limited number of samples in our study, it is difficult
to determine whether it persisted continuously or discontinuously, with
phases of fluctuating water levels.

The stable isotopes of carbonate have been analyzed to make a
preliminary estimate of the speleothem formation temperatures. This
approach considers that the fractionation of oxygen isotopes in equi-
librium between the dissolved water and the precipitating carbonate
depends on temperature (e.g., TREMAINE et al., 2011). Therefore, by
knowing &0 .. and 80, , and assuming carbonate precipitation
occurred in equilibrium, it is possible to determine the mineral forma-
tion temperature.

The 80, valuesinthe speleothems analyzed from La Rovellonera
Hallare -5.9+0.6%o (V-PDB). The past isotopic composition of the water
(8*0,,,,.,) in paleo-lake is unknown but can be approximated using the
values of current cave waters, averaging —6.8+0.6 %o (V-SMOW). As
shown in Figure 4, the combination of 60 and 80, suggests
that the formation temperature of the speleothems in La Rovellonera
Hall averaged 12°C, ranging from 7°C to 16°C, considering the range of
values obtained for both carbonate and current cave waters (+1c and
+20). The modern water temperature of the underground cave river is
8.6+0.10C (five measurements between 2021 and 2023; UEC TORTOSA
etal.,2024), in good agreement with the estimated paleo-temperatures.
Theinferred formation temperature of the speleothems likely encompas-
ses the whole temperature variability expected for glacial-interglacial
transitions during the Quaternary, so our approach does not allow for
precise paleoenvironmental interpretations regarding changes in cave
water temperature during speleothem formation. However, it has allowed
usto rule out the contribution of hydrothermal flows to the formation of
these speleothems, as such flows would have resulted in lower §'°0

calcite

calcite

6. Conclusions

The geochemical analyses of epiphreatic speleothems from La
Rovellonera Hall in Avenc de Sabarin cave indicate that the shallower
levels of the cavity (-12 to -20 m) were occupied by water at least between
600 and 422 ka, and later around 29 ka. The study of a continuous spe-
leothem sequence extracted from the Hall, such as a core sample from
a subaqueous flowstone or a cave cloud, could shed light on whether
the hall was permanently or intermittently occupied by water during
that period. Stable isotope analyses of the carbonate suggest that the
water from which the speleothems formed had a temperature between 7
and 16 oC, indicating that the cavity did not receive hydrothermal water
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values (e.g. GAZQUEZ et al., 2018).

Ourapproach assumesthatthed'®0 _ duringspeleothem formation
was similar to the current value in the cave water. It is possible that this
value has varied over time due to global and regional hydrometeorolo-
gical changes. However, several studies suggest that the §!¥0 value in
meteoric water on a Glacial-Interglacial scale in the central and western
Mediterranean may have changed by ~1%o during last Glacial-Interglacial
cycle (JASECHKO et al., 2015). An +1%o change in 8'°0, _ when using
the TREMAINE et al., (2011) paleothermometry equation results in a
variability of ~5°C in paleotemperature calculations. Therefore, it can
still be concluded that the epiphreatic speleothems in Avenc de Sabarin
cave did not form at temperatures higher than 21°C or lower than 2°C,
still supporting the hypothesis of no hydrothermal contribution to the
cave formation. Further analyses of fluid inclusions and clumped isotope
(A4T) in these speleothems may result in accurate paleotemperature
reconstructions (e.g. KLUGE et al., 2014; GAZQUEZ et al., 2018; KOLTAI
etal., 2024).
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Figure 4. Relationship between §'°0, . ,8'°0_ . and water temperature
according to the paleotemperature equation by TREMAINE et al., (2011).
The xvalue is the mean of the §*°0_ . (V-PDB) of the speleothems from La
Rovellonera Hall analyzed in this study (n=9) and the mean §°0, . (V-S-
MOW) of the two water samples analyzed from the cave. The dashed-line

ellipsoids represent the 16 and 2o of the mean for both isotope parameters.

inputs for at least the last 600 ka. Additional fluid inclusion and clumped
isotope analyses could refine these temperature estimates. Finally, the
distribution of cave passages across three well-differentiated subhori-
zontal levels suggests three stages of relative stability in the aquifer’s
phreatic level, likely related to the paleogeographic evolution of the Ebro
Delta. These stages may have been a consequence of the river’sincision
process and a response to tectonic history of the northeastern Iberian
Peninsula. Studying the age of vadose and epiphreatic speleothems at
different levels of the cavity could provide insights into the paleogeo-
graphy of this region during the Late Quaternary.
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Abstract

has been estimated.

1. Introduction

Flank margin caves are coastal mixing caves. MYLROIE & CAREW
(1990) proposed a model to interpret the genesis of mixing caves in
immature young carbonate coasts. These caves form by mixing disso-
lution processes in the distal margin of the freshwater lens, under the
flank of the enclosing landmass. The development of caves is controlled
by the position of the fresh-salt water mixing boundary, which in turn,
is connected to sea-level position.

The flank margin caves model was later extended to similar cavesin
telogenetic carbonates where structural control becomes more evident
(MYLROIE et al., 2008; OTONICAR et al., 2010; RUGGIERI & DE WAELE,
2014; D’ANGELI et al., 2015; DE WAELE et al., 2025).

A flank margin cave is characterized by passages that are more
developed in width than in height, from which smaller conduits branch,
dead-ended passages, rounded and smooth wall morphologies that
indicate the involvement of undersaturated solutions in slow flows
under phreatic conditions. Lack of morphologies and deposits from
fast and turbulent flow is diagnostic (MYLROIE et al., 2008; MYLROIE &
MYLROIE, 2013).

2. Materials and methods

Adetailed geomorphological survey was carried out on the surface
and inside the cave. To characterize the physical cave deposits, nine
sediment samples were taken from the floor or from small pockets in
the walls. Ten incrustation samples were also collected from the walls.

Sedimentological and mineralogical analysis were carried out at
the DiSTeM Labs (Palermo, Italy).

Sediments samples were washed through a 63 um sieved and dried
at 70°C. The >63-um size fraction was observed under a reflected light
microscope and visual comparison charts were used to estimate the
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Puntali Cave is located in the north-western sector of the Palermo Mountains (NW Sicily, Italy). This area recorded the interaction effects
between Quaternary tectonics and sea-level fluctuations. Currently, the cave hosts one of the most populous bat colonies in Western Sicily.
The analysis of the cave and surface morphologies, and the characterization of the cave deposits, support the hypothesis that Puntali Cave
originated as a flank margin cave and later evolved into a continental environment until the present, when the biotic component boosts
active speleogenetic processes. Furthermore, through comparison with literature data the age of the early evolutionary phases of the cave

Puntali Cave is located in the north-western sector of the Palermo
Mountains (NW Sicily, Italy), at the western edge of the Carini Plain about
2.5 km from the coastline.

The Carini Plainis bordered by high degraded carbonate paleo-cliffs
and is characterized by several orders of marine terraces, resulting from
the interaction between Quaternary tectonic uplift and sea-level fluc-
tuations. A post-Tyrrhenian uplift rate of 0.15 m/ky has been estimated
for the plain (ISPRA, 2013). In this area, Palermo Mountains are affected
by NW-SE, NNW-SSE, N-S and NE-SW fault systems.

Since the second half of the 19th century, Puntali Cave has been
recognized as a site of significant paleontological and archaeological
interest. Itis renowned foritsimportant late Middle and Upper Pleistocene
vertebrate deposits (BADA et al., 1991); traces of human frequentation
in prehistoric times ranges from the Upper Paleolithic to the Bronze Age
(DI MAIDA et al., 2020).

Foroverthan 20 years, Puntali Cave has been protected as a Regional
Integral Nature Reserve due to its speleological interest and for hosting
a large bat colony.

classifying or sorting o, degree of roundness and sphericity. The sieve
was decanted for at least 24h, dried at 70°C and weighed with a precision
balance. Bulk mineralogy of all samples (sediments and crusts) was
determined by powder X-ray diffraction (XRD) using a Philips PW14 1373
with a Cu-Ka radiation filtered by a monochromator crystaland a 2° 20/
minute scanning speed. The color was defined on dry powdered samples
using the Munsell Standard Soil Color Chart, then converted in RGB codes.
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3. Results

Puntali Cave opens at about 100 m a.s.l., at the base of an approxi-
mately 10 m high NE-facing cliff which connects two subplanar surfaces.
To the North of the entrance, the cliff is cut by cavities and notches
arranged on three levels: at its base, roughly 2.5 m and 4.5 m above
ground level. The middle and upper levels follow along two notches
within the cave (Figs. 1, 3).

Figure 1: The three levels of notches and cavities cutting the cliff where
Puntali Cave opens.

The cave extends horizontally for 290 m in Lower Cretaceous-Upper
Jurassic forereef limestone, mainly in NW-SE and NE-SW direction. At
two-thirds of the way from the entrance, a branch develops downward,
reaching a depth of 21 m below the upper level (Fig. 2).

Puntali Cave has a single entrance with a larger dimension in width
than in height. The cave is made up of large chambers in the first and
middle sections, smaller galleries in the mid-inner portion and finally
passages closed by collapse boulders or due to the progressive lowering
of the roof. The cave floor slopesinward and is covered by different types
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of deposits varying in thickness (i.e., collapse debris and boulders, fine
terrigenous material, and bat guano).

Currently, the caveis hydraulically connected to the outside by wall
percolation and ceiling drip which cause localized water stagnation.

Walls and roof of the cave passages are show different dissolution
morphologies. These are discrete parietal sculptures or have spatial
continuity; they are mostly concave rounded forms, generally decime-
tric in width/length and in depth. Among these, small phreatic tubes,
solution pockets, spongework morphologies, and large scallops were
recognized. Niches and cupolas, cusps, and altered smooth walls and
ceilings characterize most of the cave (Fig. 3).

Two sub-horizontal notches were identified at different levels along
the walls of the cave. One develops at the base of the walls at the same
height as the middle level of the cavities/notches on the outer cliff, the
upper one cuts the cave walls about 2 m from the first and correlates with
the upper level of the outer cavities/notches. The lower notch has greater
continuity through the different rooms of the cave; its base is almost
always hidden by the fine sediments that cover the cave floor (Fig. 3).

Various kinds of deposits were found in the Puntali Cave. Chemical
deposits consist mainly of carbonate speleothems related to dripping
and flowing water, and incrustations.

Speleothems are almost always heavily corroded (Fig. 3). The in-
crustations differ in terms of consistency (hard to dusty-earthy), shape
(speckled, elongated in the discontinuity direction, irregular), color
(black, brown, grey, yellow, rust), location (on the wall, inside or above
fractures) and thickness (from a few millimeters to a few centimeters).
XRD analysis showed a predominantly hydroxyl/fluoroapatite composition
for most of the crusts, sometimes with smaller percentages of calcite,
quartzand clay minerals. Only one sample has a brushitic composition,
with smaller amounts of hydroxyl/fluoroapatite and gypsum. The color
of the powders is in the brown, grey and white tones.

Physical deposits include collapse debris and fine sediments (Fig.
3). The latter are on the floor, at the base of walls protected by niches, or
in pockets carved into the walls. Textural maturity is moderate to high.
The pelitic fraction is prevalent. The color of the powdersis in the brown
and yellow tones. The mineralogical composition consists mainly of clay
and quartz, with smaller percentages of iron oxides and phosphates.

Other deposits are vermiculations, thick biological deposits linked
to the presence of bat colony (guano) and remains of Pleistocene faunas,
and Anthropozoic deposits which can be attributed to man frequentation
of the cave in prehistoric times.
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Figure 2: Survey of Puntali Cave (redrawn after Grotta dei Puntali NR
archive). Stars in the plan view indicate the sampling sites. Location of Puntali Cave in the box.

4, Discussion

The results obtained allow us to identify a marine origin for Puntali
Cave. A sequence of marine terraces occurs along the Carini plain in
various orders, from sea level up to 200 m a.s.l. (DI MAGGIO, 2000). The
inner edge of the V-order terrace lies at 100 m a.s.l.; the cliff base where
the cave opens lies at the same altitude. This, together with the slope
morphologies allows us to interpret the sub-horizontal surfaces as
degraded marine abrasion platforms and the escarpment as a coastal
paleo-cliff. The presence of the notches in the cave suggests the control
of a standstill of the base level and their formation may be linked to the
same phases of relative sea level standstill responsible for the cutting
of the notches/cavities on the coastal paleo-cliff.

The rounded and smoothed wall morphologies in the cave as large
scallops, solution pockets, spongework-like features, small phreatic tubes,
can be related to mixing dissolution by slow flow. In contrast, evidences
of fast and turbulent flows, such as scallops or canyons, are absent.

The development of the cave is roughly perpendicular to the pa-
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leo-cliff where it opens. The large environments in the first and middle
portions and the branching of the caveinitsinner part can be explained
as the result of preferential dissolution at mixing interfaces compatible
with the pseudo-lenticular configuration of a coastal freshwater aqui-
fer. These clues lead to the conclusion that Puntali Cave originated as
a flank margin cave, under phreatic conditions, when the piezometric
level was at sea level.

A comparison between the plan development of the cave and the
structural features of the region reveals a strong structural control, as
predicted by the flank margin cave modelin mature carbonate coastlines
(MYLROIE et al., 2008).

The age of the cave was estimated from the available data. If an uplift
rate equal to the post-Tyrrhenian (0.15 m/ka; ISPRA, 2013) is attributed
to the pre-Tyrrhenian, the cave, which currently opens at 100 m a.s.l,,
should have been at sea level more than 450 ka, which is the time limit
of most eustatic curves calculated by various authors (CAPUTO, 2007).
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From the resolution of the equation of HANSEN et al. (2013) and with
the help of §180 values derived by COHEN & GIBBARD (2019), for the
interglacial phases prior to 450 ka, an uplift rate compatible with the
post-Thyrrenian rate is obtained for MIS 19.

Within MIS 19 itself, at least three phases of relative sea-level standstill
occurred, as evidenced by the three levels of notches/cavities outside
and inside the cave. The uplift tendency of the chain sector in this area
would justify a downward rejuvenation of these notches.

Takinginto consideration the uplift rate, the cave entered the conti-
nental phase starting from MIS 17. Since this stage, the cave probably has
been subjected to processes currently active: enlargement by collapse,
condensation/corrosion processes, vadose speleothems formation and
filling by physical deposits.

The analysis of the physical cave deposits revealed their continental
origin. Collapse debris, and fine sediments found inside pockets in the
wall have an autochthonous nature. In particular, fine sediments have
a grain size and composition compatible with those detected by DURN
(2003) and MERLAK (2019) for the insoluble residue of carbonate rock.
But the larger volumes of the physical deposits in the cave are certainly
allogenic. Indeed, the analysis of fine terrigenous sediment samples

taken from the floor and at the base of walls, revealed a predominantly
quartz composition of the coarsest portion (® > 63 um) and a good
textural maturity of the quartz clasts. The predominantly pelitic grain
size of the same samples can be related to deposition by settling from
asuspension. This type of sedimentation is proposed to be the result of
deposition in one or more water pools, fed by the filtration of material
from the surface, carried by seepage water through the fracture network
in the rock. Additionally, it is not excluded this fine material may also
have an aeolian origin.

In most recent and current phases, the cave undergoes the effects
of the condensation corrosion processes, mainly linked to the action
of water vapor acidified by the digestion products of bat guano. The
resulting wall morphologies mask and overlap the original morpho-
logies, re-proposing the smoothed and rounded shapes of the mixing
karst (large scallops, cupolas, niches, cusps) and making it difficult to
attribute them to one phenomenon rather than the other.

Theinteraction between the acidic aqueous solutions thus derived
and the carbonate substrate produces the incrustations with a predo-
minantly hydroxyl/fluoroapatite composition, subordinately brushitic
and gypsum in small percentages.

Figure 3: The larger chamber of Puntali Cave. The notch correlated to the middle outer notch is visible. Walls and roof show different dissolution
rounded morphologies as niches and cusps, cupolas, megascallops. Corroded carbonate speleothems hang from the ceiling. Brown fine sediments
and collapse debris cover the floor (photo M. Vattano, Grotta dei Puntali NR archive).

5. Conclusion

Puntali Cave originated in a phreatic environment as a flank margin
cave between the Lower and Middle Pleistocene (MIS 19). Within the
same isotopic stage, the interaction between uplift of the area and
eustatic variation led to at least three episodes of sea-level standstill at
different altitudes. Probably already since MIS 17, the cave has evolved
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under continental conditions.

Therecentand current evolution of the cave s linked to dissolution
condensation processes boosted by vapor acidified by the presence of
bat guano, mineralization and vadose speleothems formation, and filling
by fine terrigenous sediments.
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Abstract

Cave sediments provide important insights into the geological evolution, tectonic activity and climatic changes that characterize karst lands-
capes. In this study, sediment records from an unroofed cave above the active passages of Skocjanske Jame (Caves) in the Divaski Kras region,
SW Slovenia, are investigated as an example. Using a multiproxy approach including sedimentological, mineralogical, paleomagnetic and
chronological analyses, the depositional history and environmental evolution of the cave system were reconstructed. The results revealed
sedimentary sequences that extend five million years, representing a transition of the cave from phreatic to vadose conditions. Allogenic
deposits, including quartz-rich gravels, indicate external sources and high-energy environments associated with regional tectonic uplift, while
authigenic speleothems reflect periods of groundwater fluctuations and climatic variability. The unroofing process, occurring within the last
~770 ka exposed these deposits and emphasizes the interplay between subsurface and surface processes. This research highlights the role of
tectonic forces in regional base-level changes and sediment deposition as well as the sensitivity of karst systems to climatic fluctuations. Key
findings include the timing of fluvial activity (~2.6 Ma), the formation of collapse dolines, and the denudation processes that influenced surface
morphology. These results emphasize the value of integrated methods for understanding karst evolution over geological time scales.

1. Introduction

The dating of karst processes is a challenge due to the lack of surface
sediments, especially in the Classical Karst region in southwestern Slovenia.
Therefore, cave sediments found in the subsurface of karst landscapes or
occasionally in exposed denuded caves often serve as a primary source
of information for the study of past environments and processes such as
climatic changes and tectonic activities (e.g. Zupan Hajna et al., 2020,
2021). Cave sediments are essential for deciphering the geological history
and environmental changes in karst systems. These sediments are broadly
divided into two main types based on their origin: allogenic and autogenic
(e.g. Ford & Williams, 2007). Allogenic sediments are transported into caves
from external sources such as rivers and streams and consist of materials
such as quartz sandstone, gravel, clay and other detrital particles (e.g. Sa-
sowsky, 2007; White, 2007; Farrant & Smart, 2011). These deposits usually
accumulate during flood events or due to sustained water flow into the
cave system. Conversely, autogenic sediments form in caves, primarily
through the precipitation of minerals from the cave water. Speleothems
reflect the chemical processes taking place in the cave environment and
provide valuable records of paleoclimate conditions (e.g. White, 2007).
Cave sediments reflect the changes in the internal environment of the
cave and the influence of speleogenetic phases in different and successive
hydrological karst zones (e.g. Ford & Williams, 2007; Audra & Palmer, 2011,
Farrant&Smart,2011; Zupan Hajna et al., 2024). Cave sediments are crucial

2. Materials and methods

Unroofed cave in Risnik Industrial Zone was selected as an example
of studied unroofed caves located in the Divaski Kras region, above
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archives of past geological, hydrological, and environmental conditions,
particularly in karst systems where surface records are often sparse or
absent. These deposits, formed by allogenic and autogenic processes,
reflect changes in sedimentary environments and the dynamicinteractions
between climatic, tectonic, and hydrological forces over time. Allogenic
sediments, such as quartz sandstone gravels and clays, are transported
into caves by external water sources, while autogenic sediments, including
speleothems, form within caves through chemical precipitation.

The unroofed cave above Skocjanske Jame offers a unique oppor-
tunity to study sedimentary records in a karst setting shaped by complex
geological processes. Located in the Divaski Kras region of the Classical
Karst (SW Slovenia), this system has undergone significant transformations
due to regional uplift, denudation, and changes in hydrological regimes.
The sediments in unroofed caves provide insights into the early stages of
speleogenesis, subsequent environmental changes, and the long-term
evolution of karst landscapes.

This paper represents a multiproxy approach, combining sedimen-
tological, mineralogical, paleomagnetic, and chronological analyses, to
reconstruct the depositional history and environmental evolution of the
unroofed cave. By integrating different research methods, we aim to unders-
tand the interplay of tectonic activity, climatic variability, and hydrological
dynamicsin shaping the Skocjanske Jame system over millions of years.

the active passages of Skocjanske Jame (Fig. 1). This site, exposed
during constructions in new industrial zone, provided an exceptional
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opportunity to access sedimentary sequences documenting different
depositional environments.

Two sediment sections were investigated at two nearby locations:
Speleothem and Sediment sections (Fig. 2). The Speleothem Section
(Fig. 2A) was located in a small cave at 455 m a.s.l., while the bottom
of the Sediment section was located at 442 m a.s.l. (Fig. 2B). The cave
floor was not reached at either site, and cave walls were only noted at
two locations. Based on the locations and strata dips of the allogenic
sediments, we presumed that the sediments in both sections represent
thefill of the same cave passage. The thickness of unexposed sediments
between the top of the Sediment section and the bottom of the pit con-
taining the Speleothem Section can be estimated to 1-2 m, depending
on theslight strata dip, the distance between the two sections and their
height. The cumulative thickness of all units of the two sections was
therefore about 16 m.

Sampling and analysis: 1) sedimentology included comprehensive
field descriptions, photo documentation and macroscopic analyses
were carried out to characterize the sediments. The sedimentary units
were systematically classified based on their texture, composition and
depositional structures. 2) The mineralogical composition of the sediment
was determined by X-ray diffraction (XRD). The focus was on the identi-
fication of allogenic clastic materials transported by the Reka River. 3)
Paleomagnetic investigations were carried out to determine the polarity
of geomagnetic reversalsin the sedimentary sequences. These analyses
provided a framework for magnetostratigraphy and understanding the
chronological sequence of the deposits. 4) Uranium-Thorium (U/Th)
radiometric dating was used to determine the chronological sequence
of the sedimentary deposits and to correlate paleomagnetic results with
GPTS (Cande & Kent, 1995; Gradstein et al., 2020).

SLOVENIA

.
Ljubljana

13°58'10" E

45°40'30" N

Figure 1: Figure 1 Location of Risnik Unroofed Cave (two sampled sites) in Slovenia and on LiDAR DEM of Divaski Kras (Divaca Karst) with solution
dolines, collapse dolines (C.D.), sinking river and the largest caves. Legend: 1: Surface river; 2: Passages with active water flow; 3: Dry passages; 4:
Unroofed caves. Source of Lidar data: Geodetski oddelek ARSO.

3. Results

The sedimentary sequence in the unroofed cave in Risnik Indus-
trial Zone (Zupan Hajna et al., 2024) comprises two separate sections
(Speleothem and Sediment) with five distinct sedimentary units (Fig.
2). In Sediment section (Fig. 2B and 2C), Unit | consists of laminated
fine-grained sediments indicating a low-energy phreatic environment.
These sediments, consisting predominantly of clays and silts, were
deposited under calm conditions with periodic input of fine sand,
suggesting a stable hydrologic system. Unit Il is characterized by cyclic
sequences of sands and clays representing fluctuating water flow and
sediment loading in epiphreatic to vadose environments. These cycles,
characterized by rhythmic stratification, reflect episodic flooding and
depositional pauses likely caused by external climatic factors. Unit Il
comprises matrix-supported quartz sandstone gravels deposited in a
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high-energy environment during regional tectonic uplift. The coarse
nature of these sediments indicates increased erosional activity and
rapid sediment transport. Unit IV (Fig. 2A) consists of coarse-grained
limestone gravels reflecting significant fluvial incision and high-energy
flow conditions, indicating intense hydrodynamic conditions capable
of mobilizing large clasts, associated with tectonic uplift and base-level
lowering. UnitV (Fig. 2A) comprises laminated micritic carbonates and
speleothems deposited during intermittent flooding and groundwater
fluctuations. These layers have clay intercalations and porous calcite and
are evidence of alternating periods of deposition and erosion.

U/Th dating of speleothem layer (Fig. 2A) gave direct result but
indicate that regarding equilibrium/disequilibrium state in 234U/238U
isotopic ratio sample is older than 600 and younger than ~1,200 ka,
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and as that the age should be of over 773 ka, as sample was in reversal
polarized flowstone layer. This dating subsequently made it possible
to compare the magnetic polarity zones with the GPTS in the upper
part of the profile.

Basic magnetic and paleomagnetic properties of the Sediment and
Speleothem Sections paleomagnetic directions were determined (Zupan
Hajna et al., 2024) including magnetic susceptibility, natural remanent
magnetization, declination, inclination and polarity (Fig. 2A and 2C). In
Speleothem section were detected at least two normaland three reversal
polarity magnetozones (Fig. 2A) and in Sediment section six normaland
six reversal polarity magnetozones (Fig. 2C).

Based on paleomagnetic characteristic and U/Th data, the fill of the

[ Laminated
sedimgnt
EY PM loggesug
= I

Matrix supported |Jnit |1l
quartz sandstone gravel

Speléothem Section

unroofed cave is estimated to be between approximately 5 Ma (probably
5.2t04.9Ma) and>773 kaold (Zupan Hajna et al., 2024). Our results reveal
acomplexinterplay of allogenic and autogenic sediments, suggesting a
stable catchment over several million years. The dating results indicate
deposition in phreatic regime since at least 5 Ma, with the river flowing
through the cave until about 2.6 Ma.

According to the research results, the regional uplifts most likely
caused significant sedimentary changes, including mass flows and high-
-energy deposits as well as the vertical transition of active cave passages
along the hydrological karst zones. The denudation (unroofing) of the
cave occurred in the last 770 ka, exposing sediments and significantly
affecting the morphology of the karst surface.
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Figure 2: Risnik Unroofed Cave Sediment Sites (adapted from Zupan Hajna et al., 2024). A) Speleothem Section with identified Unit Il-V. B) Sediment Sec-
tion showing stratigraphic Units I-ll. C) Complex log of Sediment Section with simplified paleomagnetic, lithological and cyclicity logs and Units; Legend:
1. clay layers; 2. silt layers; 3. limestone gravel and chert pebbles; 4. sand layers; 5. matrix-supported quartz sandstone gravel; 6. erosional boundary
with weathering; 7. erosional boundary; 8. rhythms; 9: cycles. Polarity logs in 2A and 2C: black: N - normal polarity, white: R - reverse polarity.

4. Discussion

Our detailed multi-proxy studies of the sediments filling the un-
roofed cave in the Risnik Industrial Zone above the active passages of
the underground Reka have revealed interesting sedimentary features,
indicated speleogenetic processes, and determined the approximate
time of sedimentation. The results also provided insights into the other
processes that influenced changes in sedimentation characteristics, spe-
leogenesis and the approximate timing of the formation of surface karst
morphology (e.g. collapse dolines, solution dolines). The sedimentary
record highlights the critical role of tectonic processes in the evolution
of the unroofed cave. Multiple uplift phases in the region, beginning over
5Ma ago, drove the lowering of the regional base level, which facilitated
the incision of fluvial channels and the deposition of coarse allogenic
sediments. The transition from phreatic to vadose conditions reflects the
progressive impact of these tectonic events on the hydrological regime.

The coarse gravelsin Units Il and IV are direct evidence of high-energy
depositional environments linked to these uplift phases. The presence
of limestone clasts within these units suggests localized erosion of cave
walls, while the quartz-rich gravels point to an external source in the
Eocene flysch catchment of the Reka River.

Although secondary to tectonic activity, climatic variability played
a significant role in shaping the sedimentary record. Cyclic deposits in
Unit Il, characterized by alternating sands and clays, are likely tied to
climatic oscillations, such as changes in precipitation intensity and storm
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frequency. These deposits highlight the sensitivity of karst systems to
external climatic influences, even when tectonic processes dominate.
The intercalation of clay and carbonate layers in Unit V further unders-
cores the interplay between climatic and hydrological factors. Periodic
flooding events, driven by extreme weather conditions or seasonal va-
riations, contributed to the deposition of these layers, while prolonged
dry periods facilitated speleothem growth.

The evolution of the unroofed cave provides valuable insights into
the early stages of the Skocjanske Jame system. Initial phreatic conditions
allowed for the deposition of fine-grained sediments, while subsequent
upliftand base-level changes transitioned the system to epiphreaticand
vadose environments. The last time the river flowed through the now
unroofed cave about +2.6 Ma ago when paleo-flow was depositing fluvial
sediments (gravel). Consequently, collapse dolines and the canyon in
Skocjanske Jame (active water passage) and in front of the cave are
younger (Fig. 1 and 3). The unroofing of the cave, occurring within
the last 770 ka, exposed the fluvial sediments, revealing the intricate
processes that shaped this karst landscape. The denudation process
exposed the cave sediments but also influenced the development of
surface karst features, such as dolines containing fluvial sediments (Fig.
1);i.e.intersection doline (Sauro, 2003). All these features, younger than
2.6 Ma, reflect the interplay between subsurface processes and surface
geomorphology in the ongoing evolution of the karst system.
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KARST DENUDATION (* 20-30 m/Ma)
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Figure 3: Schematic cross section of Divaski Kras (adapted from Zupan Hajna et al., 2024) with main cave passages, unroofed caves (U.C.), under-
ground river, actual flood zone level, and collapse dolines (C.D.). Legend: 1. carbonates, 2. relict cave sediments, 3. active river with flood level (epi-
phreatic zone), 4. direction of paleo flow.

5. Conclusion

Unroofed caves and cave sediments are preserved on the surface
above Skocjanske Jame. The allogenic sediments, including gravel,
sand, silt and clay, were transported from the flysch catchment area of
the Reka River, while limestone gravel and rubble originated from the
erosion of the cave walls. The speleothems formed in the cave surrou-
ndings. The catchment area of the underground river has retained its
character and location for at least five million years and has remained
largely unchanged. This is confirmed by dating results and the presence
of identical sediments at different surface and cave sites, which display
varying degrees of weathering within the catchment area. All unroofed
caves in this area are located about 200 meters above the present-day
passages of the Skocjanske Jame and Ka¢na Jama representing a similar
stage in the of the underground Reka drainage system.
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Abstract

following their initial formation.

1. Introduction

GunungMulu National Park in Sarawak, Malaysia, contains some of the
longest and largest cavesin the world, including Clearwater Cave (~256 km
long), Good Luck Cave (which contains the world’s largest cave chamber,
the Sarawak Chamber, ~500 m in diameter and 80 m tall), and Deer Cave,
which contains one of the world’s largest cave passages at ~200m high)
(GILLI2021). Various dissolution features are found throughout the Mulu
caves, but while small scallops are commonin active river passages, they’re
notably absentin higher-level passages. In older passages, the small fluvial
scallops are missing, and large (>1m length) scallops are often present.
While traditionally seen as formed under slow phreatic flow, the size and
occurrence of these large scallops alongside vadose notches suggest
alternative formation processes apart from water flow (Fig. 1).

FARRANT et al. (in review) noted that the Mulu cave passage walls
and boulders often develop a distinct weathering rind, ranging from a
few mm to 1-2 cm thick, made of easily removable carbonate paste.
Sometimes, this thickens and sloughs off, creating a ‘cockling’ texture
on wet surfaces. During wet periods, it washes down, forming a thicker,
bobbly crust resembling cottage cheese, often accumulating at the base
of rock protrusions (Fig. 2).

Other cave formations resemble features formed by warm air subli-
mation found on glacier surfaces orin ice caves, suggesting they formed
through air sublimation and ablation (BUSHUK et al. 2019, FARRANT et
al. [in review]). These include streamlined fluting, where passage walls
dissolve due to low viscosity fluid, leaving smallirregularities like calcite
veins, stalactites, or fossils standing with a distinctive bedrock ridge in
the leeward of the irregularity (AUDRA et al. 2016). These formations
suggest a subaerial mechanism of dissolution.
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There is a growing recognition of the role of biological influences on chemical erosion. Secondary speleogenesis, such as condensation corro-
sion, can lead to post-speleogenetic passage enlargement, although the role of biology in these secondary processes is poorly understood in
speleogenesis. The caves of Gunung Mulu National Park in Malaysia are especially unique in their size and morphology, which we believe could
be explained by the influence of the extensive guano found throughout the caves. The impact of microbial metabolism within cave swiftlet
and bat guano on the production of ammonia may explain some of the more unusual ‘air scalloping’ morphologies found in the caves, which
is causing secondary passage enlargement. Using a combination of field chemical analysis, isotope ratio mass spectrometry, and fluorescent
cell counting, we suggest that nitrogen-driven biogenic dissolution is common in tropical caves and may significantly enlarge cave passages

\ Ceiling
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Figure 1: Clearwater Cave passage displaying primary scalloping (whi-
te), secondary loss of the scalloping (yellow), and distinctly large ceiling
scallops above (blue). Image courtesy of Robbie Shone.

Figure 2: Secondary dissolution and soft calcite rind deposits, exposing
calcite ridges (left), and ‘cockling’ when deposited along wet surfaces (right).
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Our research suggests that the size of the passages in Gunung Mulu
National Park, along with the unique passage morphology, is indicative
of subaerial formation processes, which may be explained by previously
undescribed microbial activity within the caves’ guano-rich environment.
The Mulu caves host large bat populations, but the caves are best known
for their birds: millions of cave swiftlets, both black-nest (Aerodramus
maximus) and white-nest (Aerodramus fuciphagus) swiftlets (HOBBS
2004). There has been limited research examining the impact of bird
guano on stone, other than the effects of pigeon guano on masonry and
concrete (SPENNEMANN & WATSON 2017). Guano is mildly acidic from
the presence of uric and phosphoric (H3P04) acids, and when fresh (<2
weeks), can etch stone (SPENNEMANN & WATSON 2017; FERNANDES
2006). These reactions have previously been linked to microbial acti-
vity shown to damage limestone monuments and produce ammonia
(WARSCHEID & BRAAMS 2000). Ammonia is a volatile gas, which is
highly soluble in water. If ammonia off-gases from the guano, it may
sorb onto wet surfaces in the caves, including walls and other surfaces

2. Materials and Methods

2.1. Field Research

Field work was conducted in 2022, 2023, and 2024, in cooperation
with the UK Mulu Caves Project, with field work permitted through
Gunung Mulu National Park. Easter Cave, Deer Cave, Cave of the Winds,
Lagangs Cave, and Lang Cave were selected for retrieving samples of
guano (these caves containing bird, bat, and mixed populations of birds
and bats), and Stonehorse, Lagang, and Racer caves were selected for
retrieving wall dissolution rind samples (these caves containing mixed
populations of birds and bats).

2.2. Cell Counts

Direct cell counts were performed by collecting 5mL of samples from
guano deposits from the top, middle, and bottom of the guano piles, as
well as samples of wall rind. Samples are preserved with 4% Parafor-
maldehyde for 4 hours, stored at 4°C, diluted with dH20 until between
0 and 50 cells are visible during microscopy count, treated with SYBR
Green and SlowFade Gold Antifade Mountant, and analyzed on black
filter paper with a BX53 Olympus Fluorescence Microscope (with Prior
OptiScan Il stage controller, Mercury-100W bulb, and ExiAqua imaging).

3. Results

3.1. Field Chemistry

Inthe bat guano piles of Deer Cave, NH3 readings exceeded the upper
range of detection (>50mg/L) even at 1000:1 dilution (Fig. 3). NO3- was
present at the bat guano’s surface (474mg/L), but much higher at depth
(upto 13,740mg/L at40cm depth). Total phosphate exceeded the upper
range of detection at every depth of the bat guano column.

In the bird guano samples, NH3 readings were much lower than in
bat guano (270mg/L at the surface and 9.7mg/L at the bottom [12cm
depth]), along with lower concentrations of nitrate at depth (1,020mg/L
and 1,030mg/L at the surface and 12cm depth respectively), though the
concentration of nitrate was higher at the top of the bird guano column
(2,060mg/L) compared to the top of the bat guano column (474mg/L).
Phosphate was also detectable throughout the bird guano column
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where water condenses. Oxidation by ammonia-oxidizing bacteria (in
the phyla Betaproteobacteria and Gammaproteobacteria [ARP & STEIN
2003]) and Thaumarchaeota within the Archaea (KONNEKE et al, 2005])
have the potential to generate nitric and nitrous oxides, which would
dissolve in water to form nitricacid (HNO,), which reacts with limestone
following the dissolution equation CaCO, + HNO, -> Ca*+ + HCO, + NO, .
This subaerial dissolution would lead to dissolution of wet limestone
surfaces exposed to ammonia, erasing some of the morphologies asso-
ciated with speleogenesis, such as scalloping, and producing a nitrate
byproduct. Following sufficient dissolution of cave walls, secondary
collapse may be induced, subsequently enlarging the cave passages.
LUNDBERG & MCFARLANE (2012) suggest that as much as 70-95% of
the total volume of the nearby Gomatong Caves in Borneo may have
been opened by direct subaerial biogenic dissolution and biogenically
induced collapse. This mechanism of limestone dissolution through
subaerial ammonia-generated dissolution would exhibit a novel process
of secondary cave enlargement.

2.3. Isotope Analysis

5mL of each sample (including guano at surface, middle, and be-
drock heights; along with fresh guano and wall dissolution rind) were
be stored in a 0°C fridge at basecamp in Gunung Mulu National Park,
dried overnight, transported to the lab, homogenized with a mortar
and pestle, weighed on a digital balance, measuring 1-1.5mg of sample
material into silver Costech capsules, treated with water and exposed to
vapHCltreatment (used to treat samples with large quantities of inorganic
carbon, as would be expected in dissolution karst environments), dried
overnight at 60°C, and analyzed (using Costech 4010 Elemental Com-
bustion System interfaced with a Thermo-Fisher Delta V Isotope Ratio
Mass Spectrometer using a Thermo-Fisher Conflo IV) for bulk carbon/
nitrogen and carbon/nitrogen isotopes.

2.4. Field Chemistry Analysis

Hach DR 1900 and SL1000 instruments were used to study concen-
trations of ammonia, hydrogen peroxide, nitrate, nitrite, total nitrogen,
and phosphorous in water, air, and guano, to understand the potential
presence of nitrification cycling through these systems. Humidity and
temperature readings were recorded using an Extech RH300 Digital
Psychrometer, and drying treatments were conducted using a Fisher
Scientific Isotemp Oven, Model 655F (60°C) overnight. Field pH measu-
rements were taken using a SevenGo Pro Mettler Toledo pH/lon reader.

(2,745mg/L and >5,000mg/L at the surface and 12cm depth respectively).

Geochemical readings throughout the cave in the absence of guano
demonstrated low nitrate and phosphorous concentrations, with the
highest levels of nitrate (0.7mg/L) and phosphorous (0.6mg/L) found
in readings just downstream from Clearwater Cave. However, conden-
sation on cave walls exhibiting dissolution rind exhibited much higher
concentrations of nitrate, up to 5,410mg/L.

3.2. Isotope Analysis

Isotope fractionation is noted in nitrogen and carbon sample analysis
(Fig. 4). 8N** was found to increase in bat guano deposits at increased
depth and age, from 4.5 §**%o average in fresh guano, to 5.5 §*%o ave-
rage on the surface layer of the bat guano column, to 19.8 §**%o average
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in the middle of the bat guano column (20cm depth), and up to 22.0
&'%o average at the bottom of the bat guano column (40cm depth). In
contrast, 8N**in bird guano is found to remain quite similar atincreased
depth and age, with 8N* noted to be heavier in shallow deposits (4.3
8% average for fresh guano and 5.6 §'*%o average for guano on the
surface of the guano column) when compared to deeper deposits (3.9
8'%o average for guano in the middle of the column, 3.5 §'*%o average

Bat Guano

Top

NH, -- >50,000 mg/L
NO, -- 474 mg/L
PO,” -- >5,000 mg/L

Middle

NH, -- >50,000 mg/L
/ NO, -- 13,590 mg/L

PO -- >5,000mg/L

Bottom

NH, -- >50,000 mg/L
NO, -- 13,740 mg/L
PO -- >5,000 mg/L

Cave Wall Rind
NH,— 0.6 mg/L
NO, -- 5,410 mg/L
PO -- 0.0 mg/L

for guano at the bottom of the column at 12cm depth). SN** is noted to
be much lighter in samples retrieved from wall dissolution deposits,
with an overall average for the wall N* of -2.7 §**%o.

8C® is at its lightest in plant samples (average 6C* -35.0 §"*%o),
followed by guano samples (average 6C* -27.1 *%so), and finally wall
dissolution rind samples (average 6C** -9.6 §'3%o).

Bird Guano

Top

NH, -- 270 mg/L
NO_--- 2,060 mg/L
PO - 2,745 mg/L

Middle

NH, 7.7 mg/L
NO, - 1,020 mg/L
PO — 2080 mg/L

Bottom

NH, - 9.7 mg/L
NO_"-- 1,030 mg/L
PO,* -- »5,000 mg/L

River

NH,-- 0.0 mg/L

NO, --0.7mg/L

PO,* - 0.6mg/L

Figure 3: Summary of field chemistry results from Mulu samples, including ammonia (NH,), nitrate (NO, ), and phosphate (PO ’-) concentrations from
cave wall rind, bat guano, bird guano, and river measurements.

13

40

13 23

Bat Guano

Ia nts

N15

Figure 4: Isotope data from Mulu samples, comparing 8N* and 8C* for plants (pink), bat guano (green), bird guano (red), and wall rind (blue).
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3.3. Cell Counts

All samples exhibited extremely high microbial numbers (Fig. 5).
The dissolution rind in the Mulu caves exhibited 107-1010 cells/gram,
and cell concentrations from Mulu guano samples were expectedly

Bat Guano Column

Top
1.4x10" cells/gram

Middle
8.1x10° cells/gram

Bottom
6.4x10° cells/gram

Cave Wall Rind
7.3x10 cells/gram
to

1.9x10" cells/gram

high, with similar cell concentrations between fresh bird and fresh bat
guano of 1012 cells/gram. Microbial concentrations decreased 1,000x at
depthininsectivorous bat guano (to 108 cells/gram at 40cm depth) while
microbial concentrations decreased 10,000x at depth in insectivorous
bird guano (to 109 cells/gram at 12cm depth).

Bird Guano Column
Top
2.2x10° cells/gram

Middle
1.9%1C cells/gram

Bottom
2.0x10° cells/gram

Fresh Bat Guano |
1.2x102cells/gram

Fresh Bird Guano
1.2x10%cells/gram | JF

Figure 5: Summary of cell count data from Mulu samples, including cave wall rind, bat guano, and bird guano, as a function of cells/gram of sample material.

4, Discussion

The data collected from Gunung Mulu National Park is suggestive of
the influence of microbial degradation of bird and bat guano in Borneo
caves leading to subaerially-distributed, NOx-based dissolution. Though
ammonia is present in both bird and bat guano columns, it appears at
much higher concentration in bat guano. This may be due to the large
amount of bat guano ammonia off-gassing (MCFARLANE et al. 2017;
LUNDBERG et al. 2022). The greater accumulation of bat guano observed
is due to bats clustering their roosting sites near cave entrances, while
birds are found roosting deeper within the Mulu cave systems (BARTON
& BRELEY 2019). Historic harvesting of swiftlet nests and disturbance
of these sites may also have impacted the accumulation of fresh bird
guano in established sites.

The increased concentration of nitrates in condensation on cave
walls exhibiting dissolution is suggestive of nitrogen cycling and pro-
duction of nitric acid (HNO,), which would react with limestone to
dissolve the bedrock and leave a nitrate chemical fingerprint. If the
nitrate concentrations on the cave walls mirrored the concentrations
found externally to the cave environment it could be argued that the
nitrates were introduced to the system through intermittent flooding or
fresh water recharge from the surface, but the observation that nitrate
concentrations were below detection in these external samples, while
>5,000mg/L in wall rind condensation is indicative of an independent
mechanism for nitrate accumulation. That this dissolution mechanism
may be biogenically induced is supported by the discovery of 107-1010
cells/gram in wall rind samples. Cell count concentrations from cave
environments are usually low, often between 104-106 cells/gram (BUS-
QUETS et al. 2014; BARTON & JURADO 2007), and the dissolution rind
on the walls of the Mulu caves exhibited up to 1x10° fold greater cell

73

count concentrations. Comparative 16S sequencing of the guano and
scalloping microbial community capacity for nitrogen metabolismis an
area of current investigation.

The isotopic fractionation data indicates that bat guano increases
in N with increased depth and age. This juxtaposes against the data
collected from the bird guano column sample sites, which displays
much less 8N** variability with increased depth and age. That 8N* is
noted to be greater in shallow deposits of bird guano when compared
to deeper deposits supports the hypothesis that the microbial meta-
bolism of crystalline uric acid secretions occurs to a greater degree at
the areas of the column with greatest access the O, necessary for urate
oxidase enzymatic activity (WU et al. 1989), and that the deeper layers
of the bird guano column may be older but less microbially active.
Complimentary to the subaerial distribution hypothesis, the lower 6N*
of condensation samples from areas of bedrock exhibiting dissolution
is potentially indicative of the sorption of lighter isotopes of nitrogen in
off-gassing ammonia to the cave walls. Additional evidence in support
of the subaerial distribution hypothesis may be identified in the analysis
of nitrogen isotope fractionation in the volatilized ammoniaitself, which
is an area of current investigation for this project.

The 8C*valuesin samplesisolated from throughout the Mulu karst
environment is noted to increase, as microbes metabolize the available
8C* carbon through the system. §C* is at its lightest in plant samples via
autotrophic CO, fixation, increasing in guano samples, and finally is at
its highest 8C*? values in wall dissolution rind samples. The higher §C*
values in the wall rind may represent the cycling of the organic carbon
produced through autotrophic ammonia oxidation, or be indicative of
the age of these rinds.
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5. Conclusion

The more we understand how caves develop, the more we unders-
tand the impact that microbial metabolic processes have on dissolution.
Our study explores a novel secondary subaerial mechanism of biogenic
corrosion as a nitrogen-driven dissolution mechanism to explain the
development of these caves. Microbial metabolism within bird and bat
guano in the caves produces significant amounts of volatile ammonia,
which is transported aerially and sorbed to the moisture on the cave
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Abstract

landscape, but also in the changes of the coastline morphology.

1. Introduction

Karst environments can be affected by many typologies of geological
hazards of natural origin, from flash floods, to seawater intrusion, and to
gravitational movements of different categories (GUTIERREZ, 2010; PARISE,
2015). However, the most typical hazard in karst is definitely represented
by sinkholes, that may be originated by a variety of mechanisms, as
illustrated in the classification by GUTIERREZ et al. (2014). Understanding
the conditions predisposing to sinkholes, as well as the preparatory pro-
cesses that might intervene in their evolution, and the triggering factors
starting them, is of greatimportance, aimed at better comprehending the
phenomena, but also atidentifying possible mitigation actions forhuman
infrastructures and for safeguarding sites of cultural and historical heritage.

In coastal areas, sinkhole processes are even more significant, due
to fragility of this zone of transition between land and sea, and to higher
aggressivity of groundwaters toward soluble rocks, deriving from the
mixing between freshwater and salt water (TULIPANO & FIDELIBUS,
2002; COTECCHIA, 2014; MASCIOPINTO & LISO, 2016).

At this regard, Apulia region in south-eastern Italy isamong the most

Sinkholes are the most significant geological hazard in karst, and strongly affects coastal areas, especially in low-topography settings. Through
the example of a coastal stretch along the Adriatic side of Apulia (SE Italy), in this article we illustrate the predisposing factors at work in the
susceptibility to sinkholes along the coasts, and describe three possible successive stages of evolution of the sinkholes. These include: a) for-
mation of an individual feature, b) merging of nearby sinkholes, and eventually c) the formation of bays produced by coalescence of several
individual features. This latter stage points out to the important role played by sinkholes, not only as a typical landform of the coastal karst

interesting areas of study, since it has widespread outcrops of soluble ro-
cks (CIARANFl et al., 1988; FUNICIELLO et al., 1991; COTECCHIA, 2014, and
references therein), with a variety of sinkhole processes (DELLE ROSE et
al.,2004; PARISE & VENNARI, 2017; PARISE, 2019, 2022; VENNARI & PARISE,
2022). Most of the lithologies involved are bioclastic calcareous arenites
of Pliocene and Pleistocene age, together with calcareous marls. These
formations rest transgressively over the underlying limestone bedrock
of Cretaceous age. The coastal landscape of the Adriatic side of Apulia
is characterized by many marine terraces resulting from the combined
action of regional uplift and glacio-eustatic sea level changes (BRUNO et
al., 1995; MASTRONUZZI & SANSO, 2002). This article, taking as case study
acoastal stretch in the vicinity of the town of Ostuni (Figure 1), extending
between the localities of Gorgognolo and Torre Santa Sabina. The main
goals are toillustrate the stages of evolution of sinkhole processes in the
coastal karst of Apulia, and to describe the primary predisposing factors
intervening in their formation and evolution.

“" | Gorgognol
§7

‘1, Pozzella

Torre

P,

Figure 1: Location map of the coastal stretch from Gorgognolo to Torre Santa Sabina, along the Adriatic side of Apulia. In the inset, the geological
sketch map, modified by PIERI et al. (1997).
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2. Sinkholes in the coastal area of Ostuni

As regards the geological characters, the sector object of this re-
search can be described as characterized by cropping out of Quaternary
calcarenites and calcirudites consisting of poorly lithified and weathered
bioclastic packstones, grainstones and floatstones belonging to the
Calcarenite di Gravina Formation (CAMPANALE et al., 2025). They are
classified as soft rocks having complex rock fabrics and diagenetic
features (FESTA et al., 2017).

Morphologically, the area is a coastal plain bordered to the west
by the Murge escarpment, the most important tectonic lineation in this
sector of Apulia (SAURO, 1991; PIERI et al., 1997; FESTA, 2003; PARISE,
2011; TROPEANO et al., 2023). Continuity of the coastal plain is broken
by SSW-NNE, slightly incised, valleys of fluvio-karst origin. These are

3. Formation and evolution of sinkholes

The coastal stretch immediately north of Brindisi, where many
diffuse submarine springs are present (LISO & PARISE, 2020), within an
area intensely affected by seawater intrusion, shows as main features
a succession of small bays mostly oriented in NNE-SSW direction; as it
can be appreciated by the topographic maps, these resemble in plan
view the merlons of a castle, from where the local name Costa Merlata
comes (Figure 1). The coast is typically low, with cliffs limited to height
not greater than 3-4 m. The bays are locally separated by intervening
pocket sand beaches (CALDARA et al., 1998; MILLI et al., 2017).

The sector object of this work, from locality Gorgognolo to Torre
Pozzella and, farther south-east, to Torre Santa Sabina, is a good example
to document the different phases in sinkhole evolution, and the effects
this has on development of bays and inlets.

Asfrequent along plains, both in intra-mountain environment (DEL
PRETE etal., 2010) and in coastal settings (DELLE ROSE & PARISE, 2002;
MARGIOTTA et al., 2012), the first step is the opening of an individual
feature, typically due to collapse or cover-collapse mechanisms (sensu
GUTIERREZ et al., 2014; PARISE, 2019, 2022). At Gorgognolo locality,
the northernmost site of interest for the present article, a sinkhole
appeared in 2021, about 15 m from the coastline. Generally circular in
shape, individual sinkholes may range in size from tens of cm to several
meters, with depth of 3-4 m; quite often, at their bottom it is possible to
see karst conduits, clogged by the breakdown deposits, or too narrow
to allow caving exploration. Nevertheless, these features indicate the
presence of well-developed karst passages, at the origin of the collapse.

Following the sinkhole opening, its rims can be still unstable, produ-
cing furtherfailures in the form of rockfall or topples, potentially enlarging
the original sinkhole. If the sinkhole is an isolated landform in the karst
landscape, its evolution may stop at this stage; such a situation is quite
common when the sinkholesis formed at a distance of tens of meters from
the coast. Thisis the case, again at Gorgognolo locality, of Puntore Cave
(PU 377 in the regional cadastre of caves in Apulia, available at http://
www.catasto.fspuglia.it), located half a kilometer from the Adriatic Sea
(CAMPANALE et al., 2025). Itis a cover-collapse sinkhole opening at 12 m
a.s.l. (LISO & PARISE, 2023), with two natural small openings produced by
collapses (Figure 2). To these, a third, artificial, opening, has to be added,
that is used by local farmers to get water for irrigation. The cave walls
show Lower Pleistocene soft carbonate rocks and carbonate breccias,
passing downward to the Cretaceous limestones. The circular, 20-m wide,
caveis largely filled by breakdown deposits, that leave space to a small
lake with brackish water on its northern sector, that has recently been
object of biospeleological research (GALMARINI et al., 2023).

The second stage of evolution of sinkholes in coastal areas of Apulian
includes widening ofindividual features through failures and detachments
ofthe rock mass at their rims, with consequent enlargement of the sinkho-
les. The later failures often occur following the main discontinuity systems,
and cause the originally circular sinkholes to assume an elliptical shape.
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locally named lame (COLAMONICO, 1953; PALAGIANO, 1965; PARISE et
al., 2003), from a latin word indicating the shallowness of this morpho-
logical feature. The valleys appear to be strongly controlled by tectonics,
in agreement with similar trends documented for karst and fluvio-karst
landforms in many sectors of Apulia (PEPE & PARISE, 2014; MARGIOTTA
et al., 2016; ZUMPANO et al., 2019; PISANO et al., 2020). Even though
they are tipically dry, or with very limited water flow, for most of the
year, the lame system may become able to transport huge amount of
turbulent water and solid materials during the main rainstorms through
flash floods (BISSANTI, 1972; PARISE, 2003; MOSSA, 2007; COTECCHIA &
SCURO, 2010; MARTINOTTI et al., 2017; GENTILE et al., 2020).

Figure 2: Puntore Cave, showing in the foreground the debris cone and,
above, one of the openings.

When two or more nearby sinkholes enlarge, the possibility of a
merge brings to coalescing features, of greater size and with elongated
orirregular forms (DELLE ROSE & PARISE, 2002; LISO & PARISE, 2023).
This can be observed at Torre Pozzella (Figure 3), where the sinkhole of
larger size opens inland, with many other smaller features between it
and the bay. The sinkhole elongation often follows that of the bay itself.
Merging of individual sinkholes, overall, determines a retreat of the
coastline, with the formation of elongated bays or inlets.

Figure 3: Sinkholes at Torre Pozzella: in green, the main one, and in
yellow the minor sinkholes between the former and the bay (see text for
explanation).
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Eventually, in case the process of coalescence among more sinkholes
continues, the last phase of evolution brings the bay to deepen inland,
typically with irregular but elongated shapes, where it is still possible
to recognize some of the primordial circular sinkholes. When the bay
becomes highly irregular, an overall protection from the direct arrival of
sea waves can be obtained at its inner rims, and small pocket beaches
formed, so that these sectors may be used by tourists. This, forinstance,
can be noted at Torre S. Sabina (Figure 4). In a setting like this, beyond
the main bays, detailed surveys along the coast revealed many other
minor sinkholes; their major axes (taking into account the sinkholes
not of circular shape) are preferentially oriented in NE-SW direction,
as shown in Figure 5, and roughly follow the prevailing direction of the
bays, in turn coincident with those of the lame as well.

Figure 4: Sinkholes at Torre Santa Sabina, showing the frequent deta-
chment of rocks (A), and the use of the inner sectors of the sinkhole area
by tourists (B).

4. Predisposing factors of sinkholes

Development of coastal sinkholes occurs as the final result of the
combination of a variety of factors, playing different roles in their origin.
Such factors are generally discriminated on a temporal basis, with the pre-
disposingfactors thatare invariable on the observation scale, mostly being
related to the geological history at the site. Preparatory factors, instead,
arerelated to time, and are characterized by different cycles (i.e., tides, sea
waves, rainfall, etc.). Eventually, the triggering factor/process actsin a very
shortand well-defined time, typically representing the element causing the
onset of the final, paroxysmal, stage in the development of the sinkhole.

Among the primary factors for sinkhole occurrence, lithology has
definitely to be mentioned, since presence of soluble rocks is a prerequi-
site to start the process of karstification. Stratigraphy may have a crucial
role, too, for possible differences in the geological and sedimentological
succession, that might correspond to variations in permeability of the
deposits. Changes in the stratigraphy, thus, might influence the flow of
water and the erosional effects determined by such flow.
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Figure 5: Main directions of elongation sinkholes at Torre Santa Sabina: note
the prevalence of NE-SW dlirection, corresponding to the main trend of lame.

The mechanical resistance of rock masses is strongly influenced by
its degree of karstification: in case of rock masses interested by deep
karstification, this results in a high presence of voids, conduits and
caves within the rock mass, potentially weakening it, and favoring the
tendence toward a progressive failure, eventually leading to collapse.

Weathering controls the proneness to sinkholes, since chemical
weathering can break down primary minerals in rocks, leading to a
reduction in its cohesive strength, and making it more susceptible to
detachment and failure from both vault and walls of the cave. To this,
mechanical weathering, due to erosion by rapid inflow of water into
underground voids, may be added, resulting in further degradation and
enhancement of localized failures.

In coastal areas, in detail, the combined action of the physical
setting and the possibility of water stagnancy or runoff at the ground
surface, further increase the susceptibility to sinkholes: distance from
the coastline represents a geomorphological factor controlling the
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sinkhole occurrence, due to the mixing zone between freshwater and
sea water, derived by marine intrusion in coastal aquifers. The deriving
brackish solution strongly enhances the dissolution rate, potentially
enlarging the size of karst caves and voids, and thus contributing to
further predisposing the area to the final collapse. This is particularly
true for low topography coastal plains, that allow higher advancement
inland of the intrusion wedge (Ghyben Herzberg interface).

5. Conclusion

Being Apulia a peninsula almost entirely with soluble rocks at the
outcrop, sinkholes represent the most common geological hazard in its
coastal areas. In this fragile environment, the combination of various
factors accelerates sinkhole formation and evolution, starting from
mixing of freshwater and salt water. Evolution of the sinkhole landforms
is able to control the development of the coastal morphology, which
more significant changes appear to be strongly dependent upon en-
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Abstract

This work addresses the applications of Terrestrial Photogrammetry in the generation of digital and virtual models of natural caves for im-
mersive exploration in an interactive environment, which are useful tool in the education of Earth Sciences subjetcs. Two photogrammetric
surveys were carried out in the Letreiro and Furna Nova caves, both within the Furna Feia National Park, northeastern Brazil. The methodolo-
gical approach followed the photogrammetric acquisition protocol, and subsequent processing in the Agisoft Metashape Photoscan software
through the Structure from Motion (SfM) algorithm, resulting in the generation of 3D digital models of referred caves. The models were then
transferred to interactive 3D viewers (Unreal Engine Software), and a human avatar, in real scale, was inserted allowing the user to control the
movements inside the virtual cave environment. In addition to this, a second mode of virtual exploration was related to virtual reality, as the
models were uploaded in VR-type goggles (MetaQuest 2). Both forms of visualization allow users to move and explore the cave environments
in an immersive and interactive way. This technology is a promising tool for the virtual presentation and exploration of natural environments,

such as caves, which are frequently difficult to access.

1. Introducao

Caves are usually remote and low-light environments, which pose
challenges regarding their access, mapping and exploration in the field.
With the increasing use of digital mapping of natural spaces, the virtual
exploration of caves then becomes a promising way of democratizing
the knowledge about these spaces, as it enables any user, through an
immersive experience, to explore them in virtual reality. The objective
of this work is to report the application of virtual reality in facilitating
general access to two caves located in the Brazilian semi-arid region. These
caves (Furna Nova and Letreiro) were digitally reproduced for insertion
into virtual reality. In addition to virtual exploration, the integration of
advanced technologies in 3D modelling for education of Earth Sciences
subjects has the potential to promote interactive and inclusive learning.
In this regard, the manipulation of technological objects allows students
to experience immersion, interaction, and imagination through Virtual
Reality (SVEDOVA; KUBICEK, 2021; AZZURI et al., 2024). Technologies such
as landscape visualization in VRs with 3D immersion goggles are resources

2. Surveyed Area

The surveyed area is located in the state of Rio Grande do Norte, in
northeastern Brazil,and comprises two caves (Furna Nova and Letreiro)
within the Furna Feia National Park. The caves are carved in carbonate
rocks of the Jandaira Formation, which corresponds to the post-rift

3. Materials and Methods

Photogrammetric surveys and subsequent processing result in the
generation of three-dimensional virtual models of the natural objects
being imaged, allowing for its manipulation, visualization, and data
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that support the learning of complex concepts, as they offer immersive
and hands-on experiences that allow students to explore and interact
with representations of natural phenomena and environmentsin a more
tangible way (FISHER et al., 2019; LAMPROPOULOS; KINSHUK, 2024).

Recent studies highlight the positive impact of these technologies,
including augmented reality and virtual reality, gamification, and 3D
landscape models, on new knowledge acquisition and student motiva-
tion, in addition to the inclusion of students with special needs (SILVA;
MARTINS; ROCHA, 2025). This is particularly useful in the teaching of
Geography and Cartography (CARRUBA; CALCAGNO; COVARRUBIAS, 2023).

In view of this, technological applications using Virtual Reality
as a educational tool in lessons related to Earth Sciences, especially
Geomorphology, were the focus of this work. The aim was to promote
the visualization of geomorphological data in 3D digital models of
landforms (caves).

section of the Potiguar Basin. The exposed carbonates of the Jandaira
Formation tend to show a high level of karstification, with large fields of
limestone pavements, collapse dolines, and numerous caves.

acquisition outside the field.
In caves, the technique emplyed is digital photogrammetry, which
encompasses of two main stages, the first being the image capture
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in the field (Figure 1). In this stage, sequential photographs are taken
following the photogrammetric parameters of lateral and vertical overlap
of at least 60%. For this work, about 2000 photos were captured with
a Sony DSC-Hx300 digital camera, with a focal length of up to 215 mm.
The photographs are taken sequentially and must cover 360° (acqui-
sition globes, Figure 1A). Artificial white light is an essential factor for
acquiring photos in this case, and this procedure is repeated along the
length of the cavity. Itisimportant to note that the camera’s light meter
should be set to “Low Light” to maximize the light capture on the sensor
inside the cave. To assist the generation of homologous points during
the cloud processing (e.g., identifying differences in the texture of the
object), control points with different geometric shapes are positioned
along the acquisition path inside the cave.

The subsequent processing steps - similar in both photogrammetry
and aerial photogrammetry - result in the construction of the three-di-
mensional model with submetric resolution. The processing is performed
in Agisoft Metashape Photoscan software (Geomorphology Laboratory
- UFC) using the Structure from Motion (SfM) algorithm, which creates
a computational model of points based on digital stereoscopic effects.
The workflow consists of: adding photos and defining the geographic
coordinate system (SIRGAS 2000); aligning figures; generating a point
cloud. Afterwards, 3D models are generated from the interpolation of
the point clouds, giving a high-resolution texture of the terrain. This

4, Results and Discussion

The resultant 3D models for exploration in virtual environments
evidence the applicability of using virtual reality as an immersive expe-
rience, which can be utilized for various purposes.

In educational contexts, thisimmersionin the virtual environment con-
tributes to amore direct interaction with subjects involving natural spaces.
In this context, research has pointed out that virtual classroom activities
allow students to develop conceptualizations of the environment in which
they areimmersed. Activities involving virtual reality learning environments
(VRLE) enable immersion, interactivity, and imagination, as the virtual envi-
ronment allows them to move and interact with the created environment
(in this case, using the controls), stimulating the formulation of concepts

visualization can be merged with the aligned photos in the model, giving
arealappearance of the outcrop in the 3D model (Mesh). Subsequently,
the Digital Terrain Model (DTM) and georeferenced orthomosaic are
exported, and can be manipulated in other 3D data visualization and
GIS (Geographic Information System) softwares.

These virtual models are adapted for three purposes: visualization
of the model in open-source software (Cloud Compare), also used to
obtain geometric data and production of virtual reality scenarios. After
being generated in Agisoft Metashape, the models go through a process
of mesh and texture optimization, where an algorithm (Optimize Align-
ment) is applied, which uses kriging to interpolate the points with gaps
to reduce the number of artifacts in the product. This helps adapt the
application to the graphical limitations of Meta Quest 2 devices (virtual
reality headsets), without compromising visual fidelity to the real mo-
del. The Unreal Engine software, a 3D graphics engine, is employed to
develop the interactive application, allowing for real-time exploration
of the models. To ensure a smooth experience, gamification resources
and graphic optimization techniques are used, ensuring interactivity
and user immersion (COSTA, 2020; Figure 2C). These techniques invol-
ve rendering the models and their textures using Nanite technology,
making the manipulation of heavy, high-resolution models easier, and
also providing a more dynamic and realistic interface for viewing the
immersive three-dimensional landscapes.

and interpretations about the object they are engaging with (Figure 1).

Virtual reality (VR) and the use of immersive virtual environments
(IVEs) provide a spatial experience that promotes the understanding
and visualization of complex three-dimensional natural objects and a
sensory experience of complex concepts, such as terrain formation and
the climatic processes associated with cave genesis.

Virtual reality with 3D immersion headsets can be used both in
Geoscience education and for scientific outreach purposes. Thus, virtual
fieldwork using VRs not only constitutes methodologies that support
traditional fieldwork but also becomes a potential tool for accessibility
to anyone interested in experiencing an immersive cave experience.

Figure 1: Cave scenario with a manipulable avatar in virtual reality, based on the gamification of the digital model generated by photogrammetry.
This scenario is the view of the user with MetaQuest 2 glasses, where the user is the avatar, represented by a man in a blue jumpsuit and a yellow hel-
met, artificially inserted into the digital model for gamification. The avatar can move through the cavity using commands on the glasses’ controller.
A: Furna Nova Cave.
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Figure 2: Cave scenario with a manipulable avatar in virtual reality, based on the gamification of the digital model generated by photogrammetry.
This scenario is the view of the user with MetaQuest 2 glasses, where the user is the avatar, represented by a man in a blue jumpsuit and a yellow hel-
met, artificially inserted into the digital model for gamification. The avatar can move through the cavity using commands on the glasses’ controller.
B: Letreiro Cave.

5. Conclusion

The use of virtual immersion in 3D models of cave environments
can have a wide application and is a promising resource both in edu-
cation and scientific outreach. Currently, technologies such as digital
photogrammetry are becoming increasingly accessible, and their use
for various purposes, including educational ones, has proven to be an
efficient tool, especially allowing access and immersion in remote en-
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Abstract

1. Introduction

Gunung Pulai, located in southeastern Kedah, Malaysia, lies on the
boundary between Pulai and Baling districts. Baling town is situated
110 km from Alor Setar, the state capital of Kedah, and 410 km from
Kuala Lumpur. This limestone hill range is prominently visible from
Baling town. The central coordinates of Gunung Pulai are 5°40°15.8”N,
100°53’35.7”E. This limestone hill rises approximately 512 meters above
sea level, forming 3.5 km long sharp ridge in a semi-spherical shape—
resembling a crescent or horseshoe—that curves northwestward, with
Bukit Wang, a smaller hill, to the north. The southeastern flank faces
Balingtown and appears gentler than the northwest side, which features
a striking bare rock wall along the north bank of Sungai Ketil. Gunung
Pulai is part of the Baling Group of Kroh Formation, dating back to the
Cambrian-Ordovician period, which consists of argillaceous, calcareous,
and arenaceous strata, with argillaceous layers being predominant
(BURTON, 1970). The limestone member occurs in bands and lenses,
ranging in thickness from a few millimeters to 1.6 km, but accounts for
only 7% of the entire formation. One of these limestone lenses formed

2. Materials and methods

Site visits were conducted from 2018 to 2025 to identify caves and
examine the drainage network within the karst area and its surroundings.
The Sungai Ketil terraces were mapped in relation to cave elevations,
which were determined using a Global Positioning System (GPS) and
cross-checked with a Digital Elevation Model (DEM) generated in ArcGIS.

Cave characteristics are summarized in Table 1, including features
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The karst hill of Gunung Pulai in Baling (~512 m a.s.l.) forms a crescent-shaped ridge north of Baling town in Kedah, Malaysia. Along with Bukit
Wang in the northwest, this limestone complex, trending approximately northeast to southwest, is believed to be the remnant of a doline, with
its northwestern section completely denuded. This landscape results from the differential dissolution of the coarse sparry marble of the Baling
Group and represents a tropical karst remnant tower, a common feature in Peninsular Malaysia. The area hosts at least 21 caves at various
elevations, forming a network of channels and conduits that drain rainwater from the karst hills into Sungai Ketil. Springs emerge along the
northwest flank, flowing northwestward before disappearing into a cave in Bukit Wang and re-emerging at the surface. Several cave springs
also appear along the foothills at the southeast flank, especially during the wet season, when water resurfaces. These springs likely originate
from rainwater within the karst system, contributing to Sungai Ketil through both surface and underground flows.

Gunung Pulai. Thermal metamorphism has led to the recrystallization
of its calcareous strata into coarsely crystalline marble.

The northeastern section of the hillis currently being quarried, while
the southwestern part faced a similar threat in recent years. However,
strong opposition from the local community led to a halt in quarrying
activities. Since then, the area has been promoted for tourism by locals
and has attracted a steady flow of visitors who come to admire the karst
wall facing Sungai Ketil. Despite this, most caves remain undeveloped
for tourism, except for Gua Sireh in Bukit Wang, which is managed by
the city council. This preliminary study aims to describe the morphology
of Gunung Pulai, assess its potential for sustainable karst tourism, and
explore conservation efforts. Additionally, the karst water, which par-
tially feeds Sungai Ketil, may contribute to the domestic water supply
stored in the Sungai Limau Reservoir, located 1.5 km west of the hill’s
westernmost tip. This research serves as a foundation for future karst
management and preservation efforts.

such as stream occurrences, ceiling collapses leading to cave enlarge-
ment, and passage types. Additionally, key parameters used to analyze
hill morphology—such as elevation, slope gradient, slope aspect, and
stream order (WOHL, 2009)—were assessed using ArcGIS, particularly
to determine drainage patterns within and around the karst complex.
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Figure 1: The location, geology, drainage, and distribution of caves in Gunung Pulai. Most caves are situated along the T1 and T2 river terrace at ele-
vations between 65 and 75 m above sea level, with some found at approximately 80 m and others exceeding 100 m. Karst springs emerge from within
the hill, feeding Sungai Ketil along the southeast flank, while some merge to form second-order streams that flow northeast.

3. Results

During preliminary scouting, a total of 21 caves were identified—18
on the southeastern flank of the hill and 3 in Bukit Wang. Their charac-
teristics are detailed in Table 1. Along Sungai Ketil, three distinct river
terraces were observed: T0, the active floodplain at approximately 60
m above sea level (asl), T1 at about 65 m asl, and T2 at 75 m asl. Most
caves are situated at the T1 and T2 levels, with several higher-elevation
caves exceeding 100 m asl. Lower-level caves typically preserve phreatic
features, such as flat ceilings indicating former water table levels, and
some contain active streams. In contrast, high-elevation caves have
expanded due to ceiling collapse. Both the northwest and southeast
flanks of Gunung Pulai feature drainage networks that originate from the
limestone mass. Stream order analysis indicates that several first-order
streams begin within Gunung Pulai, flowing into Sungai Ketil along the
southeastern flank and northwestward along the opposite slope. Caves
located at the lowest elevation on T1 function as intermittent springs.
Their water sourceis allogenic, flowing through cracks, overflowing gour
pools, and eventually draining onto the T1 terrace. These intermittent
springs become active during the wet season, sometimes leading to
severe flooding at T1, with the most recent major flood occurring in
December2020. A number of springs are observed along the northwest
flank via the flow model generated in ArcGIS.

4, Discussion

The caves in Baling are generally categorized based on their eleva-
tion relative to the Sungai Ketil terraces. The lowest caves are located
on the T1 terrace, another group is found around the T2 terrace, and
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Figure 2: The west-flowing Sungai Ketil seen in the background on the
right forming TO up to the house with the blue roof, followed by T1 that
transition to T2 where the photograph was taken

the remaining caves are at higher elevations. In general, older caves
tend to be at higher elevations, where the transition from the phreatic
to vadose zone has occurred due to the progressive deepening of caves
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alongside valley downcutting and river terrace evolution. In contrast,
lower-level caves, which are typically younger, are found closer to the
ground surface. These caves are relatively small, often preserve phrea-
tic features, and contain abundant sediment transported by fluvial
activity. Higher-elevation caves, on the other hand, are usually larger,
with collapsed ceiling blocks scattered throughout. Some extend to
the peak, forming skylights. The presence of both low- and high-level
caves provides valuable insights for regional correlations, particularly
in reconstructing Quaternary events through sediment transport and
deposition records. This method has been widely applied in regional
studies (PALMER, 1987).

Adepression along the northwest flank acts as a water catchment,
allowing water to accumulate before percolating into disappearing or

sinking streams. These streams flow through underground limestone
drainage systems, distributing water to smaller subterranean inlets.

Accordingto PALMER (1991), as a karst depression expands, increasing
amounts of water recharge the main drainage passages under hydraulic
controlin a self-accelerating process. The available water supply within
the depression regulates the hydraulic gradient, which feeds the sinking
streams and underground passages. As the underground drainage ne-
twork evolves from small conduits into larger channels, water can be
redirected through alternative routes. Additionally, sinking streams that
feed water into the caves are often subject to intense flooding during
periods of heavy rainfall. Increased precipitation temporarily raises
water levels, causing overflow from underground drainage systems—a
phenomenon observed in the study area.
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Tavle 1: List of caves in Baling karst , elevation in m above mean sea level, along with common features and indications of potential for paleontologi-
cal and archeological aspects.

5. Conclusion

Preliminary studies indicate that Gunung Pulai in Baling contains a
significant number of caves with diverse morphology at various eleva-
tions. These features are crucial for further research on cave evolution,
offering insights into the landscape development in the surrounding
area. The karst system, with its surface and underground water networks,
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Resumo

No interior de Mato Grosso, esta localizada um dos maiores eventos astronémicos da América do Sul - a cratera de impacto (Astroblema) de
Araguainha, mais precisamente o Domo de Araguainha, e com ele a riqueza espeleoldgica da regido. A pesquisa foca nas cavernas litolégicas
de arenito do municipio vizinho de Ponte Branca. O estudo foi realizado por meio de observacdes diretas em campo, nas quais foram estuda-
das as caracteristicas geomorfoldgicas e ecolédgicas das cavernas e entorno. Complementando a andlise, foi feito um levantamento bibliogra-
fico sobre as formacdes e peculiaridades deste carste, buscando compreender suas interagdes, pois se trata de formagdes litoldgicas carsticas
raras no Pais. Este estudo contribui para destacar a relevancia para a conservagdo deste patriménio natural e da biodiversidade da regido,
melhorando o entendimento da dindmica geoldgica e proporcionando ideias e estratégias de prote¢do ambiental.

Abstract

In the interior of Mato Grosso, one of the largest astronomical events in South America is located - the impact crater (Astroblema) of Ara-
guainha, more specifically the Araguainha Dome, along with the region’s rich speleological heritage. The research focuses on the sandstone
lithological caves of the neighboring municipality of Ponte Branca. The study was carried out through direct field observations, in which the
geomorphological and ecological characteristics of the caves and their surroundings were examined. Complementing the analysis, a bibliogra-
phic survey was conducted on the formations and peculiarities of this karst, seeking to understand its interactions, as it involves lithological
karst formations that are rare in the country. This study helps highlight the importance of conserving this natural heritage and the region’s

1. Introducao

A drea de estudo estd localizada na regido do Astroblema de Ara-
guainha, no municipio de Ponte Branca - MT, e é caracterizada pela
presenca de cavidades naturais em arenito. Carste litblogico de arenito
sdo formacdes raras, principlamente no Pais. Processo pelo qual, leva-
ram milhares de anos, foram esculpidas pela a¢do da dgua, do vento
e do tempo. As cavernas selecionadas para a pesquisa sdo de arenito
da Formagdo Aquidauana e Corumbatai, ambas da Bacia Sedimentar

2. Materiais e Métodos

A base tedrica da pesquisa enfoca um estudo relacionado a Espe-
leologia e a Geomorfologia do Carste. As informagdes relacionadas as
cavernas do municipio de Ponte Branca foram obtidas junto ao Centro
Nacional de Estudo, Protecdo e Manejo de Cavernas/InstitutoChico
Mendes (CECAV/ICMBIo), na Sociedade Brasileira de Espeleologia (SBE),
na Companhia de Pesquisa de Recursos Minerais (CPRM) e no repositério
de artigos académicos do Google Scholar. Em campo a observagéo e
analise das cavernas foram realizadas com a orientagdo das coordena-
das geograficas e dados contidos no Cadastro Nacional de Informag&es
Espeleoldgicas (CANIE), com os dados manipulados e visualizados por
meio do Google Earth Pro (GEP) e com a colaboracdo do guia local Ruy
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biodiversity, improving the understanding of its geological dynamics and providing ideas and strategies for environmental protection.

do Parana. Elas estdo posicionadas no norte da zona de impacto da
cratera, sendo uma disposta sobre os anéis concéntricos do impacto.
Este estudo procura trazer uma breveexplanagdo sobre estas cavernas,
salientando sua geomorfologia carstica. A metodologia utilizada foi a
analise sistemica da paisagem. Como resultados iniciais estdo a criacao
de uma cartaimagem edo acervo fotografico referente as cavernas pois,
anteriormente, ndo havia registros dos referidos fatos na regido.

Ojeda, arquivo fotografico e georreferenciado por GPS ( Global Positioning
System), levantamento atualizado de da dos e coordenadas geograficos.
A representacdo cartografica utilizado foi através do software gratuito
Google Earth Pro, resultando no desenvolvimento de uma carta ima-
gem de localizagdo e de um croqui feito pelo ArqGis versdo 10.8.2, em
escala 1:350.00, no qual mostra em que parte da estrutura dos anéis de
impacto as cavidades estdo. As coordenadas e shape files foram obtidas,
gratuitamente na internet (CECAV/ICMbio, CANIE, IBGE) e também com
material cientifico cedido por pesquisadores, sendo elaborados no
software e contando também com ajuda do guia local.
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Figural: Cavidade Casa de Pedra Barra do Casal. Fonte: Acervo pessoal. (2024).

3. Resultados

Osresultados alcancados a partir das observacoes de campo, exibi-
ram aspectos geomorfdlogicos proprios do arenito nas cavernas. Foram
selecionadas trés cavernas de acordo com os dados obtidos e classifi-
cagBes dadas pelo Cadastro Nacional de Informagdes Espeleoldgicas
(CANIE), parte integrante do Sistema Nacional de Informagdo do Meio
Ambiente (SINIMA), desenvolvido pelo ICMBio, sendo o Centro Nacional
de Pesquisa e Conservagdo de Cavernas (CECAV) o responsavel pela sua
gestao. Em campo foi constatado que todas as cavernas observadas sao
de litologia areniticas. De acordo com 0 GeoSGB do Servigo Geoldgico
do Brasil/CPRM - Carta Geoldgica da folha Goidnia, a estrutura geoldgica
onde estdo localizadas as cavernas sdo os arenitos do Grupo Itararé -
Formagdo Aquidauana, pertencentes a Bacia Sedimentar do Parana.
As cavidades Casa de Pedra Il, Abrigo das M3ozinhas e Casa de Pedra
Barra do Casal foram as selecionadas para a pesquisa. Em duas delas o
acesso foi por meio de condugéo prépria e a terceira por meio de aulade
campo do curso de Geografia da Universidade Federal de Mato Grosso
- campus Cuiabd, contando com o apoio do guia local Ruy Ojeda. No
contexto da cobertura vegetal as cavidades estdo localizadas em meio
ao Cerrado bem preservado, causando dificuldades no acesso a elas.
No que se refere aos tamanhos as trés cavernas representam formas
de relevos carsticos de pequenas dimensdes em arenito avermelhado
e eshranquigado, folhelhos e siltitos do Grupo Itararé e possivelmente
arenito da Formacdo Corumbatai, como mostra a figura 1. As cavernas
estudadas se localizam em uma das serras que representam uma
parte de um dos anéis formados pela disperssdo da energia durante o
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impacto do Astroblema. No detalhe, uma delas apresenta um ou dois
pequenos saldes principais conforme documentado nas figuras 1 e 4.
Nesta foi possivel verificar registros de inscri¢des rupestres em suas
paredes. Eram registros compostos por simbolos semelhantes e em
condi¢Ges diferentes de preservagdo. Na ocasiao, devido a auséncia de
um especialista no assunto, ndo foi possivel obter maiores informacdes
sobre tais simbolos. S3o cavernas secas, pois ndo apresentam circula-
¢do de agua em seus interiores. Também foi possivel perceber pouca
diversidade na fauna e flora local, exceto o registro de uma grande
quantidade de morcegos. Relacionado a dindmica da formagdo das
cavernas é possivel perceber eventos relacionados a a¢do do intempe-
rismo fisico e quimico nelas como, por exemplo, abatimento de por¢des
de material rochoso e marcas de alteragdo nas superficies das rochas.
E importante destacar que nas préximas linhas de investigacdes destas
cavernas estd previsto a utilizacdo de equipamentos especializados, ou
seja, os Veiculos Aéreos Ndo Tripulados - VANT para confirmar alguns
dados presentes no Cadastro do CANIE. A utilizagdo de imagens aéreas
provenientes do referido equipamento é para averiguar a ocorréncia de
outras entradas, sumidouros e demais fei¢des relacionadas as formas
de relevo carstico. A partir da anélise e interpretagdo de imagens de
satélite e os trabalhos de campo foi possivel determinar que todas as
cavernas consideradas neste trabalho estdo localizadas em propriedades
particulares, conforme apresentada na carta imagem da figura 2. E na
figura 3, é mostrada onde estdo concentradas as cavidades dentro dos
anéis de impacto do astroblema.
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{ Cavidades do Municipio de Ponte Branca - MT : Legenda

Cavidade Abngo das Maozinhas
=» Cavidade Casa de Pedra Barra do Casal
Cavidade Casa de Pedra il
Entrada da Cavidade Casa de Pedra Barra do Casal
Entrada da Cavidade Casa de Pedra Il

Entrada do Abriga das Maozinhas
Municipio de Ponte Branca - MT

Entrada da'C

Entrada da Cav

Figura 2: Carta imagem mostrando a localizagéo das cavernas no municipio de Ponte Branca/MT.
Fonte: Elaboragdo pela primeira autora (2024).

LOCALIZAGAO DAS CAVIDADES NO MUNICiPIO DE
PONTE BRANCA - MT

16°400"S

e

Abrigo daz Maczinhaz
1 i

16°600"S

Legenda

e MT 100
2R MT 461
Cavidades

D Ponte Branca

Astroblema de
Araguainha

anre Rio Araguaia
@ Sede Municipal

17°00"S

Figura 3: Croqui das cavidades no municipio.
Fonte: CECAV/ICMbio, CANIE, IBGE. Adaptado pela autora (2025), com dados disponibilizados pela Dra.Natalia Hauser (IG- UnB), Carolinna da
Silva Maia de Souza, Lobo Uwe Reimold, Renato Borges Bernardes, Lucieth Cruz Vieira, Edi Mendes Guimaraes e Manfred Gottwald.
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4. Discussao

Asinter-rela¢des mutuas dos fatores ambientais, que séo ainda mais
complexas no caso das cavernas de arenito, podem ser comparadas a
analogia do terreno carstico descrito por Bertrand (1971). Como essas
areas carsticas serdo afetadas por esses processos geomorfoldgicos, as
estratégias de preservagdo devem ser planejadas levando em conside-
ragdo esses processos, ja que esses ambientes estdo inter-relacionados
com processos geomorfoldgicos. Embora, necessite de mais estudos
e pesquisas, a descri¢do dos ambientes carsticos das cavidades aqui
mencionadas, tem uma similiaridade com outros sistemas de cavernas

da mesma litologia. Se faz necessario o aprofundamento da influéncia
do impacto do corpo celeste com a area afetada.

Aclassificacdo destas cavidades é algo a se analisar pois, em alguns
casos, uma mesma cavidade aparece na plataforma do CANIE com duas
ou trés entradas distintas e esta registrada como se fossem cavernasin-
dependentes. No entanto, durante a visita a campo, foi possivel perceber
que se trata de uma Unica cavidade, o que evidencia a necessidade de
revisdo mais detalhada nas informacgoes cadastradas.

e 1

Figura 4: Cavidade Casa de Pedra ll.
Fonte: Acervo pessoal. (2024)

5. Conclusao

Embora a pesquisa tenha revelado aspectos importantes sobre a
geomorfologia carstica das cavernas estudadas, é imprescindivelnovos
estudos e investigagdes tanto sobre estas cavernas quanto sobre as
demais daregido do astroblema de Araguainha, para uma aprofundada
compreensdo dessa dindmica. A auséncia de politicasde preservacdo
e protecdo ambiental para as cavernas e suas areas do entorno, é uma
questdo urgente, uma vez que foram encontradas degradagdes provo-
cadas por a¢des humanas em uma das cavernas visitadas. A ameaca
representada pela pecudria e o desmatamento impacta seriamente a
integridade do ambiente cérstico e os ecossistemas locais. E essencial
que sejam implementadas estratégias de educacdo ambiental continuas
para sua conservagao.

89

Figura 5: Inscri¢des rupestres Casa de Pedra |l
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Abstract

Davorjevo brezno is located on southeastern border of the Classical Karst in Slovenia. It is one of the largest caves in the Kras/Carso, currently
depth -317 m and a spatial development of 6,660 m surveyed. The cave corresponds a system of “basal” galleries where hypogean streams
flow: these inner streams are reached from the surface after a succession of shafts. A first monitoring cycle of two subterranean streams (Car-
bonari and Veneziano meanders) was carried out of two multiparameter probes recorded water level, temperature and electrical conductivity
from 2020 to 2021. After the discovery of the stream of “Susy” gallery, a second monitoring cycle was carried out in years 2022 to 2024 on both
three streams. Geological survey of the cave shows that it develops in the Alveolinid-Nummulitid Limestone (llerdian) and in the limestones of
the Liburnia formation (Maastrichtian-Paleocene p.p.). Davorjevo brezno is characterized mainly by syngenetic galleries, paragenetic galleries
and gorges. The “Veneziano” stream corresponds to approximately 17% (avg.) of the flow rates of the “Susy” water collector. The water col-
lector, with maximum peaks of 1,107.5 L/s, from the hydrological and chemical data, would correspond to a larger basin with water reserves
stored in the epiphreatic and karstic phreatic zone. The catchment, hypothetically, it could include the “Dane” endorheic basin and, externally,
an eastern and north-eastern part of the area.

1. Introduction

The Davorjevo brezno 10060 SLO (number of Slovenia cave regis-
try) (Davorjevo Abyss) develops partly internal and partly externally
to the “Dane” basin (Fig. 1). The “Dane” basin, in the Classical Karst,
is a karst depression located immediately south of the sinking of Reka
river in Skocjanske jame (Skocjan Caves). In this basin two streams
converge, originate from small watersheds on the northeastern slope
of marly-arenaceous rocks of “Brkini” hills. The streams are absorbed
into sinkholes and caves, deriving from a blind valley situated at the
northern border of basin. The “Davorjevo brezno” is a subterranean
complex of galleries, mainly with water courses apparently autoge-

Adriatic

nics. The cave, discovered in 2009, is being explored and studied by sea

the Commissione Grotte “E. Boegan” SAG-CAI Trieste (lItaly) (CGEB) in

collaboration with Slovenian speleologists, and it is one of the most

important of the Classical Karst. Geological, geomorphological and fN
especially hydrogeological investigations were carried out in Davorjevo 0 5 50
brezno, which are the subject of this work. _——

Figure 1: Geographical setting.

2. The cave and the surveys

The entrance position (WGS84) is Lat. 45° 38’ 15.15” and Long. 13°
58’17.9” ataltitude of 511 m asl. The caveis currently -317 m deep with
a spatial development of 6,660 m (planimetric 6,059 m) surveyed (Fig. 2).
After the vertical zone of the main shafts, begins the “Tihe Vode” water
meander, which receives the waters of “Carbonari” meander. The “Tihe
Vode” meander flows into the “Veneziano” meander, which continues
upstream with the “Papa” meander: this latter keeps going upstream
and becomes the so-called “Marc’Aurelio” meander. The “Veneziano”

meander ends with a siphon (“old bottom”) at an average of 232 m asl
(depth =279 m). The system Veneziano meander, Papa meander and
Marc’Aurelio meander goes back up in altitude reaching quote 417 m
asl (depth -94 m). Ascending from the final part of the “Veneziano”
meander, and then descending again, you reach a new watercourse:
this is the “Susy” gallery, a water collector with a higher flow rate than
previous streams. The “Susy” gallery leads to the second siphon at 207
m asl (depth -304m). Here a cave diver explored a submerged gallery
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227 m long up to 194 m asl, from which he re-emerges at 207 m aslin a
aerated descendant gallery, not yet explored.

Over many years of exploration, the CGEB has carried out a series
of preliminary investigations. In 2020 a more complete hydrogeological
study on the “Davorjevo brezno” were carried out by monitoring the
“Carbonari” and “Veneziano” streams through the installation of multipa-

Davorjevo brezno 10060 SLO

Profile

Moo
21 gusy Gla"°, ;

20
Inlet of 2nd siphon
23 207masl;-304m
Bottom of 2nd siphon
194 m asl; -317 m

Outlet of 2nd siphon
207 m asl; -304 m

19 Inlet of 1st lake-siphon

232masl, -280 m
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3
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rameter probes and weirs and also take a study of the spectral trends of
atmospheric pressure and air temperature. Subsequently, in 2022-2024
the “Carbonari” and “Veneziano” meanders were monitored again, in
association with the “Susy” gallery watercourse. This monitoring cycle
was integrated with chemical analyzes of the water, the hydrogeological
study of the basin and geological and geomorphological surveys.

1 Entrance
. 51imasl

S
e o

T Marc'Aurelio meander
Tihe Vode meander
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connection between meanders
310 maslk 210 m
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Figure 2: Topography of Davorjevo brezno.

3. Geology

The area of Davorjevo brezno (Fig. 3) is located at the transition
between the Alveolinid-Nummulitid limestone [ANL] (Ilerdian), followed
by the Transitional beds [TB] (Middle Ypresian-Lower Cuisian), and the
Flysch of Brkini [F] (Upper Ypresian to Middle Lutetian), while to the north
and south lays the Lipica formation [LI] (Upper Santonian-Campanian)
and the Liburnia formation [LIB] (Maastrichtian-Paleocene p.p.) (JURKO-
VSEK et al., 1996, 2016; DROBNE et al., 2009). This area is characterized
by the border of the SSE-NNW gentle anticline dipping to SSE forming
the east slope of “Danski” kras and “Dane” basin and the border of the
SSE-NNW “Brkini” hills syncline.

In the area, the rock masses between the Lipica formation [LI] and
the Alveolinid-Nummulitid limestone [ANL] are generally highly karsti-
fied, with the specification that the Liburnia formation [LIB] in the lower
lithozone presents (on the karst outcrops) a lower degree of karstification,
whilein the upper lithozone (Slivje limestone (Middle-Upper Paleocene)
the karstification is similar to that of the Alveolinid-Nummulitid limestone
[ANL]. The Transitional beds [TB] and the marly-arenaceous Flysch [F]
are non-karstified rocks.

92

Exploratory wells carried out by ARSA - SOCIETA ANONIMA CARBO-
NIFERA (1937) for coal deposits research, shows the following stratigra-
phy for No. 5 and No. 6 drillings located in Kacice, with old geological
definitions. No. 5 - Elevation 465 m asl, Measure depth 639.59 meters,
Stratigraphy: From 0to 299 m depth “Nummulitico e Alveolinico”, to 320
m “Miliolitico”, to 590.75 m “Cosina”, to end drilling “Cretaceo”. No. 6 -
Elevation 494 m asl, Measure depth 653.60 meters, Stratigraphy: From
0 to 325 m depth “Nummulitico e Alveolinico”, to 364 m “Miliolitico”, to
425 m “Cosina”, to end drilling “Cretaceo”.

Such stratigraphy were based on the old geology for the Classical
Karst (STACHE, 1889): the correspondence with the current stratigraphy is
as follows: “Nummulitico e Alveolinico”: Alveolinid-Nummulitid limestone
(Ilerdian), “Miliolitico”: Liburnia formation, Slivje limestone (Middle-Upper
Paleocene), “Cosina”: Liburnia formation (Maastrichtian-Paleocene p.p.),
“Cretaceo“: Lipica formation (Upper Santonian-Campanian).

The main tectonic elements of the area, such as lineations, faults and
fissured/crushed/broken zones, have been identified especially in the
northern area (Skocjanske jame) and in the area of Davorjevo brezno. They
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correspond to three main systems and one secondary system, identified
as [F1] NNE/NE-SSW/SW subvertical (main), [F2] ENE-WSW subvertical
(main), [F3] S/SSE-N/NNW subvertical/60° ENE-E (main), [F4] ESE-WNW/
SE-NW subvertical (secondary). These tectonic structures correspond to
those identified previously (GOSPODARIC, 1983; SEBELA, 1994, 2009;
SEBELA & NOVAK, 2023). In particular, the [F1] system is sometimes
associated with sinistral transcurrents faults and little folds, while the
[F3] system is mostly associated with fissured and broken zones. These
are both Cretaceous-Paleogene structures and Neogene-Quaternary
structures (JURKOVSEK et al., 1996) and essentially all of them affected
the speleogenesisin “Davorjevo brezno”, as well as the strata, especially
tectonized bedding plane and lithological differentiation as observed
by KNEZ (1998) in Skocjanske jame.

The upper passages of the “Davorjevo brezno” develop into Alveolinid
and Nummulitid limestone rocks, while the deeper parts are located in
the Liburnia formations and here some layers present lenses and coal
nodules typical of this formation (HAMRLA, 1959; CORAZZI et al., 2023).

600 masl

400 mas!

200 masl
0
200 mbs!

400 m bs!

Part of “Papa-Marc’Aurelio” meander is developed in limestones below
the caprock of marly-arenaceous Flysch of Brkini syncline. The Alveolinid
and Nummulitid limestones are highly karstified rocks represented by
gray to hazelnut-colored limestones, locally dark gray, with generally
decimeter-thick or sometimes indistinct layers, marly-limestone at the
top. In the Classical Karst they host large caves. The rocks of Liburnia
formation show a medium-high karstifiability and are represented by dark
grey, blackish, brown limestones, often brecciated, with layers generally
from 5 to 15-20 cm, sometimes lamellar, with carbonaceous levels. The
upper lithozone (Slivje limestone) of Liburnia formation, represented
by grey and dark grey stratified limestones with frequently Miliolidae,
it has been observed, are more karstified than the limestones of the
lower lithozone. These karstic characteristics of Liburnia formation are
mainly observable on the surface outcrops, while at a depth they are
rather homogeneous due to the fact that the cavities develop mainly on
planes of preferential structure.
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Figure 3: Synthesis geological map taken from PLENICAR et al. (1973), JURKOVSEK et al. (1996, 2016), CORAZZI et al. (2023) and other geological
surveys. Legend: 1. Alluvium (Quaternary). 2. Flysch (Eocene), alternations of marls, sandstones, breccias and conglomerates. 3. Transition beds
(Middle Ypresian-Lower Cuisian). 4. Alveolinid-Nummulitid Limestone (llerdian), stratified limestones, generally light grey-grey, mostly dark in
upper part. 5. Liburnian Formation, Slivje Limestone (Middle-Upper Paleocene), stratified limestones with frequently Miliolidae. 6. Liburnian
Formation (Maastrichtian-Paleocene p.p.), stratified or slab-shaped limestones, marly limestones, brecciated limestones, locally carbonaceous
layers (coal). 7. Lipica Formation (Upper Santonian-Campanian), stratified and massive limestones with Rudiste biostromes and bioherms. 8. Dip
and strike strata. 9. Fault (established and covered). 10. Syncline (axis and plunging). 11. Anticline, major and minor (axis and plunging). 12. Sink
stream (ponor) (in rock). 13. Sinkhole (in alluvium). 14. Cross section A-A’. 15. Exploratory wells no. 5 and no. 6 (average of stratigraphic contacts).
Davorjevo brezno plan in black. Structural diagrams of 75 fault and fissured, crushed or broken zones (poles) of Skocjanske jame and Davorjevo
brezno area, Schmidt net, lower hemisphere, equal density area and (F) main/secondary systems.
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4. Geomorphology

Generally, “Davorjevo brezno” passages are structured mainly on
the F1 tectonic system and secondarily on the F3 and F2 systems. It is
common to see steps that are structured on bedding planes and dip to
NE by 10°-20°, with cavities that have similar directions to those on F1
systems. In the hypogean karstifiability there are no strong differences
between the passages developed in the rocks of the Alveolinid and
Nummulitid limestone and the limestones of Liburnia formation. Since
the deepest zone of “Davorievo brezno” is probably located where the
cavities are now much less affected by the transition with the upper part
of the water table contour, large conditioning phenomena attributed to
the lithology are not appreciable. Furthermore, in this zone the lowe-
ring of the water table is evident, demonstrated by the development
of large overlapping galleries due to the downward migration of the
piezometric level.

“Davorjevo brezno” is characterized mainly by syngenetic galleries,
paragenetic galleries and gorges. Syngenetic galleries are generally
subelliptical shaped conduits, here mainly set on strata, and represent
the initial phases of speleogenesis. These forms can be abandoned
for subsequent evolution due to an abrupt change in water level and
appear unmodified, or they can be deepened by erosion to form gorges.
Paragenetic galleries, which correspond to the type prevalentin Classical
Karst caves (FORTI & SEMERARO, 1983), in “Davorjevo Brezno” are mainly
represented in the hydrologically inactive galleries, and are recognizable
when the roofs are observable and not modified by collapses. Paragenetic
galleries are especially visible between the altitudes of approximately
310-260 m asl. In the nearby Skocjanske, Jame, (MIHEVC, 2001) identified
levels of paragenetic galleries between approximately 370 and 270 m
asl. Paragenetic galleries generally shows corrosion cupolas on the roof
and megascallop walls, while syngenetic galleries have mainly smaller

5. Hydrogeology

120,00

scallops throughout the section but less on the floor. Vadose gorges
show scallops mainly in the lower part.

Thefilling deposits in “Davorjevo brezno” are mainly coarse, consis-
ting of sand and pebbles. This is mostly due to the contributions from
the nearby marly-arenaceous rocks, and it’s demonstrated by the almost
ubiquitous presence of sandstone pebbles. Furthermore, a phase of cal-
citic sedimentation, apparently recent, is well represented. It is located
in the lower part of the galleries, which is currently crossed by streams
and cut by the current phase of erosion. The formation of flowstone is
usually due to the formation of thin layers of yellowish to brownish calcite.
These layers are very similar to those of the eroded flowstone studied
in the nearby “Mejame” sinkhole, where Th/U analyses have dated ages
of 42428 Ka (ZUPAN, 1991) unlike a later dating of the same flowstone
(MIHEVC, 2001) which gave a more recent age, as whose difference can
be attributed to the error owed to contamination by 230Th. However,
“Mejame” sinkhole concretions dates fall within the Upper Pleistocene,
in a colder climate than the current one. In the surrounding area, west
to “Davorjevo Brezno” (Divaski kras), paleomagnetic analyzes on cave
sediments have indicated for the Divaca profile (unroofed cave, 453
m asl) at the upper sequence (fluvial cycle) and lower sequence (calm
and pulsed flow) a min age >1.77 Ma and max age >5.23 Ma. For “Divaca
jama” (cave levels between 410-350 m asl) in the upper sequence (clay)
a Th/U age min 0.092 Ma and max 0.576 Ma and in the lower sequence
(lacustrine, to calm river and pulsed flow), shows a paleomagnetic age
min >1.2 Ma and max >5.0 Ma (ZUPAN HAJNA et al., 2008). These are
sedimentary sequences ranging from the Pliocene to the Pleistocene.
Forthe large paragenetic galleries of “Davorjevo brezno” (approximately
310-260 m asl) we can only suggest that they evolved within the most
recent phase of this period.

100,00

80,00

60,00

Level [cm]

40,00

20,00

—| Weir —II Weir ——Susy gallery

Figure 4: 2nd monitoring cycle. Water level comparison of | Weir, Il Weir and Susy gallery.

Inthe “Davorjevo brezno” abyss there are three subterranean water
courses: the “Carbonari” meander, the “Veneziano” meander and the
“Susy” gallery (water collector). The “Carbonari” flows into “Veneziano”.
It is assumed that the “Veneziano” flows into the “Susy” gallery, but
the location is still unknown, although the distance between the first
siphon (“old bottom”) at the end of the “Veneziano” and the “Susy”
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gallery, which was reached going through a fossil bypass, is only about
one hundred meters.

During the second monitoring cycle (from 15.10.2022 to 24.02.2024),
parameters of temperature, hydrometric height and electrical conductivity
of the three streams were checked with CTD Divers. For “Carbonari” (I
Weir) and “Veneziano” (Il Weir) the discharges were obtained with weirs,
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while for “Susy” (due to the major difficulties given by the large shape
of the gallery) by correlating a series of in situ discharges with ionic
method and recorded logs of hydrometric heights. In this 2nd cycle, not
specifically considering the flow rate of the “Carbonari” meander which
ismuch lower than that of the “Veneziano” meander, but therefore con-
sidering the other two watercourses, it is estimated that the “Veneziano”
meander has the following flow rates: min. 0.1 L/s, avg. 26.1 L/s, max.
766 L/s, while the “Susy” has min. 7.7 L/s, avg. 104.5 L/s, max. 1,107.5
L/s. Generally, “Davorjevo brezno” vadose and epiphreatic passages are
subject to significant and rapid flow variations (Fig. 4), closely related
to rainfall events and high rate flows from the Reka basin, as already
observed during the 1st monitoring cycle (CORAZZI et al., 2023). This is
clearly in the comparison between the water levels of the three hypogean
streams. Temporal differences between the start of some piston flows,
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Abstract

The cavesin the Vazante karst area are hosted in Mesoproterozoic carbonates, and some have well-preserved columnar Conophyton-type stro-
matolites. The VT-004 cave is in stromatolitic carbonates, and the roof is characterized by many cupolas. The smallest of these cupolas appear
to have dissolved exclusively the stromatolite columns, whereas larger cupolas are the product of the coalescence of adjacent smaller ones.
Stromatolite structures are exposed both in lateral view (along the cave walls) and in cross section. The stromatolitic columns have heights be-
tween ca. 1 and 4 m and widths of 0.30 to 0.65 m. Cross-sections are elliptical and only occasionally circular, with minor and major axes varying
between 0.47 and 0.71 m and 0.31 and 0.37 m, respectively. Stylolites (mainly N-S trending) occur along the stromatolite major axis, whereas
fractures and veins (striking mainly to NW and NE) also cross-cut their structures: both appear to have influenced fluid flow and consequent
early phreatic karstification. Condensation-corrosion channels clearly show late vadose enlargement of the cave.

1. Introduction

Karst solutional features are commonly a result of the interplay development, both in vadose and confined conditions (DE WAELE &
between rock properties, including their mineralogy, petrography, age, GUTIERREZ, 2022). Despite the reported mechanisms for cupola for-
stratigraphy and various types of fractures (FORD & WILLIAMS, 2007; DE mation, case studies on morphological and morphometric parameters
WAELE & GUTIERREZ, 2022). These elements, along with the hydrologi- as well as local controls on their development are needed to shed light
cal context in which the cave initiation occurs, are usually the guiding on the evolution of these forms, as a way of understanding the whole
features and preferential pathways of karstification. cave geomorphological evolution.

Inview of the different scales in which karst features are developed, This paper deals with cupolas developed in stromatolitic rocks.
particularly local conditions and geological structures may assume a Several caves were reported to have formed in Proterozoic carbonate
role in the shaping of wall and ceiling morphologies. Cupolas generally rocks of the Minas Gerais state (Central-East Brazil) (AULER et al., 2016;

display adome-shape and acircular to elliptical plan (OSBORNE, 2004), AULER & SOUZA, 2017; VASCONCELOS et al. 2020). In this context the
which can be fracture-guided or lack a clear structural control. Their study site constitutes an exceptional example for studying cupola mor-
morphology can be complex due to different processes acting on their phology and controls on their formation.

2. Study area

This paper concerns the VT-004 cave, located in the town of Vazante, dolomitesin some formations (SOTERO et al., 2021). The studied location
Minas Gerais (Brazil) at the coordinates -46.75520194, -17.72307308, was described as a paleontological site (Cabeludo), characterized by Co-
being part of the Vazante-Paracatu Karstic District (AULER & SOUZA, nophyton cilindricum stromatolites (DARDENNE, 2009). The stromatolites
2018). This area is situated in the tectonic context of the external zone have a conical shape with cylindrical-conical lamination and have an
of the Brasilia Fold Belt west of the Sdo Francisco Craton (DARDENNE, age ranging between ~1300 and 950 Ma (MOERI, 1972). Previous works
2000). The caveis developed in the mesoproterozoic rocks of the Vazante reported the occurrence of stromatolites in cave outcrops and particularly
Group, a clay-dolomitic sequence, with the occurrence of stromatolitic stromatolites associated with cupolasin VT-004, highlighting its unique
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morphology and the importance for geoconservation (SOUZA & AULER,
2018; VASCONCELOS et al., 2020).

The morphological characteristic of this cave requires a detailed
assessment of the mechanisms guiding the preferential karstification
along columnar stromatolite structures and cupola formation, as pre-
viously suggested (SOUZA & AULER, 2018). In this work, preliminary
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analyses of high-resolution 3D LiDAR and photogrammetric models
allowed for the collection of data on the cave morphology, dimensions
and karstification volumes related to the cupolas and stromatolite co-
lumns, as a first step to characterize and interpret the controls on cave
and speleothemes development.

" Ceiling altitude

(m)
"~ 17,0752

0

. -5,0481

Figure 1: LiDAR digital elevation model of cave VT-004 (MG, Brazil) showing the cave pattern and the typical morphology associated with the high
density of cupolas, rendering an irregular aspect on the conduit 2D view . Note the two preferential conduit directions. Altitude values are relative.
The codes A-M refer to the cupolas sectors identified by roughness analysis.

3. Materials and methods

The laser scan survey was performed in all accessible cave chambers
and conduits of VT-004 using the FARO GeoSlam mobile handheld LiDAR
scanner. The surveying method is the walk-by scanning. The pre-pro-
cessing of the collected data (point cloud, .las format) was carried out
in the FARO Connected® software. Subsequently, the point cloud was
segmented, and the floor and cave ceiling separated using the Cross
Section Tool in Cloud Compare. This point cloud was then rasterized to
generate a digital surface model, georeferenced in a GIS environment
(QGIS). Raster analyses were performed, including roughness and isoline
extraction from the DEM, which allowed us to identify the major and
minor contours of cupolas in the cave. The measurement of the major
cupola areas was also performed in the GIS software. The volumes of the
karstified void (cave), the ceiling and individual cupolas was computed
using the Compute 2.5D Volume Tool in Cloud Compare. Due to the high
density of cupolas and their complex morphology, we organized 13 (A-M)
cupola clusters to measure the whole volume of these sectors (Fig.1).

Photogrammetric surveys were also conducted in the two major
rooms of the cave. A mirrorless Canon EOS R (24 mm) with a CMOS
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sensor was used to obtain the pictures, taken with a lateral overlap
of approx. 70 % obtained in 360° acquisition globes. The processing
occurred in the Agisoft Metashape software through SfM algorithm,
following the workflow to generate among other products, a 3D mesh.
The 3D model combining the mesh and the texture of the cave (images)
allowed the visualization of different types of geological structures and
geomorphological features. The photogrammetric model (.obj format)
was further optimized in the MeshLab (CIGNONI et al., 2008) software
to improve its visualization. These data were renderized and modified
using software Unreal Engine 5 uploading both the model and texture
given by the photos. “Nanite” technology facilitated the manipulation
of the high-resolution and heavy model. With the dynamic interface in
which a measuring mode is available, the collection of preliminary data
on the dimensions of stromatolites and minor features such as rock
protrusions from cave walls was possible, as well as characterize the
detailed morphology of the cave, supplementing the previous obser-
vations done during field work.
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4, Results

The VT-004 cave exhibits a general arrangement of conduits forming
a network pattern, with main conduit directions trending NE-SW and
NW-SE. The cave passages are relatively narrow, with rift-like shapes, and
~1.5to 3 m wide and 0.4 to 5 m high, connecting two wider galleries (E
and |, Fig. 1). The planimetric rectilinear aspect of the conduits is slightly
lost due to the development of ceiling cupolas and notches.

Cupolacluster - Area(m?) - Volume (nv) ~
53 16.6
27,0 84.3
124 16.5
20.2 30.2
291 454
14.3 29,0
7.0 12,0
10.3 21.7
25,0 328
10.3 41,0
94 50
19.7 150 |
28,0 124

SErx«e—IOOTMmMOOmX>»

Figure 2: Measurements of area and volume of cupola clusters in VT-004
based on LiDAR 3D model. Reference of clusters given in Figure 1.

The 3D models allow us to visualize the widespread occurrence of
ceiling features in the whole cave, particularly cupolas of various sizes.
Based on roughness analyses, 13 main sectors or cupola clusters were
defined; typically larger cupolas encompass smaller ones. The overall
volume of these cupola clusters is given in Figure 2. The cupolas ge-
nerally display a hemispherical morphology (sensu OSBORNE, 2004).
One visible aspect observed in the cave is that smaller cupolas usually
have their dimensions conforming to the dimensions of stromatolites
(cross-section) (Fig.3A).

5. Conclusion

The presented morphological characteristics allow us to infer that
major fracture zones guided cave and conduit development as revealed
by the structural-guided orientation of passages. The cupola clusters
can be interpreted because of the coalescence of small stromatolite-
-controlled cupolas.

In addition to this, the occurrence of cupolas (of small dimensions)
associated with the stromatolite structures points to the role stromatolites
played in guiding preferential karstification in contrast to the other rock
type which forms ledges between cupolas, being relatively less prone to
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Figure 3: A. 3D photogrammetric model of the VT-004 ceiling. A - Small
cupolas associated with stromatolite structures can be observed. Note
protruding material between stromatolites. B - Cross-section view of
stromatolite with a deformed elliptical morphology, showing structural
features such as stylolites, fractures and veins. Yellow contours show the
cross-section outline of the stromatolites. Dashed line shows the wall
concavity borders with a clear condensation-corrosion channel.

The stromatolites in this cave are seen in both cave walls (longitu-
dinal section) and ceiling (cross-section), displaying a typical conical
morphology reported for the stromatolites in this area (DARDENNE, 2000).
Avyellowish, less soluble, intercolumnar rock between stromatolites often
sticks out from the cave walls (protrusions varying between 0.2 and 0.6
m), because of the wall concavities generated by the dissolution of the
former stromatolite structure (Fig. 3A).

Based on the 3D models, their longitudinal dimensions range from
106 x30 cm to 397 x 65 cm. The cross-sections are elliptical and occasio-
nally circular; the major and minor axes vary from 47 x 37 cm to 71 x 31
cm. Stylolites (mainly N-S trending) occur along the stromatolite major
axis; fractures and veins (striking mainly to NW and NE) also cross-cut
the cupolas (Fig. 3B).

dissolution. Structural features such as fractures and stylolites preferen-
tially crosscutting stromatolites appear to have favored or facilitated the
karstifying fluids along stromatolite columns. The cave void likely formed
in confined (hypogene) settings, with fluids following the major available
permeable features (fractures and open stylolites). These features were
later further enlarged in vadose conditions, once the cave opened up to
the surface and condensation-corrosion started working especially on
the roof sectors of the cave. This led to the enlargement and deepening
of the cupolas, and the creation of condensation-corrosion channels.

E CARACTERIZA(;Z\O DE ROTAS DE FLUXO DE FLUIDOS EM RESERVATO-
RIOS CARSTIFICADOS, FRATURADOS E SILICIFICADOS DO PRE-SAL (ANP
number 23505-1) which allowed the collection of the presented data.
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Abstract

Glacier caves have been known as a form of pseudokarst and have obtained increasing attention as changing climate influences glaciers arou-
nd the world. Often discussed together with glacier caves are examples which formed due to geothermal influences. Volcanoes interacting with
the cryosphere can host glaciovolcanic caves where thermal flux at the ice-rock boundary forms void spaces in the superimposed ice or firn
substrate. We conducted a systematic literature review and fieldwork expeditions to catalogue known examples and demographics of glacio-
volcanic caves and differentiate such caves formed along thermal gradients in volcanic environments from other landforms and from glacier
pseudokarst. 80 individual examples of glaciovolcanic caves were identified and characterized. Glaciovolcanic caves are most often found on
unconstrained glaciated volcanic edifices and primarily are formed in firn, and the principal mechanism of speleogenesis is fumarolic activity
in combination with heated soil or bedrock substrate. Four subtypes were derived, all of which chiefly involve volcanically driven kinetics that
initiate and maintain cave genesis from below the ice surface. Glaciovolcanic caves are an understudied element of pseudokarst and the cryos-
phere. Understanding their attributes, and discussion of their geomorphology and taxonomy within the ecosystem of volcano-ice interactions
supports better understanding of the phenomena.

Résumé

Les grottes glaciaires sont connues comme une forme de pseudokarst et suscitent une attention croissante a mesure que le changement cli-
matique influence les glaciers du monde entier. On évoque souvent, a c6té des grottes glaciaires, des exemples qui se sont formés en raison
d’influences géothermiques. Les volcans interagissant avec la cryosphére peuvent héberger des grottes glaciovolcaniques ou le flux thermique
alalimite glace-roche forme des espaces vides dans le substrat de glace ou de névé superposé. Nous avons mené une revue systématique de la
littérature et des expéditions de terrain pour cataloguer les exemples connus et les caractéristiques démographiques des grottes glaciovolcani-
ques et différencier ces grottes formées le long des gradients thermiques dans des environnements volcaniques des autres formes de relief et
du pseudokarst glaciaire. 80 exemples individuels de grottes glaciovolcaniques ont été identifiés et caractérisés. Les grottes glaciovolcaniques
se trouvent le plus souvent sur des édifices volcaniques glaciaires sans contraintes et sont principalement formées dans le sapin, et le prin-
cipal mécanisme de spéléogenése est l’activité fumerolienne en combinaison avec un sol chauffé ou un substrat rocheux. Quatre sous-types
ont été dérivés, qui impliquent tous principalement une cinétique volcanique qui initie et maintient la genése des grottes sous la surface de
la glace. Les grottes glaciovolcaniques sont un élément peu étudié du pseudokarst et de la cryosphére. Comprendre leurs attributs et discuter
de leur géomorphologie et de leur taxonomie au sein de 'écosystéme des interactions volcan-glace permet une meilleure compréhension des
phénomenes.

1. Introduction

Glacier caves were categorized by HALLIDAY (2007) as glacier pseu-
dokarst; one of eight pseudokarst typologies. Glacier caves are prevalent
in glaciated environments, formed by ablation of ice by meltwater and
maintained by atmospheric advection in the form of moulins, englacial
conduits and as contact caves, or as sublimation caves (BADINO et al.,
2007). The morphologies and genesis of glacier caves fit the defining
elements of pseudokarst identified by HALLIDAY (2007) as subsurface
drainage through conduit type voids.

Onediffering element from classical karst is that in glacier caves the
karst-like morphologies are primarily produced by ablation and melt
rather than dissolution. However, HALLIDAY (2007) also identified geo-
thermal examples of glacier caves such as those at Mount Rainier, Mount
Hood, and Mount Baker (USA) within the glacier pseudokarst typology.

The processes whereby volcanic heat from volcanic-magmatic sys-
temsinteracts with ice is termed glaciovolcanism (SMELLIE & EDWARDS,
2016). Where speleogenesis resulting from glaciovolcanism creates void
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spaces, we have applied the term glaciovolcanic caves (SOBOLEWSKI et
al., 2022). Categorizing them as glaciovolcanic caves recognizes them
as a component of glaciovolcanism, spanning their overlap between
volcanology and speleology, and highlights their volcanic genesis, which
are vastly different from conventional glacier caves.

SOBOLEWSKI et al. (2022) discussed the limited distribution of
glaciovolcanic caves across the world amongst the 245 geographic lo-
cations with potential for glaciovolcanic cave formation, and identified
locations hosting caves confirmed in literature and locations requiring
verification and further investigation. Studies over the past decade in
the Cascade volcanoes of the Northwest USA have greatly added to our
knowledge of glaciovolcanic caves, along with those further catalogued
at Mount Erebus in Antarctica by CURTIS (2018). The most significant
glaciovolcanic examples at present are the cave systems in the glaciers
of the overlapping East and West craters at the summit of Mount Rainier.
East Crater Caveis currently the longest glaciovolcanic cave in the world
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at 3,593 m (FLOREA, et al., 2021; STENNER et al., 2022; STENNER et al.,
2023). Further Antarctic examples have since been identified on Mount
Melbourne (LIUZZO et al., 2018), and reports exist of glaciovolcanic ca-
ves in other locations via photos or anecdotal accounts. Table 1 reveals
contemporary examples (confirmed in the past 15 years), and statistics
from literature, while at their most extensive known development.
Mount St. Helens caves appear to currently be in a state of regression
(SOBOLEWSKI et al., 2025).

Six morphological patterns and passage types in glaciovolcanic
caves have been identified, and those morphologies may result from
mechanisms specific to glaciovolcanic cave subtypes (STENNER et al.,
2024). Repeated here they are: 1) thermally influenced englacial conduits,
where warm water initiates voids enlarged by atmospheric advection; 2)
isolated ‘steam domes’, whose size and shape are dictated by the rate of
convective fumarole emissions; 3) lateral conduits comprised of chains
of steam domes positioned around fumaroles with an interannual size
maintained by atmospheric advection; 4) chimneys and rising conduits

that vent fumaroles with a size and shape guided by accumulation or
ablation of firn; 5) heat enlarged crevasses and moulins that intersect
glaciovolcanic caves; and 6) ice-margin melt at the ice-rock interface
enhanced at the glacial margin and maintained by fluid movement but
with highly variable morphology and persistence governed by bedload.

CURTIS (2016) defined the Mount Erebus examples as fumarolic
ice caves, characterized by thermal flux originating from subglacial
fumarole vents. The majority of presently documented glaciovolcanic
caves appear connected to fumarolic activity; however, connections to
thermally heated volcanic bedrock, subglacial lava eruptions, or subgla-
cial hydrothermalsprings are likely. These cave systems may also reveal
diverse characteristics such as their location in relation to their volcanic
edifices and the cryospheric substrates in which they form. This paper
highlights examples of glaciovolcanic caves from around the world,
and investigates the characteristics, genesis mechanism, and subtypes
of these phenomena.

Cave System Location Length (m) Depth (m)  Reference
1 East Crater Cave Mount Rainier, USA 3593 144 STENNER et al. (2022); (2023)
2 Sherman Crater Cave System Mount Baker, USA 1220 - KIVER (1978) @
3 Mothra Cave Mount St. Helens, USA 797 72 SOBOLEWSKI et al. (2023)
4 Rodan Cave Mount St. Helens, USA 775 82 SOBOLEWSKI et al. (2022b)
5 MC3 Ice Cave Mount Melbourne, Antarctica 685 52 LIUZZO et al. (2018)
6 Warren Cave Mount Erebus, Antarctica 524 23 CURTIS (2018); (2021)
7 Ghidorah Cave Mount St. Helens, USA 434 30 STENNER et al. (2020)
8 West Crater Cave Mount Rainier, USA 308 33 STENNER et al. (2022); (2023)
9 Crevasse Cave Mount St. Helens, USA 276 56 STENNER et al. (2020)
10 Qwelgwelusten Cave Mount Meager, Canada 258 59 CLANCE et al. (2024)
11 Hot Imagination Cave Mount Hood, USA 273 58 PFLITSCH et al. (2017)
12 MC1 Aurora Ice Cave Mount Melbourne, Antarctica 223 35 LIUZZO et al. (2018)
13 Thelgloo Mount St. Helens, USA 191 8 STENNER et al. (2020)
14 Kachina Cave Mount Erebus, Antarctica 146 CURTIS (2010); (2021)
Other notable systems:
Mammoth/Cathedral ® Mount Erebus, Antarctica - - CURTIS (2021)
Anchor Cave® Mount Erebus, Antarctica - - CURTIS (2021)
Kverkfjoll Caves Vatnajokull, Iceland - - STORRIE-LOMBARDI et al. (2011

Table 1: Table showing significant, contemporary glaciovolcanic cave systems identified in literature, (within the last 1.5 decades) and at their maxi-
mum known extents. - unknown/no data. a Recent observation in 2024 revealed this system is likely still present and extensive. b Mammoth/Cathe-
dral system and Anchor cave at Mount Erebus are likely the longest in the region but are not surveyed. They are reported to be less extensive than the
Mount Rainier system (CURTIS, personal communication, 2021).

2. Methods

A systematic review was conducted which included our data, the
Erebus caves database from CURTIS (2018) and relevant literature. Our
data included cave surveys, photo monitoring of cave morphology,
and environmental conditions in glaciovolcanic caves of the Pacific
Northwest, USA, from 2017-2024, many of which were published in
the literature included in the review. Literature inclusion criteria were
peer-reviewed research papers, books, book chapters, and conference
papers, relevant databases, and literature where clear glaciovolcanic
parameters and data relevant to the discussion were present. Both
contemporary and historical examples of glaciovolcanic caves were
included, as data from caves which no longer exist were considered
relevant to the phenomena.

A multi-step process for screening literature was used. The first
step excluded literature with examples of glacier caves where no vol-
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canicinfluence was found. Cave entrance locations in the Erebus cave
database but without named, confirmed caves were excluded (n=46).
Second, the remaining literature was used to complete a synthesis
list of individual glaciovolcanic caves, and review potential categories
that could be assigned to each cave. Lastly, categorizations were assigned
based on cave demographics recorded in the literature, including geo-
graphical location, volcanic edifice location (constrained in a crater or on
the flank), type of cryospheric substrate (snow, firn, or glacier ice), and
primary and secondary speleogenesis. As the depth of firn transition to
glaciericeis dependenton factors such as mean temperature and differs
throughout the world such as in temperate or polar locations (CUFFEY
& PATERSON 2010), assigning the substrate as glacier ice was estimated
based on cave depth and location. The results from the synthesis were
tabulated to provide frequency distributions and data for discussion.
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3. Results

Synthesis of the review revealed the following: Glaciovolcanic caves
are concentrated around only a few volcanic areas and craters where
glaciovolcanism is possible, and 80 individual cave examples were
included in the synthesis. In Antarctica, Mount Erebus displayed the
largest concentration in the data, n=38.

Mount Melbourne and Mount Rittman in Antarctica also hosted
examples, while the Pacific Northwest USA volcanoes Mount Hood,
Mount St. Helens, Mount Rainier, and Mount Baker each hosted caves.
Additional examples were found in Kamchatka, Russia, and Iceland.

Substrates that contained the voids were nearly allin snow and firn
layers, 92.5% (n=74). The remaining caves possibly transitioned from
firninto layers of true glacial ice based on data reported in the literature
or are estimated due to cave geographical location and passage depth
under the glacier surfaces. Caves were found to be in glaciers constrained
by topography in 24% of cases (n=19). The constrained cases were all
located in volcanic craters. The remainder were located elsewhere on
the volcanic edifice.

4. Discussion

Caves in glacier pseudokarst may owe their origin to the advection
of recharging melt from above and thermal flux from below. Glaciovol-
canic caves reveal distinct patterns and common subtypes, reinforcing
the view that glaciovolcanic caves have unique and diverse morpho-
logies and genesis distinct from glacier caves and englacial conduits.
The different morphologies between glaciovolcanic caves and glacier
pseudokarst are analogous to the distinction between hypogenic and
epigenic karst as expressed in STENNER et al. (2023). The synthesized
examples here revealed the thermal speleogenesis mechanisms origi-
nating within the substrate below the superimposed ice and firn which
contains glaciovolcanic caves.

Four primary mechanisms are relevant to glaciovolcanic cave genesis.
The primary type is the fumarolic type, where degassing vents introduce
thermal flux subglacially and result in voids of varying morphologies.
However, observations in the Pacific Northwest and of the surveyed
caves at Mount Erebus (CURTIS, 2018) revealed that additional passage
formation is owed to areas of heated bedrock and substrate. Fumarolic
activity was often combined with heated bedrock and substrate and all
cases of fumarolic caves appear to have adjoining heated floors. Exam-
ples at Figure 1A and 1B reveal fumarolic types combined with heated
substrates, 1A with primarily steam emitting fumaroles and 1B where
steam and volcanic gas emitting fumaroles are present.

Asecond type exists were heated sediment and bedrock can create
a contact void independent of fumarolic activity. These were observed
in a few cases in the Mount St. Helens crater, where large areas of hea-
ted surfaces on the glaciated lava dome are kept snow free year-round
(SOBOLEWSKI et al., 2023).

A third type is formed when subglacial thermal springs introduce
thermal flux under the glacier. For example, a substantial cave system
on Mount Hood was identified. Snow Dragon Cave, and a 273 m long
remnant, Hot Imagination, presented heat flux derived principally from
flowing thermal springs in the cave and advection of this thermal water
through an englacial conduit (PFLITSCH et al., 2017). This represented a
non-fumarolic example of the glaciovolcanic typology, Figure 1C. Cave
type can be a hybrid of types such as in the fumarolic-heated substrate
contact voids, but also where subglacial thermal springs and fumarolic
activity coexist, such as at Kverkfjoll, and potentially at Mount Baker.
These latter examples reflect challenges with classification, as the primary
mechanism is not distinctive, and all three of the aforementioned types
have passages which are maintained in combination with atmospheric
advection once an exchange with external climate occurs thorough their
entrances (FLOREA et al., 2021).
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Three primary speleogenesis mechanisms were found. The predo-
minant mechanism was the presence of subglacial fumaroles in con-
junction with areas of heated bedrock or sediment surfaces. These two
mechanisms were closely aligned and present in 94% (n=75) examples.

Outliersincluded two examples from Mount St. Helens, where caves
in snow and firn formed independent of a known fumarole vent and only
heated sediments were present. A distinctive mechanism was presentin
two examples and was a likely secondary mechanism in two additional
examples, where subglacial hot springs were present and cave passages
concentrated around them. These included the Snow Dragon and Hot
Imagination systems at Mount Hood, where only thermal springs have
been located sub glacially, and Kverkfjoll, where fumarolic influence is
present but thermal springs are also a reported factor in introducing
thermal flux in the subglacial environment. At Mount Baker, subglacial
streams and a warm lake were reported in earlier studies (KIVER, 1978)
while flowing subglacial streams with unrecorded temperatures were
observed by authors recently.

Subglacial eruption voids are a fourth type of glaciovolcanic cave,
although studies of these were excluded in the systematic review. These
voids fit the definition of glaciovolcanic caves as voids formed due to
glaciovolcanism; in this case the extrusion of lava subglacially in an
explosive or effusive manner, both of which create void spaces under
ice. At Eyjafjallajokull during the 2010 eruption a subglacial lava flow
was emplaced for 3.2 km along meltwater tunnels (ODDSSON et al.,
2016). Such voids could be contained as subnivean voids or produce an
entrance and could be filled with meltwater or drain at the ice-bedrock
margin post eruption. Further review and synthesis to understand the
prevalence and dynamics of this type would be beneficial.

Glaciovolcanic caves can be further differentiated by medium or
permanence, or in geographic relation to a volcanic edifice. Caves can
reform, be unroofed, or partly ablated seasonally (e.g., some firn caves
such as Igloo Cave at Mount St. Helens, as well as likely most examples
of glaciovolcanic caves formed in pure snow). Or they may be persistent
features due to low levels of volcanism over decadal scales such as at
Mount Rainier, STENNER et al. (2023).

Glaciovolcanic caves can be enclosed by a hybrid of mediums (e.g.,
snow, firn, and glacial ice), which is why terminology defining categories
like “firn cave” isn’t necessarily appropriate. The mediums range from
settled snow at 200-300 kg/m3 to glacier ice at 830-923 kg/m3, with firn
cavesinthe middle of the range of possible strata for glaciovolcanic cave
speleogenesis at400-830 kg/m3 (CUFFEY & PATTERSON, 2010). Although
ice density data was not available for most caves in the synthesis, the
Antarctic caves are extremely unlikely to have formed in glacier ice due
to their depth (VAN DEN BROEKE, 2008). However, examples such as in
Gorshokov crater, Russia (SHIRAIWA et al., 2001) and Mothra Cave at
Mount St. Helens (SOBOLEWSKI et al., 2022) revealed examples where
cave depths extending into true glacier ice is possible. That 92.5% of
known examples form in snow and firn layers reflects potential for the
plastic creep of glacial ice to typically overcome the persistent low levels
of thermal flux in stable glaciovolcanic settings, or a gap in the dataset
reflecting unknown examples.

The caves are most commonly associated with volcanic edifices
on active volcanic slopes where geothermal heating and fumarolic
activity originating from the underlying substrate has created voids in
the superimposed icy substrate. However, the most significant examples
at Mount Rainier, Mount Baker, and Mount St. Helens (STENNER et al.,
2023); SOBOLEWSKI et al., 2022b) exist in glaciers constrained by crater
topography and where active low level and continuous geothermal
activity is present.
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In periods of apparent quiescence, the dynamic equilibrium resulting
in persistent glaciovolcanic caves provides a window into their genesis.
As glaciers on volcanoes ablate with changing climate the resulting de-
glaciation can cause increased volcanism due to a decrease in pressure
over the mantle (CARRIVICK et al., 2009). Similar pressure decreases due
to subglacial voids forming as a result of thermal flux and ablation is a

concern. Characterizing glaciovolcanicinteractionsisimportant as they
contribute to our shared language of geomorphology and to our unders-
tanding of volcano-ice interactions. Glaciovolcanism produces a number
of distinct features which can help define the category of glaciovolcanic
caves and assist our understanding of them as a distinctive pseudokarst.

Figure 1: Glaciovolcanic caves. A: Interior of Mothra Cave, Mount St. Helens, USA, 2022. A primarily fumarolic type characterized by release of warm
steam from fumaroles and associated heated sediments and bedrock. B: An entrance to Qwelgweldsten Cave, Mount Meager Volcanic Complex,
Canada, 2019. A primarily fumarolic type characterized by release of warm volcanic gasses and steam. C: Snow Dragon Cave System, Mount Hood,
USA, 2014. A primarily hydrovolcanic type characterized by warm spring water in addition to reqular englacial conduit formation.

5. Conclusion

Glaciovolcanic caves can exist in specific geographical settings
and display common characteristics along with subtypes which relate
to their primary mechanism of genesis and persistence. Glaciovolcanic
caves are predominantly formed in firn and snow and do not typically
reach depths where passage formation is in true glacial ice. Caves are
most commonly associated with volcanic edifices on active volcanic
slopes where geothermal heating and fumarolic activity originating
from the underlying substrate has created voids in the superimposed
icy substrate. However, the most significant examples exist in glaciers
constrained by crater topography and where active low level and con-
tinuous geothermal activity is present. Glaciovolcanic caves can be
further subdivided into four types. The primary and most common
type is the fumarolic type, which is most often combined with areas of
heated bedrock and substrate. Heated bedrock and substrate can also
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create a contact void independent of fumarolic activity. A third type is
formed when subglacial thermal springs introduce thermal flux under
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of volcanic activity.
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Abstract

The Serra da Bodoquena National Park (SBNP) in Mato Grosso do Sul hosts limestone pavements of high scientific and educational relevance.
These geomorphological formations, shaped by chemical weathering and erosion, represent a remarkable example of a karst landscape in a
tropical region, with similar morphologies in high-latitude and glacial activity areas. Studies indicate that such geological features, including
fractures (grikes), depressions (kamenitzas), and karren, provide valuable insights into landscape evolution, climatic processes, and the inte-
ractions between geodiversity and biodiversity. This study uses a literature review, satellite imagery, fieldwork, and comparative analysis to
understand local geomorphological processes. The results show that the Park’s karst pavement developed under unique conditions and is
impacted by human activities, such as cattle farming and unregulated tourism, particularly in areas outside the park’s boundaries. Given its
educational value, the site offers exceptional opportunities for environmental education, promoting hands-on learning about science and con-
servation. However, challenges such as land regularisation and environmental impact mitigation underscore the urgent need for protection.
This study contributes to understanding tropical karst landscapes and reinforces the importance of conserving this unique geological heritage.

Resumo

O Parque Nacional da Serra da Bodoquena (PNSB), no Mato Grosso do Sul, abriga pavimentos calcarios de alta relevancia cientifica e edu-
cacional. Essas formagdes geomorfoldgicas, moldadas pelo intemperismo quimico e pela erosdo, representam um exemplo notavel de pai-
sagem carstica em regido tropical, com formag8es semelhantes em éreas de altas latitudes e atividades glaciais. Estudos indicam que essas
caracteristicas geoldgicas, incluindo fissuras (grikes), depressdes (kamenitzas) e lapids (karren), oferecem valiosos insights sobre a evolu¢do
da paisagem, os processos climaticos e as interagdes entre geodiversidade e biodiversidade. A pesquisa utilizou revisdo de literatura, imagens
de satélite, trabalho de campo e analise comparativa para compreender os processos geomorfoldgicos locais. Os resultados mostram que o
pavimento cérstico do parque se desenvolveu sob condi¢Ges Unicas e é impactado por atividades humanas, como pecuaria e turismo desre-
gulado, particularmente em &reas fora dos limites do parque. Dado seu valor educacional, o local oferece oportunidades excepcionais para
educagdo ambiental, promovendo aprendizado préatico sobre ciéncia e conservagdo. No entanto, desafios como a regularizagdo fundiaria e
a mitigacdo de impactos ambientais destacam a necessidade urgente de protecdo. Este estudo contribui para a compreensao das paisagens
carsticas tropicais e reforga a importancia de conservar esse patriménio geoldgico Unico.

Resumen

El Parque Nacional de la Serra da Bodoquena (PNSB), ubicado en Mato Grosso do Sul, alberga pavimentos calcareos de alta relevancia
cientifica y educativa. Estas formaciones geomorfoldgicas, moldeadas por la meteorizacién quimica y la erosién, representan un notable
ejemplo de paisajes karsticos en una regién tropical, en contraste con formaciones similares en dreas de alta latitud y actividad glaciar. Es-
tudios previos indican que estas caracteristicas geoldgicas, incluidas las fisuras (grikes), depresiones (kamenitzas) y lapiaz (karren), ofrecen
informacion valiosa sobre la evolucidn del paisaje, los procesos climaticos y las interacciones entre la geodiversidad y la biodiversidad. La
investigacion realizada utilizé revision bibliografica, imagenes satelitales, trabajo de campo y analisis comparativo para comprender los
procesos geomorfoldgicos locales. Los resultados muestran que el pavimento karstico del PNSB se desarrolld bajo condiciones Unicas y esta
impactado por actividades humanas, como la ganaderia y el turismo no regulado, especialmente en édreas fuera de los limites del parque.
Dado su valor educativo, el sitio ofrece oportunidades excepcionales para la educacién ambiental, promoviendo el aprendizaje practico
sobre ciencia y conservacion. Sin embargo, desafios como la regularizacidn de tierras y la mitigacion de impactos ambientales subrayan la
necesidad urgente de proteccidn. Este estudio contribuye a la comprension de los paisajes kérsticos tropicales y refuerza la importancia de
conservar este singular patrimonio geoldgico.
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1. Introduction

The area within the Serra da Bodoquena National Park (SBNP)
and its surroundings in Mato Grosso do Sul should be recognised for
its significance in science and education, particularly in karst geomor-
phology. It represents an important example of a karst pavement in a
tropical region (Figure 1).

A karst pavement refers to a unique geological surface feature in
karst landscapes. Typically observed in carbonates such as limestone
and dolomite, these formations result from the dissolution of these
rocks. Such exokarst features are essentially exposed bedrock surfaces
shaped and smoothed by chemical weathering and erosion processes
associated with karst development. According to VERES (2010), the
formation of this type of feature predominantly occurs in high-latitude
and alpine regions where glacial activity has been prominent. Rock
dissolution in these areas occurs due to the melting of accumulated
snow during winter and direct rainfall on the rock surface.
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56°45'20"W

21°13'30"S

LOCATION OF THE
SITE IN THE NATIONAL
PARK

56°45'20"W

Asillustrated in Figure 2, notable examples of such features can be
found in Spain (BARRERE, 1951; MARTIN-VIVALDI CABALLERO, 2016),
France (MAIRE, 1984; TOTH, 2008; GAUDILLAT, 2008), Iraq (FORTI et al.,
2021), Ireland (CORBEL, 1952), the United Kingdom (WARD; EVANS, 1976;
LEMON; WATSON, 2014), Slovenia (TRAVASSOS, 2019), and many other
countries (GUNN, 2004).

Limestone pavements are fascinating geological features that are
important for understanding chemical weathering and erosion proces-
ses in karst landscapes. They are often studied to gain insights into the
history and development of karst and the effects of geology and water
on rock dissolution. According to WILLIAMS (1966), VINCENT (2004) and
VERES (2010), limestone pavements develop in strata with a gentle slope
and their surface is divided into cracks called “grikes”. Kamenitzas and
karren commonly occur in these places.
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Figure 1: Location map of the study drea with the limits of the Serra da Bodoquena National Park.
Source: Elaborated by the authors.

Photo: Northernhenge Ingo Mehling

Figure 2: Examples of karst pavements. A) Karst pavement above Malham Cove, Yorkshire, England. B) Karst pavement located in Orton Scar, Cum-
bria, England. C) Karst pavement located in Slovenia. D) Karst pavement in El Torcal de Antequera, Spain.

106



19t International Congress of Speleology and 38° Congresso Brasileiro de Espeleologia - Belo Horizonte 2025 - Vol. II

2. Materials and methods

A comprehensive literature review on karst geomorphology was
conducted, specifically focusing on limestone pavements and exokarst
processes. Fundamental and contemporary works by authors such as
WILLIAMS (1966), VINCENT (2004) and VERES (2010) provided the theo-
retical basis for understanding dissolution processes and the formation
of grikes, kamenitzas, and karren in both tropical and temperate regions.

High-resolution satellite imagery was used to identify the area’s
surroundings. Direct observation, photographic documentation, and the
use of GPS and photogrammetry via Remotely Piloted Aircraft (RPA) to
collect the coordinates of key points of interest completed the fieldwork.

During the fieldwork, the main karst features associated with the
limestone pavement were identified and classified, including Grikes
(vertical fissures resulting from the dissolution of limestone), Kamenitzas

3. Results

The relief of the Serra da Bodoquena National Park (SBNP) region
is extraordinarily complex from an environmental perspective. The SW
region of Mato Grosso do Sul comprises four distinct morphostructural
domains, each subdivided into different geomorphological regions. As
defined by IBGE (2006), these subdivisions include: i) the Interior Qua-
ternary Sedimentary Deposits; ii) the Phanerozoic Sedimentary Basins
and Covers of the Parana River; iii) the Neoproterozoic Mobile Belts of
Central Brazil; and iv) the Neoproterozoic Cratons of the Midwest.

The region is located in the SW sector of the Tocantins Province,
where crystalline basement rocks, such as the Rio Apa Complex (southern
portion of the Amazon Craton), outcrop alongside Proterozoic terrains.
These include metavolcanic-sedimentary rocks of the Alto Tereré Meta-
morphic Association, the Acid Plutonic-Volcanic Suite of the Amoguija
Group and the Paraguay Fold Belt. The Coimbra Formation represents
Palaeozoic terrains, while the Serra Geral Formation and Sdo Bento
Group characterise the Mesozoic terrains. Lastly, the Pantanal Plain
is associated with significant Quaternary covers (GODOI et al., 2001;
SALZO, I.; MATOS, 2013).

According to Boggiani et al. (2008), the Serra da Bodoquena develo-
ped within the Bocaina Formation of the Corumba Group. The formation
of Corumba Group goes back to the fragmentation of the supercontinent
Rodinia between 580 and 540 million years ago, forming other landmas-
ses and oceans that led to the proliferation of primitive life forms. This
calcium carbonate sedimentation led to the formation of the Corumba

(surface depressions caused by localised dissolution processes), and
karren (grooves and irregular features shaped by the action of water
on the rock surface). The collected data were analysed qualitatively to
better understand local karstic processes’ dynamics.

The findings were compared to documented limestone pavements
in temperate and alpine regions, such as Malham Cove and Orton Scar
in England, El Torcal de Antequera in Spain, and other sites in Slovenia.
This comparison highlighted the limestone pavement’s uniquenessina
tropical environment, providing a broader global context for the study.

The methodology combined geospatial analysis, field observa-
tions, and comparative studies to comprehensively understand the
geomorphological processes shaping the limestone pavement in the
Serra da Bodoquena.

Group. The Paraguay Fold Belt emerged between 530 and 520 million
years ago when continental masses converged, folding the ocean floor.
The carbonate deposits of the Corumba Group were located on the ocean
floor, subsequently exposing the rocks to folding processes.

Regarding the possible glacial origin of the limestone pavement
described here, evidence of an Ediacaran (Vendian) glacial event has
been confirmed in Mato Grosso do Sul (GONZAGA, 2001). However, this
event occurred approximately 635 to 541 million years ago, during the
Neoproterozoic. Although visual indicators are comparable to features
described in other countries, studies on the carbonates of Serra da
Bodoquena (ALVARENGA & TROMPETTE, 1992) suggest a more recent
age than the aforementioned glacial event.

The region, located within the CLCP Geomorphological Unit (La-
byrinth and Polygonal Karst) (SALLUM FILHO, 2005; SALLUM FILHO;
KARMANN, 2007), exhibits fractures, corridors, depressions, and fluvial
valleys. The limestone pavement is characterised by common fractures,
corridors, and depressions (Figure 3) alongside flattened surfaces etched
by various types of karren (Figure 4).

This karst area could be considered a valuable natural laboratory
for scientific research: its unique environment provides a distinct pers-
pective for understanding geological and environmental processes (past
and present), natural cycles, and even climate change. The features,
such as karren, caves, and depressions, make it an essential subject of
study within a broader scientific context, addressing biodiversity and
geodiversity preservation and conservation.

Figure 3: General overview of fissures, corridors, and depressions on the Bodoquena Karst Pavement.
Photos: L.E.P. Travassos (2023)

107



19t International Congress of Speleology and 38° Congresso Brasileiro de Espeleologia - Belo Horizonte 2025 - Vol. II

4, Discussion

The study underscores the urgent need for the limestone pavement
areato be officially designated as an area of geological and geomorpho-
logical significance. Establishing such status would enable the implemen-
tation of appropriate regulations to control access and activities, ensuring
the preservation of its unique geological and environmental features.

A scientific monitoring program is recommended to continuously
evaluate the area’s condition and provide essential data for future research.
This would systematically track geomorphological and ecological para-
meters to understand ongoing processes and mitigate potential threats.

Educational programs and awareness are vital to fostering com-
munity involvement and visitor engagement in conservation efforts.
By developing structured educational activities and raising awareness
about the importance of karst, such an initiative can promote a culture
of environmental stewardship among local populations and tourists.

The study highlights the need for partnerships and funding to
enhance conservation efforts. The collaboration between research
institutions, non-governmental organisations, and funding sources will
be crucial for supporting protection measures and advancing scientific
investigations in the area.

The limestone pavements of high scientific and educational value

require immediate protection due to their critical role in understanding
Earth’s landscape evolution and environmental dynamics. These features,
formed through chemical weathering and erosion, provide invaluable
insights into ancient and modern geomorphological processes. Addi-
tionally, such features serve as habitats for various species, elucidating
the interaction between geodiversity and biodiversity and guiding
conservation efforts to protect fragile ecosystems.

Furthermore, limestone pavements hold significant clues to past
climatic conditions. Features such as glacial striations and weathering
patterns are essential paleoclimatic indicators, aiding in reconstructing
historical environmental changes. In the case of the Serra da Bodoquena
National Park “s pavement, the region’s burial under soil—rather than
glaciation—has facilitated rock dissolution and fracture widening, offering
a unique perspective on karst processes.

Finally, the study emphasises the vulnerability of limestone pave-
ments to human activities, such as poorly managed tourism, mining,
and agriculture. These pressures highlight the necessity of protective
measures to preserve thisirreplaceable geological heritage while contri-
buting to a broader understanding of landscape evolution, ecosystems,
and Earth’s geological and climatic history.

Figure 4: Details of the various types of karren on the surface of the Bodoquena Karst Pavement. A) Kluftkarren; B) Rillenkarren, Trittkarren, and ex-
posed subaerial karren; C) Mdanderkarren (meandering or sinuous karren); D) Rillenkarren, Trittkarren, and exposed subaerial karren; E) Elongated
kamenitza on the right side of the photo with sinuous karren.

Photos: L.E.P. Travassos (2023)

5. Conclusion

Theresearch emphasises the critical role of the limestone pavement
in Serra da Bodoquena National Park and the surrounding areas as a
critical asset for ecological preservation, scientific research, and educa-
tion. The karst formations serve as a unique natural laboratory, offering
insights into the climatic history, biodiversity, and geomorphological
processes, particularly in tropical environments where these structures
are less common.

The results emphasise the pressing necessity of officially safeguar-
ding this region by designating it as important to our Geoheritage. This
would guarantee the enforcement of essential regulations to protect its
geological and ecological integrity from the hazards posed by human
activities, such as poorly managed tourism, mining, and agriculture.

Itisimperative toimplement a comprehensive scientific monitoring
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program to monitor the condition of karst pavement and produce data
that willinform future conservation strategies and research. Additionally,
implementing education and awareness initiatives would encourage
community involvement and heighten visitors’ perceptions of these
distinctive karstic features, fostering sustainable utilisation.

Engaging in collaborative initiatives with academic institutions,
NGOs, and funding agencies will be essential to advancing knowledge
and guaranteeing the preservation of thisirreplaceable geological heri-
tage. This heritage is essential for understanding the Earth’s landscape
evolution, environmental dynamics, and biodiversity conservation.

Lastly, the investigation advocates establishing partnerships and
funding to bolster research and protection initiatives.
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Abstract

1. Introduction

Slovenia is well known for its karst landscapes, particularly in the
Dinaric Karst, which includes the classical Kras plateau and Alpine karst,
mainly in the Julian Alps. The study area (~32 km?), located northwest
of Rovte (Central Slovenia; Fig. 1), lies between these two major karst
regions. According to GAMS (2004) and MIHEVC et al. (2016), this tran-
sitional area belongs to the pre-alpine orisolated karst. The landscape
is characterized by rounded hills and plateaus with numerous closed
depressions, incised by narrow valleys. The highest point in the study
areais Vrh Svetih Treh Kraljev (Three Kings Hill) at 884 m a.s.l., while the
lowest point, at 486 m a.s.l, is in the Poljanska Sora valley.

The Rovte region belongs to the frontal areas of the Trnovo Nappe,
which represents the highest over-thrust of the Outer Dinarides in
western Slovenia. It is situated northeast of the regional right-lateral
strike-slip Idrija Fault (MLAKAR & CAR, 2009; CAR, 2010). Numerous
faults in this extensive tectonic zone intersect the study area, the most
significant being the Ravne Fault (Fig. 2). The lithology of the region
consists of alternating Middle Permian to Middle Triassic carbonates
and siliciclastics. The area’s geology is highly diverse and varies over
short distances, with belts and patches of various carbonate rocks
(dolomites, limestones, marly limestones and marls) interbedded or
laterally contact with clastic and siliciclastic rock formations (Fig. 2). A
detailed description of the lithology of the Rovte region is provided by
JOHNSTON et al. (2024).

Some caves in the study area, develop within the bedded Middle
Triassic (Anisian) dolomite (Fig. 2). The longest (904 m) and deepest
(73 m) cave within this unit is Mravljetovo Brezno v GoSarjevih Rupah
(MBGR). Significant occurrence of dedolomitization is present in this
studied site (OTONICAR et al., 2013, 2016).

The geological and geomorphological studies conducted in this
area aimed to identify the key relief features and morphostructural
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This study presents the structural and geomorphological characteristics of the Rovte area in Central Slovenia. The region belongs to the pre-al-
pine (isolated) karst and is situated in the transition zone between the Dinaric and Alpine karst. The karst landscape in this area has developed
in nearly latitudinal belts of Lower and Middle Triassic dolomites, limestones, and marly limestones, which are interbedded with sequences of
siliciclastic rocks. Closed depressions of various sizes and shapes are a common landform in both dolomites and limestones, with a moderate
to high doline density (40 dolines/km? in average). At the contact between marly limestones and dolomites, small-scale contact karst features
have developed. Several caves occur here; studied Mravljetovo Brezno v Gosarjevih Rupah (MBGR) is the second longest in the entire region.
Karst landforms and cave passages are primarily controlled by bedding planes dipping toward the S-SW, and by steeply dipping fractures and
meso-faults with a direction of NNE-SSW to NE-SW (NE-SW to NW-SE dominated in the MBGR cave). Higher-order N-S faults influence the alig-
nment of major cave passages, the direction of major axes of dolines, and the development of blind and dry valleys.

tendencies of the Rovte region. This region is characterized by hetero-
geneous carbonate lithology dominated by the contact between Lower
and Middle Triassic dolomites and limestones or marly limestones.
While the geomorphology of dolomite areas in Slovenia is well studied
(KOMAC & GABROVEC, 2004), karst development in dolomitized rocks
received less attention. This study highlights the specific karst features
of the dolomitesin the Rovte region, particularly the plateaus with a high
density and depth of dolines, as well as the presence of large caves and
small-scale contact karst.

1000

1500m

Figure 1: Location of the study area. a) hypsometric map based on the open
access digital elevation model (DEM) from the ARSO Geoportal, b) map of
Slovenia indicating the Rovte region (red box), c) the area of detailed mor-
phometric analyses of closed depressions, explanations in the text and in Fig.
3, d) the area of contact karst features shown in Fig. 4; MBGR - Mravljetovo
brezno v Gosarjevih rupah cave; I-I’- morphological section line shown in Fig.
7; A, B-sites of structural studies carried out on the surface, shown in Fig. 5.
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Figure 2: Geological map of the Rovte region (after JOHNSTON et al., 2024, modified). Location of caves after https://www.katasterjam.si/.

2. Materials and methods

Inthis study, we used a digital version of the geological map published
by JOHNSTON et al. (2024), which was superimposed on a high-reso-
lution digital elevation model (DEM) to visualize the geological context
and cave locations in the Rovte region. Analyses of digital data were
supplemented with geological and geomorphological field mapping,
and observations in caves.

Morphometric studies of the Rovte region were conducted using
open-source software - QGIS version 3.28.14 and SAGA GIS 7.8.2. The
analysis was based on 1 x 1 m DEM obtained from the ARSO Geoportal
(https://gis.arso.gov.si). Using this DEM, key morphometric characteristics
of the study area were derived. For the analysis of closed depressions,
arepresentative area of 11.38 km? was selected (see in Fig. 1). The deli-
neation of dolines and other karst depressions was performed using the
automatic Closed Depressions module within the Basic Terrain Analysis
algorithm in SAGA GIS. Morphometric parameters and indices were
calculated for allidentified closed depressions, following the methodo-
logy presented in VERBOVSEK & GABOR (2019), and summarized by DE
WAELE & GUTIERREZ (2022). For non-circular depressions, orientation
was assessed by determining the azimuth of the major axis. Using the

3. Results and discussion

The geological structure of the study area is complexdue toiits loca-
tion in the frontal part of the Outer Dinarides over-thrust zone (Trnovo
Nappe) and within the Idrija Fault zone. The area consists of carbonate,

m

Distance Matrix tool, as described by VERBOVSEK & GABOR (2019). The
directions of depression elongation were then analyzed using the Line
Direction Histogram plug-in for QGIS and presented in a rose diagram.

Structural analysis was conducted in natural outcrops and road
cuttings in the gorge of GoSarjev graben (west of the MBGR cave), in the
Hlevnivrh quarry, and within the MBGR cave itself (Fig. 1). These studies
focused on the geometric, kinematic, and dynamic analysis of minor
tectonic deformation structures, including fractures, meso-faults with
associated surface structures and kinematic indicators, and veins. The
study primarily involved the geometric analysis of mesoscale structures,
to assess the relation between their morphology, spatial orientation, and
superpositional age. More than 1,500 structural orientation measurements
were collected using a Freiberg biaxial geological compass. The data is
visualized using structural diagrams (point plots, great circles and con-
tour stereoplots) in an equal-area Lambert-Schmidt projection on the
lower hemisphere, generated with SpheriStat software (STESKY, 1998).
Additionally, rose diagrams were used to illustrate the strike direction
of fractures measured in surface outcrops.

clastic, and siliciclastic formations ranging from the Middle Permian to
the Middle Triassic (Fig. 2). The detailed lithological characteristics of
the stratigraphic units are discussed in JOHNSTON et al. (2024), which
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integrates data from previously published maps and reports (MLAKAR
& CAR, 2009; CAR, 2010) with recent geological mapping (OTONICAR

Major axes of closed depressions

[ Closed depressions

etal., 2016).

Figure 3: Closed depressions in the Rovte region. a) orientation of the major axes of closed depressions with diagram of their main directions, b)
doline in the Middle Triasic (Anisian) dolostone, c) shallow closed depression in the Lower Triassic (Olenekian) marly limestone.

The central part of the study area is dominated by thick or indis-
tinctly bedded Middle Triassic (Anisian) dolomites (Fig. 2), although the
lithology of individual stratigraphic units is not homogeneous. Many
transition zones exist between lithological types. These outcrops cover
nearly 7 km? (21.3% of the total area). The lithology of this stratigraphic
unit is dedolomitized. Indeed, it is noticeable, that the MBGR cave and
other smaller caves are developed this unit. The surface is densely
covered with dolines. The dolomite belt is bordered to the North by
an extensive zone of Lower Triassic (Olenekian) marly limestones (4.5
km?, 14.0%), while a much smaller area is occupied by bedded Lower
Triassic (Olenekian) dolomites (3.7 km?, 11.5%), forming a belt in the
northern part of the study area. The only known cave within this unitis
Jama pri Sv. Treh Kraljih (769 m long, 70 m deep), whose entrance was
discovered during a tunnel construction (MIHEVC, 1991). A narrow belt
of Middle Triassic (Ladinian) thick limestones (0.6 km?) is located in the
central part of the Rovte region (Fig. 2). Few caves are known in this
unit, the largest and most famous being Matjazeve Kamre (300 m long,
14 m deep) (MIHEVC, 1989).

The primary karst surface in the study area are dolines. Such morpho-
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logies are concentrated in both dolomites and limestones rocks. Using
the Closed Depressions algorithm in SAGA GIS, 447 closed depressions
were identified within area underlain by different carbonate rocks.
The majority are dolines of various size and circularity. Of these, 425
have an area of <5,000 m? and were included in further analyses. The
remaining larger depressions likely consist of multiple interconnected
smaller ones. The density of closed depressions classified as dolines
is approximately 40 dolines/km?, classifying the area in the moderate
(10-40) to high (40-70) doline density class, following the classification
of FAIVRE & PAHERNIK (2007). Most of the closed depressions (n=365)
are located in thick Middle Triassic (Anisian and Ladinian) limestones
and dolomites. The largest depressions are located in marly limestones
within the belt, North of the Anisian dolomites (Figs. 2 & 3).

The average area of all identified closed depressions is 1,737.9 m?.
The depth of depressionsis up to 26.9 m, with an average depth of 4.5 m.
The circularity ratio indicates that many depressions have an elongated
shape, with an average index value of 0.83, significantly lower than the
index value of a circular depression (e.g. circularity = 1). The study area
contains depressions of various shapes, including 81 nearly circular forms
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(circularity > 0.95), primarily developed in Lower and Middle Triassic
dolomites. Excluding these circular dolines, direction parameters were
determined for the remaining 354 ones. The dominant direction of their
longest (major) axes is N-S (Fig. 3a).

Small-scale contact karst has developed at the interface between
marly limestones and dolomites. This is evidenced by a blind valley
terminating at a ponor below a permanent spring. Approximately 200
m downstream of the ponor zone, a 9 m deep shaft is developed in
the dolomites (Fig. 4). Additionally, the dry valleys, with their mouths
located above the bottom of the Gosarjev graben stream North of the
MBGR cave (Fig. 2), likely represent remnants of former blind valleys
that were incised by stream erosion.

Structural measurements taken at the Hlevni vrh quarry indicate
monotonous bedding planes, dipping moderately to steeply toward the
S-SW (Fig. 5a). Amore complex setting was observed in the gorge, where
bedding planes range from sub-horizontal to sub-vertical, dipping both
South and North (Fig. 5b). Despite these variations, the fractures and
meso-faults generally exhibit a consistent pattern, with a predominance
of steep structures with NNE-SSW to NE-SW-direction.

Within the MBGR cave, bedding planes dip gently to moderately
toward the S-SW, similar to the direction observed in the Hlevni vrh
quarry. Thistrend remains consistent across all cave levels (Fig. 6a). Most
observed fractures and meso-faults are steeply to vertically dipping, with
two predominant strike orientations: NE-SW and NW-SE, though N-S and
NNE-SSW directions are also common (Fig. 6b). A particular summary
of the structural conditions of the relief and karst of the central part of
the Rovte region is the context presented in the cross-section in Figure
7 (location in Fig. 1).

permanent spring

7
& ponor

(f\ shaft

Figure 4: Small-scale contact karst in the Rovte region (for location see Fig.
1). a) map showing geomorphological features on the contact between
Lower Triassic (Olenekian) marly limestone and Middle Triassic (Anisian)
dolostone (for explanation of lithology and stratigraphy see Fig. 2), b)
short blind valley, c) shaft.
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Figure 5: Rose diagrams showing the strike orientation and number of
fractures (at orientation intervals of 10 degrees) and the lower-hemisphere

equal area projections of bedding for (a) Hlevnivrh quarry (blue diagrams,
Ain Fig. 1) and (b) Gosarjev graben gorge (green diagrams, B in Fig. 1).
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Figure 6: Spatial orientation of bedding (a) and brittle meso-structures,
including fractures and faults (b), in the Mravljetovo Brezno v GoSarjevih
Rupah cave (MBGR). Stereoplots, projected onto the upper hemisphere,
were generated using SpheriStat software (STESKY, 1998).
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Figure 7: Morphological profile (I~ in Fig. 1) showing structural trend of
the studied area. Profile generated from 1 m digital elevation model (DEM)
from the ARSO Geoportal. The cross-section of the cave is approximate.
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4, Conclusion

The geomorphological setting and cave development in the Rovte
region are influenced by the occurrence of alternating narrow belts of
dolomite (up to several hundred meters wide), marly limestone, pure
limestone (to a lesser extent), and siliciclastic rocks, which are dissected
by faults associated with the Idrija Fault zone. Karst landforms and the
passages of the Mravljetovo Brezno v Gosarjevih Rupah (MBGR) cave are
controlled by bedding planes that dip moderately to steeply toward the
S-SW, as well as by steeply dipping structures (fractures and meso-faults)
with a NNE-SSW to NE-SW direction on the surface and a NE-SW to NW-SE
direction within the cave.
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1. Introduction

Alunul Mare Valley - Onceasa Plateau - Somesul Cald Valley is one of
theimportant karst areas of Romania. Itincludes 4 long caves: the Avenul
cu Vaca - Cerbului Cave System (6,212 m total length), Izbucul Alunului
Mare Cave (3,109 m total length), Coltului Cave (3,526 m total length)
and Pepii Cave (1,000 m total length). Another 12 smaller caves arein the
same area, comprising a total of 14,269 m galleries. The deepest cavesin
the area are the Coltului Cave, -167 m and the Avenul cu Vaca - Cerbului
Cave System, -124 m. The karst in the Alunul Mare - Onceasa - Somesul
Cald areaisatypical alpine karst of the Romanian Western Carpathians,
both by the high altitude and the specific forms of relief. The caves
were initially formed epiphreatic, then were remodeled vadose. The
upper entrances also suffered the influence of gelifraction, one upper
entrance, Avenul cu Vaca, still has a relatively large underground glacier.
The fact that the Onceasa Plateau is relatively close to the deep valley
of Somesul Cald, but also due to the fact that the Alunului Mare Valley
goes directly to the Onceasa Plateau, did not allow the organization of
a unique underground drainage. And thus three major drainages were
formed in the area: Onceasa Plateau - Izbucul Alunului Mare Cave, Avenul
cu Vaca - Cerbului Cave - Alunul Mare Valley and Coltului Cave - Pepii
Cave. All the caves in the area were formed on faults and diaclases on
two main directions: NE-SW and respectively NW-SE. Especially on the
first direction the underground courses were organized.

The first exploration in this karst area, in the Pepii Cave, was under-
taken by H. Roth in 1938, who explored approximately 300 m (VALENAS et
al.1977).1n 1975-1978 L. Valenas, G. Drimba, N. Pauland N. Sasu mapped
the underground river in the Pepii Cave (VALENAS 1976, 1978a, 1978b,
2022). Coltului Cave, which is the upstream continuation of Pepii Cave,
was discovered in 1988 by C. Melnic, O. Guja and D. Croitoru from the
Speleological Club ,,Politehnica” of Cluj- Napoca. The Izbucului Alunului
Mare Cave was discovered by L. Valenas and H. Mitrofanin 1977 and it was
explored only 11 m to an open sump. He was passed in 1986 by cavers

2. Materials and methods

The caves were surveyed before the year 2000 with Bézard or
Sport 4 compasses, hip-chain and inclinometer, and after the year 2000
with DistoX. Cave entrances and karst springs were positioned with a
Garmin 62s GPS. The geological map of Romania, Poiana Horea sheet,
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3) George-Emil Ples, Universitatea Babes-Bolyai, Departamentul de Geologie, Cluj-Napoca, george.ples@ubbcluj.ro
Clubul de Speologie ,,Politehnica” Cluj-Napoca, matei.speopoli@gmail.com

of the Speleological Club ,,Politehnica®, including S. Patras, C. Dobre, V.
Grecu, M. Morarescu and O. Guja. In the years 1999-2001, together with
cavers from GSM Grenoble, a system of fossil galleries was discovered,
which led to the development of the cave to more than 3 km. Avenul cu
Vaca was discovered by L. Valenas and I. Kévari in 1984, being explored
up to -25 m, where a squeeze in the ice stopped the descent into depth.
The Cerbului Cave was discovered in July 1988 by G. Fratila, M. Gligan, C.
Voda and B. Ashbrook from the Speleological Club ,Politehnica”, which
maped more than 3 km of galleries. After 1992, together with cavers
from GSM Grenoble, the final halls are discovered and the junction with
Avenul cu Vaca is made, 1994.

Figure 1: Location of the Bihor Mountains (in white circle)
in Romania.

IGG publishing house (BLEAHU et al. 1980) was used as the geological
base. The marking of two water losses from Poiana Onceasa was done,
for each loss, with 500 g of fluorescein. Fluorescein was observed in
springs visually. A LiDAR model was also used for the Onceasa Plateau.
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3. Results

Almost all the caves in the area are developed in Upper Jurassic
limestone (Oxfordian-Tithonian). They are bioclastic limestones (BLEAHU
et al. 1980). Only Coltului Cave is, at least partially, also in Lower Creta-
ceous (Barremian-Aptian) lime- stone. Faults and diaclase are arranged
in a ,checkerboard®, on two main directions: NE-SW and respectively
NW-SE. The caves were formed in epiphreatic regime, the horizontality
of the underground course support this hipothesis. Later, relatively re-
cently, it was remodeled vadose. The horizontality of the underground
streams of the main caves in the area was influenced by the proximity
of the base level represented by the Somesul Cald valley.

Pepii Cave.

The entrance to the caveis on the left slope of Somesul Cald Valley, at
10 mrelative altitude and at 1110 m altitude absolute, a few meters from
the forest road going up from Ic Ponor towards the springs of Somesul
Cald. Theriverunderground that emerges from the cave forms beautiful
small waterfalls before converging with the waters of Somesul Cald
Valley. The main entrance is modest in size (3.5 m width, 2.5 m height)
and gives access to a well-lit room, thanks to two natural windows. The
underground course uses a unique, relatively small, highly meandering
sectioned 2/3 m. The water mirror is from the wall in wall, forming a
splendid winding lake, almost 450 m long. The streams often meander
at right angles, caused by the successive passage along the two main
directions of tectonic cracking, NE-SW and NW-SE. The cave has a total
length of 1,000 m and VR +40 m (VALENAS 2022).

Coltului Cave.

The cave is fairly straight, oriented NE-SW, on an extend of 1,189 m.
The cave is located 80 m above the Pepii Cave. The entrance to the cave
is very modest, 3 m wide, 1 m high. After the entrance there is a larger
hall. At the end of the entrance hall (40 m x 15 m), you reach a 15-meter
pit, at the base of which the underground river appears. The gallery has a
clear profile on the diaclase, up to 15 m highand 1.5-3 m wide. Above the
upstream terminal sump, after climbing, a network of wells and parallel
galleries was discovered, without succeeding in overcoming the sump.
The upstream terminal sump was dived for only 30 m, with a maximum
depth of 15.5 m. The downstream sump has an extension of 73 m and a
restriction has until now prevented the direct junction with the Pepii Cave.
The cave has a total length of 3,526 m and a depth of -167 m.

The Avenul cu Vaca - Cerbului Cave System.

This underground system is quite straight (extend 1,050 m) and
also oriented in the NE-SW direction. The upstream entrance is Avenul
cu Vaca, which starts from a large sinkhole and after three verticals
of 15 m, 30 m and 25 m you reach a room with a permanent glacier.
Through a very narrow gallery one descends to the main gallery, where
an underground river flows. The gallery is generally wide, up to 30 m
high. After passing an open sump, you reach the downstream terminal
sump, which could not be explored. Cerbului Cave has an entrance from
a collapse sinkhole, located in an area where limestones appear under
non-karstifiable rocks. This entire underground system has a total length
of 6,212 m and a depth of -124 m.

Quaternary deposits (slope scree
and fluvial sediments)

Upper Cretaceous (limestones,
sandstones, marls and volcanoclastic
deposits)

Lower Cretaceous (Barremian-Aptian)
- Bioclastic limestones with rudists
(Urgonian-type facies)

Upper Jurassic (Oxfordian-
Tithonian) - Bioclastic limestones

Middle Jurassic
(carbonate rocks)

Lower Jurassic (Hettangian-
Sinemurian) - Sandstones and
clays (Gresten-type facies)

Middle-Upper Triassic (Anisian
dolomites, pelagic limestones
and Wetterstein-type carbonates)

Upper Cretaceous-Paleogene
igneous rocks

Thrust nappe
Faults
Sinkholes

QOutlet (ponors)
Karst springs
Proven drainage
Presumtive drainage

Pestera Pepii
Pestera Coltului
Pestera Alunului Mare

Avenul cu Vaca - Pestera Cerbului

Figure 2: Geological and hydrogeological map of the Alunul Mare-Onceasa-Somesul Cald area, modified by George-Emil Ples and Liviu Valenas
according to the geological map 1 50000, sheet 56b (Poiana Horea, BLEAHU et al. 1980). 1: Pepii Cave; 2: Coltului Cave; 3: Izbucul Alunului Mare Cave;
4: Avenul cu Vaca - Cerbului Cave System; 5-6: ponors in Onceasa Plateau; 7: springs in Alunul Mare Valley; 8: spring in Somesul Cald Valley.
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I1zbucul Alunului Mare Cave.

The cave has two entrances, one through the spring. The upper
entrance, rather narrow, opens into a deep sinkhole located on the right
slope of the Alunului Mare Valley. After a few meters, the water course is
intercepted, and continues through a low gallery through which it enters
a large gallery. Downstream (to the left) the gallery continues upward
and then closes, but continues slightly upward to the right, having a
parallel path and above the water course. After about 800 m the sound of
water can be heard again and through a jump of about 4 mitis possible
to reach the water course again, a few meters downstream of the open
sump, 64 m long, After this open sump, the upstream terminal sump is
reached, explored over a length of 55 m, with a maximum depth of -9.5
m. In the terminal sector, a 10 m vertical climb leads to a maze made up
of fossil galleries and several smaller halls. The cave has a total length
of 3,109 m, VR: 89.1 m (+71.6 ; -17.5), extend 478 m.

The Onceasa Plateau is located in the north of the studied area, on
the border with the igneous rocks of the Vladeasa massif. The Onceasa
Plateauis partially covered by quaternary deposits. The Quaternary terrain
has numerous suffosion sinkholes. Onceasa is not a polje, nor a closed
basin, but a relatively horizontal karst plateau instead. At the boundary
between the volcanic rocks or the Werfenian sandstones, several small
surfacevalleys are lostin typical ponors. Many of them areimpenetrable.

The plateau is full of sinkholes, some of them large. In a few places, the
alignment of the sinkholes in the uvalas can be observed. In the western
part of the plateau, in a wooded area, there are beautiful karst lakes in
suffosion sinkholes. Until now, only 5 small caves havebeen explored in
the Onceasa plateau (VALENAS 1978), with the exception of the Avenul
cu Vacd, which continues with the Cerbului Cave..
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Figure 3: The plan and the longitudinal section in the Pepii and Coltului
caves (cartography by the Politehnica Caving Club and Liviu Valenas).
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4, Discussion

The Izbucul Alunului Mare Cave, the Avenul cu Vaca - Cerbului
System and the Coltului Cave - Pepii Cave system have relative ly high
flow underground rivers. The underground river in the Avenul cu Vaca
- Cerbului Cave system could not be explored until the ressurgence,
which are two springs, located 396 m in a straight line upstream of the
Alunul Mare Valley. What is not known even to this day is the origin of
these underground courses. It is more likely that the waters come from
the Onceasa Plateau, from several ponors located there. In 1984, Liviu

5. Conclusion

The karst in the Alunul Mare - Onceasa - Somesul Cald area is a
typical alpine karst of the Romanian Western Carpathians, both by the
high altitude and the specific forms of relief. The fact that the Onceasa
Plateau is relatively close to the deep valley of Somesul Cald, but also due
to the fact that the Alunului Mare Valley goes directly to the Onceasa Pla
teau, did not allow the organization of a unique underground drainage.
And thus three major drainages were formed in the area. The age of the

ponors located in the eastern part of the Onceasa Plateau, but, Valenas
and luliana Kévari identified a ponor in the western part of the Onceasa
Plateau, and it seems to be at the origin of the underground river in the
Izbucul Alunului Mare Cave. In 1991, two injection tests with fluorescein
were carried out in two surprisingly, fluorescein appeared after only a
few hundred meters in small springs in the Onceasa Valley (SILVESTRU
et al. 1998, ORASEANU 2020).

karstand endokarstin the areais recent. We appreciate that in the Lower
Pleistocene, early phreatic drainages began to be organized. But only in
the Middle Pleistocene we can talk about the formation of some caves,
atfirstin epiphreatic regime and then vadose remodelled. Therelatively
recent age of the endokarst from Alunul Mare Valley - Onceasa Plateau
- Somesul Cald Valley can be found in all the Romanian Carpathians.

Figure 5:

Figure 6: Pepii Cave, the main gallery (photo Ovidiu Guja,
assistant Dan Bogdan, August 2013).
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Figure 7: Izbucul Alunului Mare Cave, the main gallery (photo
Ovidiu Guja, assistant Daniel Stefdnescu).
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Figure 8: Avenul cu Vacd, the vertical entrance (photo Matei
Cristian, June 2024).

Figure 9: Cerbului Cave, the vertical entrance, photo
Ruxandra Bocos, June 2024).

Figure 10: Onceasa Plateau and Alunul Mare Valley with a LIDAR model. In the upper part, with red color, is the volcanic massif
Vlddeasa. There are many sinkholes and ponors in the Onceasa karst plateau.
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Figure 11: Poiana Onceasa, Network of the Three Potholes,
plan and the longitudinal section (cartography by Liviu Valenas).
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Figure 13: Izbucul Alunului Mare Cave, the vertical entrance,
(photo Ovidiu Guja).
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Resumo

Regides com afloramentos continuos de rochas carbondticas desenvolvem carstes cuja interagdo superficie-subsuperficie domina a morfogé-
nese regional, enquanto que regides com afloramentos descontinuos de carbonatos alternados por litologias menos soldveis desenvolvem
carstes fragmentados de morfogénese multivariada. Este trabalho analisa a distribuicdo espacial e os tamanhos dos afloramentos de meta-
calcério na regido da Reserva Legado Verdes do Cerrado, entre o Planalto Central e a Depressdo do Alto Tocantins, sobre orégeno Neopro-
terozdico, no Centro-Oeste Brasileiro. O padréo de distribuicdo dos afloramentos foi obtido por geoprocessamento, a partir das unidades
de metacalcarios mapeadas (1:500.000), disponiveis na plataforma do Servigo Geoldgico do Brasil (https://geosgh.sgb.gov.br/) representado
pelo mapa de isovalores dos tamanhos dos afloramentos. Destacou-se uma camada vetorial dos afloramentos, com o valor de area, transfor-
mando os poligonos em pontos, para interpolar pelo Inverse Distance Weight, gerando uma superficie continua de valores discretos. A anélise
revelou que os afloramentos sdo dispersos e de extensdo pequena em comparacdo com outros carstes de Goias. Afloramentos entre 0,2 e 2,4
km2 compreendem 78% da area, cuja distribuicdo espacial decorre dos corpos metasedimentares lentiformes descontinuos e deformados
do ordégeno da Faixa Brasilia da Provincia Tocantins que regionalizou as zonas de cisalhamento e os dobramentos, organizando a distribuicdo
dos metacalcarios.

Abstract

Regions with continuous outcrops of carbonate rocks develop karsts whose surface-subsurface interaction dominates regional morphogene-
sis, while regions with discontinuous carbonate outcrops alternating with less soluble lithologies develop fragmented karsts with multivariate
morphogenesis. This work analyzes the spatial distribution and sizes of metalimestone outcrops in the Legado Verdes do Cerrado Reserve
region, between the Central Plateau and the Alto Tocantins Depression, on the Neoproterozoic orogen, in Central-West Brazil. The distribution
pattern of the outcrops was obtained by geoprocessing from the mapped metalimestone units (1:500,000), available on the Brazilian Geolo-
gical Survey platform (https://geosgb.sgb.gov.br/) represented by the isovalue map of the outcrop sizes. A vector layer of the outcrops was
highlighted with the area value transforming the polygons into points to interpolate by the Inverse Distance Weight, generating a continuous
surface of discrete values. The analysis revealed that the outcrops are dispersed and of small extension compared to other karsts in Goids,
Brazil. Outcrops between 0.2 and 2.4 km2 comprise 78% of the area, whose spatial distribution results from discontinuous and deformed len-
tiform metasedimentary bodies of the Brasilia Belt orogen of Tocantins Province which regionalized the shear zones and the folds, organizing
the metalimestone distribution.

1. Introducao

Os terrenos carsticos sdo tradicionalmente reconhecidos por um
relevo endémico associado a um sistema subterraneo, ambos resultantes
do dominio da dissoluc3o de rochas soldveis (GUTIERREZ et al., 2014;
FORD & WILLIAMS, 2007). Embora seja admitido carstes sobre rochas
pouco sollveis, este trabalho aborda os terrenos carsticos sobre rochas
carbonaticas aflorantes e subsuperficiais em clima tropical imido sa-
zonal, no Cerrado do Centro-Oeste do Brasil.

Travassos (2019, p. 19) destaca a importancia em se distinguir os
terrenos carsticos sobre ocorréncia continua de rochas carbonaticas dos
de ocorréncia descontinua, visto que boa parte da populagdo mundial
ocupa esses terrenos e faz uso dos seus recursos. Para além disso, em
razdo do predominio da dissolugdo geoquimica sobre os processos
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mecanicos, regides com afloramentos continuos de carbonatos de-
senvolvem terrenos carsticos cuja interacdo superficie-subsuperficie
domina a morfogénese da paisagem. Por outro lado, regides com
afloramentos descontinuos de carbonatos, alternados por sucessivas
litologias menos soltveis, desenvolvem terrenos carstico igualmente
descontinuos (KLIMCHOUCK & FORD, 2000 apud FERREIRA & UAGODA,
2019), resultando em paisagens regionais de morfogénese multivariada.

Terrenos carsticos descontinuos ocorrem na transi¢do do Planalto
Central Brasileiro para a Depressado do Alto Tocantins, no norte do es-
tado de Goias, area nuclear do Cerrado Brasileiro (ROCHA et al., 2022),
entre a cidade de Niquelandia e o ndcleo urbano de Assuncdo de Goids
(distrito do municipio de Vila Propicio). A descontinuidade dos terre-
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nos cérsticos naquela regido estd condicionada aos afloramentos de
lentes de metacalcarios da sequéncia ritmica pelito-carbonatada do
Grupo Paranoa (MOREIRA et al. 2008). Ao mesmo tempo, essas lentes
constituem aforamentos com dreas restritas, apresentando pareddes e
macicos carbonaticos exumados que desenvolvem fei¢des superficiais
residuais como mogotes, humes e elevagdes ruiniformes, abundantes em
feicbes de dissolugdo como campos de lapias ou karrens (rillenkarren,
wandkarren e schichtfugenkarren) e pinaculos (spitzkarren). Muitos
destes macigos carbonaticos apresentam cavernas registradas no Ca-
dastro Nacional de Informagdes Espeleoldgicas (CANIE-CECAV/ICMBio).
Posicionada no interior dessa regido, esta o Legado Verdes do Cerrado
(LVC); uma reserva privada de desenvolvimento sustentavel de Goias,

2. Materiais e Métodos

Adrea de estudo compreende a uma quadricula entre os paralelos
14°04’S e 15°16’S e os meridianos 48°09'W e 48°52’W (Figura 1). Essas
coordenadas permitiram posicionar o centro geométrico do limite territo-
rialdo Legado Verdes do Cerrado (LVC) préximo ao centro da quadricula,
abrangendo a maior quantidade de afloramentos circunvizinhos das
lentes de metacalcarios da regido.

Integrante da Provincia Geotectdnica Tocantins/Faixa Brasilia,
o Grupo Paranod é uma sucessdo psamo-pelitica Mesoproterozdica
(1350 a 950 Ma) com participacdo frequente de rochas carbonaticas,
que se estende pela drea nuclear do Cerrado Brasileiro, desde o Distrito
Federal até o sul do Tocantins. Na area do estudo em questéo (Figura
1), predomina a Gltima unidade dos megaciclos deposicionais (Unidade

735000.000 770000.000

da Companbhia Brasileira do Aluminio (CBA) e Reservas Votorantim. O
LVC conta com 13 cavernas cadastradas no CANIE-CECAV/ICMBio até
o momento, identificadas em litologias carbonaticas com o apoio do
Pequi Espeleogrupo de Pesquisa e Extensdo durante a realizacdo dos
projetos de pesquisa: i) Solos do Carste eii) Espeleologia e biodiversidade
no Legado Verdes do Cerrado entre 2019 e 2024 (CANIE-CECAV/ICMBio
2024; BRANDAO & MOMOLI, 2022; MIRANDA et al., 2022).

Este trabalho tem por objetivo apresentar a distribui¢do dos aflora-
mentos carbondticos no LVC e arredores, e compreender a distribuigdo
regional dos tamanhos das areas dos respectivos afloramentos. Os
resultados contribuem para a defini¢do da tipologia do carste regional
e a participacdo da carstificagdo na morfogénese da paisagem.

4) do Grupo Paranoda (MPpa4), com sucessdes ritmicas de metargilitos,
ardésias, filitos carbonosos e quartzitos. Por entre estas sucessdes,
ocorrem lentes de metacalcérios (MPpa4cc) e de marmores e dolomitos
(MPpa4mm) (MOREIRA et al. 2008). As condigdes dos ambientes deposi-
cionais e da paleotopografia do assoalho submerso produziram corpos
rochosos lenticulares descontinuos lateralmente. Os subsequentes Ciclos
Orogénicos Brasilianos (do Neoproterozdico ao Siluriano) causaram do-
bramentos, acavalamentos, soerguimentos e metamorfismos regionais,
reposicionando as lentes de metacalcarios em dire¢Ges variadas e mer-
gulhos elevados (SERAINE et al., 2021). “Arelativa estabilidade tectonica
subsequente favoreceu os ciclos denudacionais, que acentuaram as
descontinuidades espaciais” dos metacalcarios (ZANCOPE et al. 2023).

Niquelandia
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Figura 1: Localizagdo da drea de estudo e das unidades geoldgicas regionais. Fonte dos dados: Moreira et al. 2008 e SGB/CPRM-GeoSGB

0 contexto geomorfoldgico compreende um planalto largamente
entalhado e depressGes intermontanas entre a borda ocidental da
Chapada do Alto Rio Maranhdo (900 a 1000 m de altitude) e a Depres-

sdo do Alto Tocantins (700 a 800 m de altitude). As serras e montanhas
estdo frequentemente alinhadas paralelamente entre si ou com os vales
fluviais estreitos e profundos. Esses alinhamentos e paralelismos sao
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condicionados pela sequéncia estratigrafica das unidades litolégicas e
pela atitude das camadas de rocha (ZANCOPE et al. 2023), cuja direcdo,
sentido e intensidade de mergulho sao resultantes dos esforcos oroge-
néticos Brasilianos (SERAINE et al., 2021). Nesse arcabouco litoestrutural
é frequente a presenca de combes e hogbacks em flancos de dobras.
Mogotes, humes e macicos ruiniformes emergem topograficamente
no interior dos vales entre os hogbacks e combes pela exumacao das
lentes de metacalcérios das porgdes centrais das antiformas (ZANCOPE
etal., 2023).

Para o desenvolvimento do trabalho, primeiramente, foram obtidos
dados georreferenciados das unidades geoldgicas (1:500.000), de elevacdo
(MDE) e hidrograficos para o recorte espacial da quadricula escolhida
como area de estudo (Figura 1), a partir das plataformas digitais do
Servigo Geoldgico do Brasil (https://geosgb.sgb.gov.br/), Copernicus
Europe’s eyes on Earth (https://www.copernicus.eu/en) e IBGE (https://

3. Resultados

A partir dos dados disponiveis na plataforma digital do Servico
Geoldgico do Brasil (CPRM-GeoSGB) foi possivel identificar 106 poligonos
correspondentes aos afloramentos de metacalcarios (Mppa4cc) da Uni-
dade 4 do Grupo Paranoa (Mppa4) para o recorte de aproximadamente
8.896,7 km2 da area de estudo. Embora totalize uma drea de 391,4 km2,
a soma dos afloramentos ndo revela as caracteristicas dos terrenos ca-
rsticos da regido estudada. A diversidade de tamanhos e a distribuicdo
dos afloramentos s&o as propriedades morfométricas mais relevantes.

Os afloramentos de metacalcarios (MPpa4cc) apresentam uma
variagdo muito elevada de tamanhos (Figura 2). O maior afloramento
alcanga 94,5 km2, sendo 2,8 vezes maior que o segundo maior, com 33,4
km2. Por outro lado, o menor afloramento, conforme a base de dados,
ndo ultrapassa 0,084 km2 (8,4 ha). A Figura 2-A destaca que 78% dos
afloramentos apresentam entre 0,2 a 2,4 km2.

Adistribuicdo de frequéncia dos tamanhos dos afloramentos apre-
senta uma distorgdo muito elevada. A média (3,7 km2) é excessivamente
maior que a mediana (1,1 km2), que é maior que a moda (0,38 km2 ; 38
ha), revelando uma assimetria positiva de alto grau. Os afloramentos
de até 1 km2 dominam 47% da area de estudo, enquanto que entre 1
e 2 km2 constituem 29% dos afloramentos. Os afloramentos entre 5 e
100 km2 comp&em 9,6% da drea de estudo, os quais somam apenas 10
afloramentos (Figura 2-B). A concentracdo leptocurtica e a assimetria
muito elevada, com a cauda a direita muito longa da curva de distribuigdo
permitiram agrupar os afloramentos de tamanho maior na tltima classe
para melhor representar sua distribuicao (Figura 2-B).
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Figura 2: Distribui¢do da frequéncia das dreas dos afloramentos de
metacalcdrios (MPpa4cc). Fonte dos dados: Moreira et al. 2008 e SGB/
CPRM-GeoSGB. Elaboragdo: os autores, 2024.
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www.ibge.gov.br/), respectivamente. Em seguida, em ambiente SIG, foi
destacada uma camada vetorial (SIRGAS 2000, UTM, Zona 22S) para os
afloramentos das lentes de metacalcarios (MPpa4cc) da Unidade 4 do
Grupo Paranod, permitindo determinar a area (km2) do poligono de
cada afloramento mapeado pela base de dados.

Para encontrar o padrao espacial dos afloramentos das lentes de
metacalcarios (MPpa4cc) do Grupo Paranoa, foi elaborado um mapa
de isovalores da distribuicdo dos tamanhos das areas dos respectivos
afloramentos. Para tanto, os poligonos dos afloramentos de MPpa4cc
foram transformados em pontos, cada qual com o respectivo valor de
area. A partir disso, aplicou-se o interpolador da média ponderada

pelo inverso da disténcia (Inverse Distance Weight -

IDW), que atribui

maiores pesos para as amostras mais proximas, gerando uma superficie
continua baseada em valores discretos (APARECIDO et al., 2022; SOUZA

& CAVALCANTI NETO, 2019)

Além dos tamanhos, a distribui¢do espacial dos afloramentos
também é importante para compreender a ocorréncia dos terrenos
carsticos na drea de estudo. A Figura 3 mostra que a distribui¢do dos
afloramentos de metacalcarios (MPpa4cc) esta contida no interior da
area das exposi¢des da Unidade 4 (ultimo megaciclo) do Grupo Paranoa
(MPpa4) no recorte da regido estudada. Lembramos que esses meta-
calcérios constituem o litotipo responsével pelo desenvolvimento dos
terrenos carsticos, com mogotes, humes e macigos ruiniformes, ricos
em fei¢des de dissolucdo, como lapias e pinaculos.
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Figura 3: Distribui¢do dos afloramentos de metacalcdrios (MPpa4cc).
Fonte dos dados: Moreira et al. 2008 e SGB/CPRM-GeoSGB.
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Outros aspectos relevantes sdo a dispersado espacial e a descontinui-
dade dos afloramentos dos metacalcérios. A Figura 3 permite perceber
trés agrupamentos principais dos afloramentos de metacalcarios na
area de estudo. O primeiro grupo forma uma zona posicionada na por-
¢do centro-sul da area de estudo. O segundo grupo ocorre na por¢do
intermediaria da area de estudo, constituindo uma faixa com direcédo
preferencial NE-SW, aproximadamente. O terceiro grupo ocorre na por¢ao
norte, compondo uma faixa E-W ao sul de Niquelandia, englobando a
metade norte da reserva LVC.

Embora seja possivel observar esses trés agrupamentos, os aflora-
mentos dos metacalcarios na area de estudo encontram-se desconec-
tados, ou seja, ndo tangenciam uns aos outros. Essa descontinuidade
dos afloramentos corresponde a forma lenticular de ocorréncia dos
metacalcarios ao longo da sequéncia ritmica da MPpa4 do Paranoa.

O padrdo de distribuigdo espacial dos tamanhos dos afloramentos
(Figura 4) apresenta uma correspondéncia parcial com a distribuicdo das
ocorréncias dos mesmos (Figura 3). Azona centro-sul do recorte espacial
estudado é dominada por afloramentos de drea maior, entre 5 e 100

770000.000
—

~735000.000 770000000

km2 (Figura 4). A por¢do intermediaria da regido estudada é dominada
por afloramentos de area menor (entre 0 e 1 km2 e 1 a 2 km2), com
duas diregdes preferenciais de distribuicao: uma faixa de diregdo E-W
nazona sul dessa porc¢do intermedidria; e outra faixa de direcdo NE-SW
que atravessa a por¢do norte do recorte espacial estudado, alcangando
o remanso do lago do reservatério da Usina Hidrelétrica de Serra da
Mesa. Por sua vez, esta porgao norte repete a faixa E-W, entre o sul de
Niquelandia e a metade norte da LVC, tal como visto na Figura 3. Embora
nessa faixa E-W da porgdo norte ocorra novamente os aforamentos de
area maior (5 a 10 km2), ela é seccionada ao meio pela faixa NE-SW da
por¢do intermedidria com afloramentos menores (0a 1 km2 e 1a2km2).
Ainda é possivel observar a oeste desta porg¢do norte a ocorréncia de
um grupo denso de afloramentos de dreas menores, entre 0 e 1 km2.

Por fim, vale destacar o predominio de afloramentos de areas meno-
res no interior do territério da Reserva Levado Verdes do Cerrado (LVC).
Enquanto que nas porgdes leste e sul da LVC predominam afloramentos
entre 0 e 1 km2, nas por¢des central e nordeste da LVC predominam
afloramentos entre 1 e 2 km2.
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Figura 4: Distribuicdo das dreas dos afloramentos de metacalcdrios (MPpa4cc). Fonte dos dados: Moreira et al. 2008 e SGB/CPRM-GeoSGB.

4, Discussao

Os resultados mostram que na regido estudada ocorrem afloramen-
tos de metacalcarios (MPpa4cc) descontinuos e com dreas de exposi¢ao
pequenas. Esta caracteristica é divergente de outros terrenos carsticos
do estado de Goids, como os carstes de S&o Domingos, Terra Ronca e
Mambai, internacionalmente conhecidos (AMARAL et al, 2023; FONSECA
etal.,2023; NOGUEIRA et al., 2023), cujos afloramentos carbonaticos do
Grupo Bambui (Neoproterozdico) estdo expostos de modo continuo por
ampla superficie. Essa distin¢do entre os terrenos carsticos do recorte
espacial estudado e do nordeste do estado de Goias decorre do contexto
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geotectonico de ambos casos. Aregido investigada neste trabalho situa-se
sobre o ordgeno da Faixa Brasilia da Provincia Tocantins, cujas intensas
deformacdes (do Neoproterozdico ao Siluriano) dobraram, acavalaram,
soergueram e metamorfizaram as rochas. Os esforcos geotectonicos,
associado aos corpos sedimentares lentiformes dos protélitos dos
metacalcarios, produziram afloramentos de extensdo restrita e de
descontinuidade lateral elevada (MOREIRA et al. 2008; SERAINE et al.,
2021; ZANCOPE et al. 2023). Por outro lado, o nordeste do estado de
Goids situa-se sobre a borda ocidental do Craton do S&o Francisco, cuja
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estabilidade geotectdnica prolongada formou extensos corpos continuos
de carbonaticos do Grupo Bambui (AMARAL et al, 2023; FONSECA et al.,
2023; NOGUEIRA et al., 2023).

Adistribuicdo espacial dos afloramentos dos metacalcarios (Figura
3), bem como dos seus tamanhos (Figura 4), decorrem igualmente do

5. Conclusao

Os metacalcérios do Grupo Paranoa (Neoproterozdico) constituem
o substrato onde se desenvolvem mogotes, humes e macicos ruinifor-
mes, abundantes em fei¢des de dissolugdo, como lapias e pinaculos, na
reserva Legado Verdes do Cerrado (LVC) e arredores. Os afloramentos
desses metacalcarios compreendem 4,4% do recorte espacial da area
de estudo, fragmentados em 106 afloramentos mapeados. Além de
descontinuos, eles apresentam areas pequenas de exposi¢do superficial,
sendo que 78% desses afloramentos possuem entre 0,2 a 2,4 km2. Cerca
de 47% do total dos afloramentos alcancam até 1 km2 e apenas 9,6%
tem entre 5 e 100 km2.

O padrdo de distribuicdo espacial dos afloramentos e dos seus
tamanhos decorre do contexto geotectdnico. Primeiramente, o am-
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Abstract

l0i6 Cave is a 4.7 km long maze cave in the south of the Irecé Basin (Bahia, Brazil). The earliest phases of carbonate alteration probably occur-
red during the Neoproterozoic Ediacarian deformation and Brasiliano orogeny. Deep rising hydrothermal fluids weathered the carbonates,
creating dark ghost-rocks mainly in the anticlinal hinges and under the siliciclastic seals. Progressive exhumation of the carbonate reservoir
favored meteoric water recharge of the aquifer, with sulfide oxidation at depth. The CO2 produced by Sulfuric Acid Speleogenesis rose along
fractures and degassed at shallow depth, producing carbonic speleogenesis along the water table. This phase could be Plio-Quaternary, and
possibly still active. This carbonic speleogenesis produced a maze network, by horizontal diffusion of aggressiveness from the feeders. Ope-
ning to the surface produced air flow activating degassing and supersaturation of the basins, with deposition of subaqueous calcite shelves,
carved with bubble trails resulting from degassing by pyrite oxidation (localized SAS).

1. Introduction

Hypogene speleogenesis originating from rising flow and various
deep-seated sources of aggressivity is at the origin of a minor part of
known caves, compared to epigene caves, which are related to meteoric
water infiltration and biogenic source of aggressivity from vegetation
and soils (KLIMCHOUK et al., 2017, and refs. therein).

In the Irecé Basin and its vicinity many hypogene caves have been
identified (KLIMCHOUK et al.,2016; CAZARIN et al., 2019; BALSAMO et al.,
2020; BERTOTTI et al., 2020; SOUZA et al., 2021; PISANI et al., 2023). The
hypogene speleogenesis phases were attributed to: the introduction of
Si-rich fluids in deep-seated conditions during the late Proterozoic, to
the Cambrian tectono-thermal event (~ 520 Ma), and to reactivation and
hydrothermal events during the Pangea breakup (Jurassic-Cretaceous).
Additionally, many caves have been subjected to late-stage SAS in shallow
aquifer settings, resulting from the oxidation of sulfides contained in the
carbonate beds (AULER & SMART, 2003).

We describe here the l0i6 Cave, a medium-sized (4.7 km long) maze. V Tyt MO o\ o
Thanks toits location at the SE edge of the basin where no allogenic ru- Ciisoinieh i ﬁ Basement Rocks /* Drainaga  § Dolines
noffis present, original hypogene morphologies are still well-preserved.

To understand its multiphase speleogenesis, we studied the structural Figure 1: Location of the of the Irecé Basin in the Sdo Francisco Craton in

context with detailed petrography and petrophysics, an early phase of Brazil (after MAIA et al., 2024)
ghost-weathering produced by rising deep fluids with specific minera-
lizations, the cave morphologies and speleothems. The Irecé Basin is located in the northern part of the Sdo Francisco

Craton, in the State of Bahia (NE Brazil) (DE ALMEIDA et al., 2000) (Fig. 1).
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Itis composed of Neoproterozoic (670-600 Ma) carbonates of the Salitre
Fm. (Una Group), overlying the Mesoproterozoic clastics of Bebedouro
Fm. and the quartzites of the Chapada Diamantina Group. The basin
formed due to extensional tectonics and subsidence that occurred
during the fragmentation of the Rodinia supercontinent (ca. 950-600
Ma; D’ANGELO et al., 2019). The carbonate succession is 500 to 1000 m
thick, made of laminated limestones with some intercalations of chert,
siliciclastic, and heterolithic beds. A 2-phases contractional regime oc-
curred during the late Brasiliano orogeny (ca. 650-510 Ma), creating E-W
and NNE-SSW-verging folds and thrust belts. The most recent tectonic
events during the Brasiliano orogeny (540-510 Ma) included some fissure
magmatism and hydrothermal fluid flow along deep-rooted faults and
fracture zones. Since the intensity of the contractional deformation
decreased southward, in the southern tip of the Irecé Basin the Salitre
Fm. is subhorizontal with only gentle, high-amplitude folds (PONTES
etal., 2021) (Fig. 2).

l0id Cave (-12.393657°, -41.553533°, alt. 660 m) is located on the
southern tip of the Irecé Basin, which displays as a low-lying plateau
surrounded by quartzite ridges (Fig. 1). Together with the nearby Gruta
do Impossivel, it forms one of the mostimportant fracture-guided maze
systems of the area.

The loi6 Cave opens at the bottom and northern margin of a large
(ca. 100 m-wide semicircular) and 50 m-deep collapse doline. It develops
in a well stratified carbonate sequence belonging to the Nova America
Unit of the Salitre Fm. with very low permeability (0-7%, CAZARIN et al.,
2019). The sequence is composed of dolomitized laminated carbonates
with intercalation of sedimentary breccia and siltstone layers (PONTES
et al., 2021). These less soluble siliciclastic units form seals on which
the passage ceilings terminate. Bedding dips are very low (0 to 10°).
The main passages develop along N-S, NW-SE, and NNW-SSE directed
fold-related fracture corridors concentrated along anticline hingesin a
20-50 m module. Passages sometimes connect through almond-shaped
windows separated by thin rock partings. Several large chambers are

W
1;;2 ‘Seabra Serra da Cotreia (1075 m)

Iraquara

——

Irecé basin
R.Preto (635m) loid

littered by collapse blocks. Most passages pinch out moving away from
the main chambers. Most of the cave develops just above the water
table as dry passages with rocky floor or thin sediment cover. Several
lakes are present as large and deep rifts. Cave transverse profiles re-
sult in various combinations of almond shaped passages and rifts. In
some places there are large domes of red soil seeping from the surface
through fissures. Some ceiling cupolas show apatite crusts, produced
by bat guano and urine. No alluvial sediments are present. In at least
four areas, the walls show dark brown ghost-rock halos intersected by
quartzite and dolomite veins.

These veins show a weathering halo of up to 30 cm thick. Their
orientation cuts the cave passages at a slightly oblique angle, without
having influenced the direction of karst development (Fig. 3).

The lakes are clearly associated with the feeders that extend at depth
(Fig. 3). The main lake develops along a fracture for almost 100 m in
length. Itis over 27 m deep and the floor is not visible. The underwater
V-shaped walls converge at about 12 m water depth to a 2 m-wide rift,
then widens again. The submerged walls seem to be intensely corroded
and the lake has no deposits except for calcite rafts.

Calcite rafts and re-sedimented calcite crystals (sand) are presentin
the dry entrance passage. Old hardened calcite rafts occur on perched
terraces at2 m heightabove present lake levels along the gallery, marking
a recent higher water table, now probably lowered due to overexploi-
tation of the aquifer; this high-water level roughly corresponds to the
largest notch carved along the cave walls. At the same height, there
are perched shelves of subaqueous calcite, the lower one carved by
micro-bubble trails, which combine upwards in rising channels. These
subaqueous calcite shelves, extend about 100 m on both sides of the
lakes. On the higher shelves there are many hollow hardened raft cones,
corroded on the inside by dripping. All lakes are covered with calcite
rafts which accumulate on the shores; an island of calcite sand stands
2 m above the water.

Chapada diamantina (1005 m)

R. Sto Antonio R. Sto Anténio

j} Shear
zone

20

25
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35 40 (km)

Mg

Impossivel

500m

R loié

Collapse chamber

Collapse doline

Watertable lake

L Ghost and quartz veins
Subaqueous calcite
with bubble trails
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ii‘? Red dome (seepage
from surface soil)
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Figure 3: Plan view of 10ié Cave. The inset shows the outline of both l0i6 and Impossivel caves. Samples location and main observed features are
indicated. Cave map courtesy of Grupo Bambui de Pesquisas Espeleoldgicas.
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2. Material and methods

Hand samples were collected for analyses (location on Fig. 3).
Evaporation calcite was sampled for stable isotopes (180, 13C) mea-
surements: calcite sand accumulation under dripping zones (#123,
1038), and calcite rafts along the lake shores (#274, 280) where water
temperature and specific electric conductivity were 24.5°C and 309 pS/
cm, respectively. Four speleothem samples were sampled for U-series
dating, two corroded subaqueous calcite linings (#175, 277) and two
mammillary calcites carved with bubble trails (#124, 176). A sample of
dark brown clay (#276) was collected in Western Gallery. Three brown
bulk samples were taken from ghost-weathered zones: at the end of the
W Gallery (#126), at the end of N Gallery with a crystallized dolomite

3. Results

New high-resolution field structural measurements were taken (Fig.
4,location on Fig. 3). A persistent fracture zone, composed of open-mode
N-S fractures, was documented along the central/axial portion of the
cave conduit. A major and six minor faults striking NW-SE were also
documented and display an oblique right lateral kinematic abutting
against the aforementioned N-S fracture zone. ANNE-SSW striking joint
set abuts against these NW-SE striking faults. Two sets of veins were
measured (NW-SE and WNW-ESE), the second one cutting across the
NW-SE faults and the NNE-SSW joint set.

Calcite sand and rafts (#123, 274, 280, 1038) show very similar
stable isotope composition, with mean 180 VPDB of -5.03+0.05%0
and 813CVPDB of 7.83+0.29%o. SEM images of calcite sand (#123) show
minute crystals made of blocky (bi)pyramidal rhombohedrons. The
oldest corroded subaqueous calcite lining (#175, 277) yielded similar
ages of 186.3 3 and 191.5 + 1.6 ka, whereas the fresher-looking calcite

5m

Fracture
zone with

core (#168), and beyond the first lake a silicified one with quartz (#170).

Structural analysis was carried out to characterize the type, kine-
matics, relative timing, and infilling material of the fractures. The cave
pattern and morphological features were analyzed. XRD-XRF analyses
were performed on selected cave sediments at the LTG-ER Laboratory,
Natal, Brazil and Escola Politécnica da Universidade de S&o Paulo. Car-
bon and oxygen stable isotope composition of evaporative calcite were
carried out at the Institute for Nuclear Research in Debrecen, Hungary.
Uranium-series dating of subaqueous pool calcite was performed at
Nanyang Technological University, Singapore.

shelves (#124, 176) carved with bubble trails are younger (125.0 + 4.7
and 87.0 + 8.1 ka).

The ghost rock areas are composed of brown halos (#126, 168a, 170)
cut by silica veins. #168b is made of a dolomite core with spongy silica
overgrowth. The brown halo around the silica veins or the dolomite core
is composed mainly of Fe and Mn oxides (up to 30% and 8%, respectively),
secondary silica (up to 7%), and carbonates.

The SEM image shows bunches of cylindrical sticks (#170). In addition
to Fe-Mn, metallic elements are present as traces (Ba, Cr, Al, Na, K, Sr),
however with some significant concentrations of Cu (10%, #170) and Ta
(5%, #168a) for some samples. EDS mapping shows a diffuse distribution
of any element. The ghost halo is generally very hard with various degrees
of alteration (“argillitic” brown halos or recrystallization). Finally, the
dark brown mud observed on some pavements (#276) is composed of
dominant silica, kaolinite, Fe oxides, Ca-Mg, and traces of PO4.

I Endured recristallized zone (R2)
Alterated transition zone (TZ)
Brown "argillitic” halo cover
Open splay joints/veins zones
Quariz veins

Shear planes

Fault zone with recristallized rock

Figure 4: Structural plan view of the zone after the lake (area located on Fig. 3).

4. Discussion

A relative chronology could be reconstructed for the documented
structural assemblage. The present conceptual model (Fig. 5) is charac-
terized by four main stages or structural assemblages: (i) The first stage
(Fig. 5a and el) is associated to the background structural network do-
cumented by PONTES et al. (2021), and is composed of two stratabound
and non-stratabound fracture sets respectively striking N-S and E-W; (ii)
The second structural assemblage (Fig. 5b and e2) could be related to
the Ediacaran contractional event (CRUZ & ALKMIM, 2007) and consists

130

of a gentle folding which determined a N-S persistent through-going/
non-stratabound fracture zone along the cave roof; (i) The third stage
(Fig. 5¢c and e3) is associated with N-S compression (D’ANGELO et al.,
2019) that determined the development of a NW-SE striking right-lateral
fault, and NNE-SSW to NE-SW striking tail joints localized at the fault
extensional quadrants; (iv) Finally, the fourth structural assemblage (Fig.
5d and e4) is associated with the WNW-ESE striking quartz vein that cuts
across the whole pre-existing structural assemblage.
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Thefirst phase of carbonate alteration produced dark-brown ghosts
(with alteration halos) associated with veins of dolomite and quartz. Enri-
chmentin Fe-Mn oxides and metals (Cr, Al, K, Cu, Ta...) reveals deep-seated
fluid circulation, probably hydrothermal. Ta in unusual concentration
(5%) is probably in the form of tantalite [(Fe,Mn)(Ta,Nb)206]. The origin
of this element is generally associated with pegmatite veins surrounding
plutons. Its occurrence in carbonates may be linked to the rising flow of
acid magmatic fluids during the final stage of pegmatization, possibly
during the Brasiliano orogeny. Finally, silica enrichment was acquired
during migration through the quartzite and siliciclastic basement (BER-
TOTTl et al., 2020; LA BRUNA et al., 2021; PISANI et al., 2023).

Figure 5: From (a) to (d) idealized block diagrams showing the overall
structural assemblage evolution of the studied rock sequence. (e) from |
to IVthe documented structural assemblage sketched at a map view with
the lower hemisphere projection of the fracture planes.

( A - Deep-seated stage)

Water
Topographic -  table
low benl N L
horizonsE |
1 ! ;\
11 = Layer of =
2 higher
poro-perm.
Super-K Deeply rooted
(proto-caves) 2 fractures §

Upflow with silica Upflow with silica

In such massive carbonate series, this initial phase of ghost-weathe-
ring concentrated along fractures, higher porosity-permeability beds,
and below siliciclastic seals, prepared the reservoir for the second fluid
flow phase at the origins of the conduits.

The geomorphological observations and cave deposits suggest a
hypogene origin.

Parallel conduits connected by almond-shaped windows show
development by expansion around the feeders, and limited linear deve-
lopment with abrupt terminations away from sources of aggressiveness.

Conduits running strictly along the water table, with no extension in
height or depth apart from the punctual feeders, suggest development
by CO2 degassing, diffusing aggressiveness laterally around the feeders.

As for the origin of the CO2, considering that the cave system is of
“recent” formation (i.e. around Pliocene, LAUREANO et al., 2016), due to
its adaptation to the water table controlled by the level of the Rio Santo
Antonio, gaseous upwelling of deep origin is unlikely, although still
possible as a minor contribution. The main source is to be found in the
sulfides (mainly pyrite) present in abundance in the carbonate interval
(AULER & SMART, 2003). Meteoric recharge of the aquifer thus enabled
sulfide oxidation and the development of sulfuric acid speleogenesis
(SAS) at depth (Fig. 6). Sulfate by-products contribute to the high ionic
concentrationsin the aquifer, while CO2 rises to the surface through large
fractures. Maximum degassing occurs at shallow depth resulting in the
expansion of conduits along the water table. The hyper-corroded walls of
theloi6 feeders, with no trace of carbonate deposits, suggest that attenua-
ted carbonic degassing could still be active. Underwater calcite shelves
carved by bubble trails are found above lakes, as well as in dry pools with
associated calcite raft cones. Corrosion of the pool walls is produced by
the oxidation of pyrites from the host rock in contact with water, which
produces sulfuric acid and CO2 degassing. The sulfate by-products in
solution and the ventilation of the conduit that favors CO2 degassing,
lead to a high level of saturation in the pools and to crystallization as
calcite rafts. Condensation drops falling from ceiling pendants focus the
sinking of calcite rafts, which accumulate and gradually build calcite
cones. This is a process of Sulfuric Acid Speleogenesis (SAS), localized
in pools supersaturated by ventilation and sulfates, with a paradoxical
neighboring area of strong corrosion as shown by the bubble trails. U/
Thdating reveals at least two major periods of subaqueous calcite shelf
development, during Marine Isotope Stages (MIS) 6e, 5e, and 5b. Some
features are currently active.

( B - Shallow SAS stage )

Meteoric recharge
of the aquifer

Focused speleogenesis
along the water table

T

SAS at depth through pyrite oxidation
=>C0, degassing

Figure 6: Conceptual model of hypogene speleogenesis. A) Deep-seated stage ending with late Brasiliano orogeny. Silica-rich Fluids rise along frac-
tures and concentrate on anticline hinges below siliciclastic seals, producing ghost halos enriched in metallic mineralizations. Note that the cover thi-
ckness is not to scale, and probably very thick. B) Shallow SAS stage. Erosion of the cover and infiltration of meteoric water produces pyrite oxidation

in the aquifer. CO2 rises along fractures and degassing below the water table enlarges rifts as feeders. Speleogenesis focuses along the water table

by expansion of horizontal conduits. When they intersect older ghosts, dramatic enlargement produces large chambers and collapse dolines.
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5. Conclusion

The study of the 10i6 Cave has made it possible to characterize the
main karstification phases of the carbonate reservoir of the Salitre Fm.
of the Irecé basin.

1) During the Neoproterozoic, carbonates underwent several sta-
ges of fracturing and deformation during the Ediacaran and under the
stresses of the Brasiliano orogeny. Deep fluids, probably hydrothermal,
loaded with silica as they pass through the siliciclastic and quartzite
bedrock, rise through these fractures. They weathered the carbonates
into dark brown halos concentrated in the anticlinal hinges and under
the siliciclastic seals.

2) These weathered zones are enriched in quartz veins, dolomite
geodes, Fe-Mn oxides and metallic elements. The source of Na-Ba-Sr-Mn
is thought to correspond to sulfides present in abundance in the carbo-
nate interval, while Cr, Al, K and Cu have a deeper origin. In particular,
the high Ta concentration (5%) is associated with acid fluids from the
final pegmatization stage of the basement.

3) Progressive exhumation of the carbonate reservoir favored me-
teoric water recharge of the aquifer, and sulfide oxidation with Sulfur
Acid Speleogenesis (SAS). The CO2 produced rose along the fractures
and degassed at shallow depth, producing carbonic speleogenesis along
the water table. By affinity with nearby dated sites, this phase could be
Plio-Quaternary, and possibly still active.
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4) This carbonic speleogenesis produced a maze network, by horizon-
tal diffusion of aggressiveness from the feeders. Conduit cross-sections
are rifts or almond-shaped, depending on the combination of fracture
and petrographic control. Crosscutting of ancient ghosts favored the
widening of conduits into collapse chambers and dolines. Opening to the
surface produced air currents activating degassing and supersaturation
of the basins, with deposition of subaqueous calcite shelves, carved with
bubble trails resulting from CO2 degassing related to pyrite oxidation
in the basins (localized SAS). U/Th dating attests to at least 2 phases of
shelve deposition, during MIS 6 and 5. Surface soils seeped along the
fractures forming “red domes”.

6) The sub-actual phase is limited to the deposition of calcite sand
and rafts by evaporation produced by winter air flows, biocorrosion by
bat colonies lining cupolas with apatite and phosphate-rich guano depo-
sits, and frequentation by present-day or Holocene troglophile species.

Theloid cave thus appears to be a major site for studying multi-phase
creation of permeability by karstification of a carbonate reservoir. Precise
dating of the Neoproterozoic veins, and further characterization of the
sources of metallic enrichment of the weathering halo of the ghosts,
would enable us to better constrain the modality of development of
the pre-salt reservoirs of the Salitre Fm.
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SISBIO permit 63178/1. Many thanks to Alisson Jorddo, Uilson Teixeira
and Vicente Antonio do Nascimento for helping during fieldwork. We
sincerely thank landowners and the Brazilian Federal Environmental
Agency, Inst. Chico Mendes, for providing the access to the cave and
permission for sampling.
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Abstract

The Gap-Gotan (Cupp-Coutunn) system (Turkmenistan) is known for its mineralogical wealth, thanks to the considerable work carried out by
Vladimir Maltsev in the 80s. However, following fieldwork carried out in 2024, Maltsev’s speleogenetic hypotheses have been revised, in terms
of stages, chronology and processes. Several phases of speleogenesis can be identified. 1) Hydrothermal mineralizing fluids, leading to Pb-Zn
deposits in the vicinity, and impregnation of the host rock with sulfides, fluorite, and calcite veins. 2) The formation of large horizontal phreatic
conduits at shallow depth, fed by infiltration at high altitude, with dissolution produced by flows reacting with the sulfides in the host rock.
This process has been repeated in stages as the base level fell, until the present day. Nowadays similar active phreatic conduits are presumed
to exist beneath the gypsum collapses. 3) Once drained, the caves are decorated with gypsum speleothems mainly formed by sulfate-rich
seepage from the surface (e.g., chandeliers), and filled with fluvial sediments injected locally from canyon sinkholes. Mapping, isotopic and
mineralogical analyses, and U-series and U-Pb dating of the sediments are providing preliminary evidence for this model of speleogenesis in
these unique and exceptional caves.

1. Introduction

The Kéytendag (or Kugitangtau) massif (Kéytendag meaning “moun- The massif is made of Upper Jurassic limestones (Callovian-Oxfor-
tain of canyons” in Tajik language) is the final western part of the larger dian) of the Kugitang Formation, reaching a thickness of over 400 m
Pamir-Alai mountain range, located in the extreme southeast of Turk- and characterized by reef imestones, grading upwards into more marly
menistan, forming the border with Uzbekistan. To the south the massif limestones and finally dolomitic limestones (Fig. 1).
is bounded by the Amu Darya, a river that forms the border with Afgha- Locally these limestones are slightly metamorphized and silicified,

nistan, flowing at an altitude of around 260 m asl. To the west the massif containing bituminous patches which may have contributed to the
isbounded by the Kéytendarya (a small tributary of the Amu Darya), fed karstification (MALTSEV, 1997). The Kugitang limestones are covered

by the numerous springs (often located in canyons) that dot the foot of in continuous sedimentation by 200 m of the Gowurdak (or Gaurduck)
the mountains. From the river, the plain rises slowly eastward reaching evaporites (gypsum) of Upper Jurassic (Kimmeridgian-Tithonian). These
350 m at the foot of the slope, then rising steadily culminating at the evaporites were spared from erosion on the lower slopes only. Adjacent
highest summit (Mt. Airibaba, 3138 m asl). On the Turkmenistan side, to the massif in the footplains, the Garlyk mine exploits potash, and
the western slopes of the Kéytendag are carved by over 100-m-deep (the sulfuris extracted at Gowurdak (now called Magdanly). These evaporites
deepest onereach 700 m!) and often dry meandering canyons, disrupting are covered by green marls and red sandstones, forming superb ravine
the longitudinal continuity of the slope. The climate is arid, with mean landscapes on the western slope of the Kdyten valley. Finally, Neogene
annual air temperaturesin the plain between 5 and 30°C (down to -20°C deposits fill the surrounding basins.

in winter and up to 49°C during summer), and annual precipitation of
ca. 120 mm in Kéytendag village, generally during winter and falling as
snow at higher altitudes.
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2. Previous studies

Besides the importance of the mountainous landscape, the Koy-
tendag massif is known for its marvelous caves, the most famous of
which is Gap-Gotan (or Cupp-Coutunn Cave System, the junction of
Gap-Gotan and Promeszutochnaya). This 56 km-long system, studied
mainly by Vladimir Maltsev (1980-2000), is renowned for its minerals,
with more than 30 identified species, some of which very rare, and for its
extraordinary gypsum formations (chandeliers, hollow stalagmites, etc.),
similar to those of Lechuguilla Cave in New Mexico (USA). Cupp-Coutunn
Cave is listed as one of the most beautiful and interesting in the world
(HILL & FORTI, 1997; MALTSEV, 1997). Besides Gap-Gotan, several other
important underground systems were explored by Russians, including
Hashim-Oyuk, Tush-Yurruck, Gulshirin (or Geophysicalskaya), and Ver-
tikalnaya (Fig. 1). Based on his analysis, Maltsev identified 3 phases of

3. Methods

To fill the lack of precise topographic data, several caves (Hashim-
-Oyuk (5.4 km), Tush-Yurruck (3.6 km), Geophysicalskaya (3.9 km), and
Vertikalnaya (0.55 km)) were completely re-surveyed during the French
speleological expedition “Koytendag 2024” (AUDRA et al., 2024). In the
large Cupp-Coutunn-Promeszutochnaya Cave System, we measured
the main center- and polygon line between the different entrances, and
of the main cave branches. This enabled us to orthorectify the Russian
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Koytendag is an asymmetrical anticlinal dome, with gentle dips
(approx. 7°) onits western (Turkmen) side. It is cut by large N-S oriented
faults, the biggest of which, the Chilghaz Fault, divides the plateau into
two morphological “steps”. These N-S faults formed during the early
phases of uplift. To the north, mines exploited Pb-Zn deposits in veins on
one of these faults. Other secondary NW-SE and E-W faults play arolein
organizing the cave systems located south (in the Gap-Gotan area). The
massif was uplifted in several phases, from the beginning of the Tertiary
(Paleocene) to the Middle Quaternary (MALTSEV & KORSHUNOV, 1998).

Surface karst morphologies are very scarcely developed on the
limestones, given the arid climate, and the canyons appear to be related
to past wetter climate. Underground karst development is active below
the evaporites in the lowlands, as shown by large collapse sinkholes
dotting the gypsum plains, testifying to important underground water
flow fed by the mountains. This is not surprising, since the same limes-
tones are the main reservoir rocks for the important gas and oil fields
of Turkmenistan to the west, fed by the underlying marls (flysch) of
Middle Jurassic (Bathonian-Bajocian) age. These marls are 300 m thick
and interlayered with some volcanic strata. This sedimentary sequence
overlies unconformably Precambrian metamorphic rocks composed of
gneiss, and a large Hercynian granitic batholith [MALTSEV & SELF, 1992].

development. A first deep phreatic phase, of Upper Cretaceous age,
forming the labyrinthic maze, followed by clogging of the conduits by
clays. The second phase results from the uplift of the massif during the
Plio-Quaternary during which thermal and sulfidic waters rose into the
cave system, truncating and exposing the first phase of mineralization
(fluorite, sulfides, etc.). The third and final phase, still active, sees a
continuation of mountain uplift, exposing part of the conduits, which
now evolve in dry conditions. This latest phase is characterized by the
oxidation of sulfides generating sulfuric acid and the typical associated
secondary mineralization (mainly sulfates). Maltsev recognized that the
evolution of karst continues at depth in drowned and partially blocked
conduits, as revealed by the large collapse sinkholes in the evaporites,
and by the presence of sulfate-rich springs near the foot of the slope.

survey of the 80-90s, and verify the altitudes of the different cave levels.
Topographic data were processed with the Therion software (https://
therion.speleo.sk/), allowing visualizations in 3D (https://github.com/
robertxa/Turkmenistan).

A general geological and geomorphological mapping of the cave
conduits and their mesomorphology, as well as more detailed sur-
veys of significant sectors have been carried out with the objective of
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associating the forms with different evolutionary phases of the caves
(epigenic, hypogene, phreatic, hydrothermal, sulfuric, later condensa-
tion-corrosion, leaching of overlying evaporites), in order to specify the
conditions specific to each phase.

Although mineralogy was largely performed by Maltsev in great
detail, we have carried out mineralogical analyses (XRD, SEM) of the
mineral associations sampled in most caves. Primary and secondary
minerals can provide new information on their formation in relation to
that of the caves and their environment.

Dating (U-series and U/Pb of gypsum and carbonate speleothems,
40Ar/39Ar of the by-products of sulfuric acid speleogenesis, etc.) will

4. Preliminary results

4.1. Cave surveys and morphology

The most important caves are located in the southwestern tip of
the Kéytendag range, in a military area, west of the major N-S Chilghaz
Fault (Fig. 1). In this so-called “Lower Plateau” the upper beds of the
Kugitang Fm. limestones crop out, covered with patches of the overlying
gypsum rocks of the Upper Jurassic Gowurdak Fm. Most caves are cut by
the deep canyons crossing this area, and do not appear to have a direct
connection with the present-day surface morphology. Only Hashim-Oyuk
opens up in the surface plateau in between canyons, as a collapse doline
descending into a large labyrinthic network of galleries.

The new surveys show that the location of the cave conduits in the
entire Cupp-Coutunn area is almost entirely controlled by the hetero-
geneities present in the rock mass (fractures, joints, bedding planes,
petrographical changes with presence of more or less permeable beds),
and by the position of the water table which controlled the altitude of
the main underground drainage.

The Jurassic limestones of the Kugitang Fm. comprise thin beds
at the top with thin marly intercalations, passing downward to thick
beds separated by levels of green clay, some several cm thick. These
lithological discontinuities played a major role in the location of the
proto-conduits (Fig. 2). They also served as separation surfaces in later
stages of cave development.

— s,

Figure 2: Atypical lens-shaped cross-section in Geophysicalskaya, following
a less resistant bedding plane surface. The cave walls are stained dark
red because of the weathering residue known as “okher’, contrasting with
the white calcite speleothems (Photo Philippe Crochet).

make it possible to better constrain the age of the different cave-forming
phases and to link these to tectonic and paleoclimatic events.

An evaluation of the groundwater flow, physical (temperature,
conductivity), and chemical (dissolved ions and notably sulfates) cha-
racteristics aimed to provide a better understanding of the karst aquifer.

Stable isotopes of oxygen and carbon, coupled with dating, provide
insights into the climatic (temperature and precipitation) and environ-
mental (vegetation) evolution during carbonate speleothem deposition.
Sulfur and oxygen stable isotopes, on the other hand, will allow to get
a better idea of the provenance of the sulfur in the secondary sulfates,
sulfides (galena, pyrite) and in the water.

A significant part of the conduits follows the bedding planes with
an average of 7° towards the SW (220-230°), in the direction of the dip,
or obliquely to it.

On the other hand, many cave conduits develop horizontally, and
record the altitudinal position of ancient base levels (i.e. water table) at
the time of their formation (AUDRA & PALMER, 2015). Six main levels (or
stages) have been identified in the study area (Fig. 3). Four of these levels
are widely represented at current altitudes of 880, 800, 600, and 500 m,
whereas two secondary levels were detected at 850 and 750 m (Fig. 3).

4.2. Speleothems and minerals

The caves around Cupp-Coutunn are known for their beautiful
gypsum speleothem decorations and for their mineralogical variety
(MALTSEV, 1997). Among common cave minerals, occurring in various
typical forms, such as the carbonates aragonite, calcite, hydromagne-
site, huntite and the rare (for caves) dolomite, siderite, cerussite and
ankerite, and the sulfates including gypsum, celestite, barite, jarosite,
epsomite, and thenardite, sometimes accompanied by native sulfur, of
special interest are the silicates chrysotile, lizardite, and the very rare
fraipontite and sauconite. Also, violet fluorite occurs in several caves and
points to a thermal origin, as shown by fluid inclusion studies (MALTSEV
& SELF, 1992; MALTSEV & KORSHUNOV, 1998). This fluorite is probably
contemporary with corroded and old thermal calcite spar that has
been found in many caves of the area and appears to predate the main
cave enlargement phase. In some caves the yellow radioactive mineral
tyuyamunite has been found.

4.3. Sulfurisotopes

We analyzed the sulfur isotopic composition (8**S and 6*°0) of the
Upper Jurassic Gowurdak gypsum rocks outcropping above the caves,
of the sulfates in the waters at several springs (among which the main
Gaynar Baba springs considered to be the main outlet of the active karst
system), and of gypsum crusts, chandeliers and needles sampled in
different caves. The mean isotope values for the Jurassic gypsum rocks
were +15.7 %o (relative to VCDT) and +6.7 %o (relative to VSMOV) for
6*S and &0 respectively, not very different from that of the secondary
gypsum speleothems in the caves (+13.9 %o and +8.3 %o, respectively),
the two celestine samples (+15.3 %o and +9.7 %o, respectively) and the
sulfidic waters at the springs (13.0 %o and 8.0 %o, respectively). Galena
sampled in an abandoned mine gave a &*S value of +4.3 %eo.
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5. Discussion

The caves in the southern part of Kéytendag massif are remnants to have formed in a phreatic regime. Our observations show that these
of an ancient karst system, now dissected by the canyons that charac- caves cut thermal fluorite and calcite veins, which are clearly dissolved
terize the western slopes of the mountain range. The caves appear to be and corroded after their emplacement. We believe this hydrothermal
carved in a phreatic regime in a low hydraulic gradient setting, and the stage to be prior to the main speleogenetic stage during which the main
fluids that carved the often large and low elliptical passages exploited cave passages were carved. The age of the hydrothermal episode, and

weaknesses in the rock (Fig. 2), following mainly bedding planes dipping the following most important cave-forming stage is to be determined,
7° towards the SW (220-230°N) or along strike, and some subvertical but might even be Middle Cretaceous, and is possibly older than the age

faults. The fact that part of these earlier phreatic conduits are following of the mountain uplift and the formation of the deep canyons, which is
dip might indicate they formed prior to mountain uplift and tilting. believed to have occurred since the Miocene. Our dating attempts will
Alongside these bedding-plane-guided conduits, there are also a set of hopefully solve this question.

close-to-horizontal cave levels, carved at or close to the water table and During or after the Kéytendag uplift, the hydraulic gradient increa-
not determined by less permeable levels. These levels are sometimes sed and the caves were reactivated. Canyon downcutting appears to
connected by “soutirages”, more vertical and small sections of cave have occurred in phases, causing the water table to remain repeatedly
carved in a vadose regime (HAUSELMANN et al., 2003). Good examples stable over long periods of time, thus allowing the development of the
of these can be seen in the Cupp-Coutunn-Promeszutochnaya Cave four main cave levels (and additional two sublevels). Some of the caves
System, connecting cave levels from 805 m asl to 605 m asl. were eventually cut by the canyons, opening up to the surface along

As already mentioned by MALTSEV & SELF (1992), the caves appear the canyon walls.
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Today the water table is well below the caves. Occasional flooding
occurs in some cave passages closer to the canyon walls, as flood se-
diments indicate. The extreme thermal excursion (day-night, summer-
-winter) causes important seasonal (or even diurnal) condensation to
occur in areas close to cave entrances or the exterior, and along main
air currents, whereas the high internal temperatures cause evaporation
of these condensation waters. This explains the widespread occurrence

of condensation-corrosion morphologies, the deeply weathered rock
walls (with reddish-orange residue called “okher”), and the massive
precipitation of gypsum under different speleothem forms and crusts
(Fig. 4). Most of this gypsum derives from seepage from the above lying
Gowardak evaporites, as stable S and O isotopes indicate, and is not
related to a sulfuric acid speleogenesis (as in Lechuguilla).

Figure 4: Large gypsum chandeliers and hollow gypsum stalagmites, Geophysicalskaya (Photo by Philippe Crochet).

Conclusion

During the French speleological expedition “Kéytendag 2024”
many geological and geomorphological observations were made, and
complete surveys were produced for several caves, whereas the large
Cupp-Coutunn-Promeszutochnaya Cave System was partially resurveyed
between entrances and along the main passages. These speleological
and scientific activities aim to understand the genesis and evolution of
these remarkable caves. Our preliminary investigations already led to
the following observations: 1) we believe the fluorite and thermal calcite
point to a hydrothermal diffuse event (most probably several phases)
which occurred before the main cave formation; 2) the first cave network
developed in a phreatic regime at low hydraulic gradient; 3) mountain
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the Scientific Department of the Koytendag Reserve, Mr. Saparklych
Rahmanov, Director of Owadan Tourism, and Mrs. Dilora Geldiyeva,
Sales Manager of Owadan Tourism.
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Abstract

The Gap-Gotan (Cupp-Coutunn) system (Turkmenistan) is known for its mineralogical wealth, thanks to the considerable work carried out by
Vladimir Maltsev in the 80s. However, following fieldwork carried out in 2024, Maltsev’s speleogenetic hypotheses have been revised, in terms
of stages, chronology and processes. Several phases of speleogenesis can be identified. 1) Hydrothermal mineralizing fluids, leading to Pb-Zn
deposits in the vicinity, and impregnation of the host rock with sulfides, fluorite, and calcite veins. 2) The formation of large horizontal phreatic
conduits at shallow depth, fed by infiltration at high altitude, with dissolution produced by flows reacting with the sulfides in the host rock.
This process has been repeated in stages as the base level fell, until the present day. Nowadays similar active phreatic conduits are presumed
to exist beneath the gypsum collapses. 3) Once drained, the caves are decorated with gypsum speleothems mainly formed by sulfate-rich
seepage from the surface (e.g., chandeliers), and filled with fluvial sediments injected locally from canyon sinkholes. Mapping, isotopic and
mineralogical analyses, and U-series and U-Pb dating of the sediments are providing preliminary evidence for this model of speleogenesis in
these unique and exceptional caves.

1. Introduction

Monte Kronio (or Monte San Calogero) is a 386m-high hill overlooking moist cave air makes exploration extremely difficult, with a Humidex
the Mediterranean Sea and Sciacca city, on the SW coast of Sicily, Italy. It index (66) well above the “lethal” limit of 54 (Fig. 1).
was first mentioned by Diodorus Siculus in the 1%t century BCE, and the The region is part of the Sicilian Maghrebides chain, characterized
upper cave (Grotta del Santo) is considered to have been the hermitage by south-verging thrust sheets, built of Jurassic to Paleogene dolomitic
of San Calogero in the 6% century. However, the presence of Paleolithic limestones originating from the sedimentary cover of an ancient passive
artifacts and outstanding large Neolithic jars in upper Stufe di San Ca- margin. Monte Kronio emerged in the Upper Pliocene - Lower Pleisto-
logero (hereafter Stufe) demonstrate an even earlier frequentation (Fig. cene along normal faults. Recent uplift is evidenced by multiple marine
1). The Commissione Grotte E. Boegan of Trieste has explored over 1 terraces up to 250 ma.s.l. Their maximum elevation is located at Monte
km of cave passages since the 1950s, including several caves that open Kronio, forming a bulge from which the altitude of the terraces decreases
alongthe hill slopes. They consist of subhorizontal passages connected on either side. OSL dating assigns ages of ~80 ka for T1 located at = 40
by steep large passages or shafts including the giant 104 m deep “Pozzo m a.s.l. and =197 ka for T5 located at = 130-150 m a.s.l. This resultsin a
Trieste” in the middle Cucchiara Cave (Fig. 2). However, the most unique high rate of uplift of around 0.5 m/ka, whereas estimates deduced from
character of the caveis its thermal environment. A powerful steam plume the oldest levels imply a very low uplift rate between 1.5 Ma and 400 ka

(37°C and 100% relative humidity) is emitted from the upper entrances (FERRANTI et al., 2021).
(Stufe). Itis supplied by the relatively cool intake of outside air through
the lower openings (e.g., Cucchiara Cave). Consequently, the hot and
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Figure 1: Some of the large jars found in Stufe di San Calogero, lying on guano deposits. Explorers are equipped with a respirator delivering fresh air,
enabling them to survive in the 37°C atmosphere showing 100% relative humidity (photo: G. Boldrini / La Venta).

The main aquifer lies in Triassic-Jurassic carbonates, underlain at
the foot of the massif by Cretaceous marly limestones (Fig. 3). The whole
is topped by surficial aquifers, contained in Paleogene limestones and
sandy limestones, themselves covered by Plio-Pleistocene marls with
low permeability (aquiclude).

2. Materials and methods

Seven calcite speleothems were collected in the uppermost levelin
Stufe and Fico Cave (340 m a.s.l.), in the middle level in Cucchiara Cave
(280 ma.s.l.) at the upper window of the 104 m-deep Trieste Shaft that
blows hot and humid air (35.7°C, almost 100% relative humidity, RH),
and closer to the entrance in Cat Passage (La Gattaiola), a cooler side
passage (*18°C, *65% RH). Additionally, two calcite veins predating the
cave passages were sampled in Cucchiara and in a quarry at the foot of
the hill. Finally, a 30-cm tall, laminated stalagmite entirely composed
of hydroxylapatite (unique in the world!) was collected in Cucchiara.

11 calcite speleothem samples were dated at ATOMKI, Debrecen,
Hungary, using the 230Th method following EDWARDS et al. (1987)
and CHENG et al. (2013). The §**0 and &**C values of carbonate samples
were analyzed following the method described in SPOTL & VENNEMANN
(2003). In addition, eight sulfate samples, mostly composed of gypsum,
as confirmed by X-ray diffraction analysis and Raman spectroscopy, were
collected for isotopic analyses. The 6*S values of these sulfate samples
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The Sciacca geothermal field reaches depths of over 2800 m, with
a low geothermal gradient. Surface waters are recharged by local infil-
tration, and the spring flow is influenced by the sea and mantle-derived
fluids associated to the active volcanism offshore (CAPACCIONI et al.,
2011 and references therein).

were determined using the method described in TEMOVSKI et al. (2018)
and are expressed in %o relative to the VCDT reference standard.

In December 2023, we measured air velocities at 18 spots, i.e. in most
oftheintaking or blowing holes, as well as inside Cucchiara Cave. For the
latter, the passage dimensions were measured with a DistoX Leica laser
distometer to calculate air discharge. We used a Testo 425 hot-wire ane-
mometer to measure airflow velocity,a NKTECH TH1 thermo-hygrometer
for cave air T and RH, and a X-am® 5600 Drager gas detector for CO? and
H,S concentrations. The physical parameters (pH, electric conductivity
(EC), T, discharge (Q) of nearby thermal springs were measured using
WTW pH- and conductivity-meters and were compared to literature data.

Microbiological analyses of colored biofilms present on the wall of
Cucchiara cave were carried out by DNA extraction, PCR amplification
and sequencing of 16S rRNA gene V3-V4 hypervariable regions using
Illumina and Oxford Nanopore sequencing technologies.
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Figure 2: Profile view of Monte Kronio caves (after Commissione Grotte E. Boegan). Air temperatures and airflow routes are indicated.
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Figure 3: Hydrogeological setting of the Monte Kronio and its thermal aquifers (after CAPACCIONI et al., 2011, modified).
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3. Results

The gypsum crusts yielded §*S values between +5.1 and +21.1%o.
2Th-dating of subaerial speleothems yielded an age of about 346 ka for
Stufe upper level, and ages comprised between 61 and 3 ka for Cucchiara,
which is located in the middle level. Attempts to date the calcite veins
failed due to the partial opening of the U-Th isotopic system. Except for
one stalagmite, !0 and §**C values of the speleothems are similar and
vary from -11.0 to -6.7%o, and -13.1 to -2.8 %o, respectively.

Inthe upper entrances (Stufe, Lebbroso, Nobildonna), the total out-
going airflow is about 5.8 m*/s, in the same range as reported by previous
studies (BADINO & TORELLI, 2015). The highest measured temperature
was 37°C and the RH was always close to 100%. In the lower entrances
(Gattaiola, Cucchiara, Gallo, and several small fissures), the total mea-
sured incoming air was about 4.4 m®/s. In Cucchiara Cave, complex air
circulation and convection occur between the various branches. Intake
airflows converging to Pozzo Trieste were about 20 m®/s (Fig. 2). Due to
strong airflow in the caves, the concentration of CO, always remained
below 0.5% and no H,S was detected (Pozzo Trieste was not visited).

Mineralogical analysesidentified sulfates (gypsum, barite, chalcoalu-
mite (CuAl,(SO,)(OH),,-3H,0)), carbonates (ankerite, sjgrenite (Pyroau-
rite-2H) (Mg Fe *+(CO,)(OH),-4H,0)), bat guano-derived phosphates
and nitrates (variscite, undifferentiated apatite, ardealite, crandallite,
brushite, monetite, nitratine).

Microbiological analyses from Cucchiara cave samples indicate the
presence of complex microbial communities with a composition that
seems to be partially correlated with biofilm colors and the vertical
gradient of temperature due to the mixing between thermal and exter-
nal airflows (Fig. 4, 7). The microbial communities are dominated by

4. Discussion

Aeolianite patches on the surface suggest that detrital minerals
(quartz and silicates, often associated with phosphates) could have
been transported into the subsurface by seepage through the soil,
aerosols, and especially bats. However, silica neoformation remains a
possibility. Phosphates and nitratine are derived from the mineralization
of bat guano. Apatite (undifferentiated) is typically found in contact
with the carbonate host rock, occurring in well-crystallized forms and
was also identified in a laminated stalagmite (#STM_CUCC). Variscite
and crandallite result from the interaction of acidic guano with detrital
clay minerals (AUDRA et al., 2019). Gypsum, ardealite, and brushite are
precursors of guano mineralization, generally present on the surface of
guano heaps (Fig. 5). Monetite occurs as a blackish crust associated to
brushite close to dripping points. It is derived from brushite dehydration,
from direct precipitation onto limestone, or from co-precipitation with
hydroxylapatite (PUSCAS et al., 2014). This mineral therefore requires very
dry (and acidic) conditions, which is made possible by incoming airflow
that dries as it warms up in Pipistrelli Chamber (34°C). We suggest that
condensation dripping maintains brushite where moisture is presentin
guano, whereas it converts into monetite by dehydration in drier areas.
The highly soluble nitratine requires the same environmental conditions.
In the case of barite, the association with phosphate crusts suggests its
formation during guano mineralization (Fig. 4).
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bacterial taxa that are unclassified at low taxonomy levels. In particular,
unclassified Actinobacteriota dominate several samples from white and
yellow biofilms on Cucchiara walls and are probably involved in biomi-
neralization processes. Different bacterial species were also identified
that are involved in chemolithotrophic activities like N2 fixation and
CH, oxidation.

Figure 4: Sala delle Croste in Cucchiara Cave. Gypsum and barite crusts
covering dry guano deposits. Condensation droplets with white biofilms
dot the ceiling (photo: Ph. Audra).

Figure 5: Acooler passage (“only” 28°C) in Stufe, whereas other places are
10°Cwarmer! Walls and ceiling are smoothed by condensation-corrosion.
Thick guano deposits covered with gypsum crusts are present on the floor
(photo: L. Imperio).

Chalcoalumite, a Cu-Al sulfate, is a rare mineral found in only one
other cave in South Africa (Mbobo Mkulu Cave, MARTINI et al., 1997).
It occurs as a brown crust, associated with gypsum and ardealite. The
source of Cu is probably hydrothermal. Ankerite and barite probably
also have a hydrothermal origin.

Gypsum &6*Svalues are within the range reported for local Messinian
evaporites (+3.7 to +21%o; LONGINELLI, 1979). However, the wide range of
values may also suggest a mixing of various sources, including hypogenic/
volcanic sources (with §*S closer to 0%o), oxidation of hypogene sulfur
gases, remobilization of marine gypsum in the case of the higher §*S
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values, and subsequent in-cave microbially mediated sulfur reduction/
reoxidation, in the case of lower S values.

Figure 6: Steep canyon-like passage in Cucchiara Cave. Evaporation
occurs in the lower part of the section due to the sinking air from outside,
whereas deep hot air rises along the ceiling where condensation-corrosion
occurs (photo: M. Vattano).

29Th ages from Cucchiara and Fico cave speleothems indicate
growth mainly from ca. 48 ka, but their older parts were not sampled.
Speleothem growth near the upper window of the Trieste Shaft came to
ahaltataround 3 ka. For Stufe (x340 m a.s.l.), one speleothem suggests a
minimum age of about 346 ka for the draining for the upper-level caves,
which is consistent with uplift rate calculated from marine terraces of
about0.5m/ka (FERRANTI et al.,2021). In that case, the upper cave levels
would have emerged at about 680 ka (if uplift was continuous) or about
1.2 Ma (if uplift before 400 ka was discontinuous).

Microbiological results indicate the presence of complex communi-

5. Conclusion

We hypothesize that the Monte Kronio system was formed during
an early phase of uplift, in a phreatic environment driven by rising hy-
drothermal fluids. Subsequently, the conduits opened up to the surface,
and significantly widened by condensation-corrosion during the Middle
to Upper Pleistocene.

Weidentified chalcoalumite, a very rare Cu-sulfate mineral that was
only mentioned oncein a cave before, and the 2H polytype of pyroaurite
(former sjogrenite), here for the first time mentioned as a cave mineral.

Research is ongoing, including exploration of the few accessible
remote parts of the Trieste shaft.
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tiesin the colored biofilmsin Cucchiara cave whose formation seems to
be associated to syntrophic relationships between chemolithotrophic
and heterotrophic microorganisms. The presence of different bacterial
species and metabolicinteractions in the communities could contribute
to the different colors and morphology of the biological patinas (Fig. 7).

The Kronio system probably initially developed along hydrothermal
vents when the massif was uplifted. Its location is probably due to the
presence of the structural bulge at the Kronio site, which allowed the
early opening of a hydrogeological window at the highest point of the
carbonate aquifer. Gradual karstification accentuated upward flow and
focused aquifer permeability. The low geothermal gradient of the aquifer
(10°C/km) could attest to homogenization by groundwater circulation
along these deep karst routes. This hydrothermal chimney remained
active during the uplift, which progressively drained the upper parts. The
opening of lower entrances at the surface triggered an efficient air flow
expelling hot and humid air through the upper entrances. This airflow led
to the origin of specific mineralizations (e.g., monetite, nitratite) near the
inlets. Importantly, it triggered pervasive condensation-corrosion resulting
in wall weathering, rising ceiling channels, and a significant widening of
the passages (Fig. 4,5, 6, 7). Considering the very small size of the original
hydrothermal conduits (visible in the quarry walls), the modern wide
passages have only recently formed (i.e. after draining). The Trieste shaft
measures 80 x 50 m at its base, for a total height of 104 m, and the Stufe
galleries reach several meters in diameter. We suggest that late-stage
condensation-corrosion is the main process of passage enlargement.

In addition to the water vapor expelled at the upper entrances, part
of the condensation water is evacuated by the springs at the foot of the
massif, such as at Fontana Calda (Fig. 3).

Figure 7: Sala delle Croste in Cucchiara Cave. The air temperature near the
floor is 24 °C due to cool air, whereas it reaches 32°C and 100% RH in the
upper part of the passage as a result of air rising along ceiling channels,
originating from the bottom of Trieste shaft. Most of the microbiological
samples were taken in this chamber, displaying high gradients of tem-
perature and humidity, and various patina colors (photo: M. Vattano).

We aim to better constrain the evolution of the site due to tectonic
exhumation, by dating the early stage hydrothermal calcite veins,
and various deposits related to phreatic and vadose stages. Calcite
speleothems will be studied in order to characterize paleoclimatic and
paleoenvironmental conditions. A more detailed study of the cave air
currents should enable to quantify the extent of ongoing condensation-
-corrosion. Microbiological analyses are also ongoing to determine the
bacterial contribution to biomineralization processes and the peculiar
colored patinas that are present in Cucchiara cave.
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Abstract

1. Introduction

Jabal AlQamar (the Mountain of the Moon) (1,411 m) lies at the SW
end of Oman, in the Dhofar province, on the border with Yemen (Fig.
1). Its relief is asymmetrical, with an 800-1000 m escarpment dropping
down to the Arabian Sea, while inland a plateau intensely dissected by
deep canyons gradually slopes down towards the center of the Arabian
Peninsula. This relief corresponds to the passive margin of the Gulf of
Aden, tilted towards the continent.

The pre-rift Paleocene-Eocene series incorporates the bioclastic
platform limestones of the Umm er Radhuma Fm., up to 700 m thick and
the main karstified interval. It rests unconformably on Cretaceous marls
and sandy limestones, and is overlain by marly-chalk series (PLATEL et
al., 1992; ROBINET et al., 2013). The emersion and uplift of the margin
that began in the Oligocene was completed at around 15 Ma during the
Miocene, and the morphology is considered to have been stable overall
since then (PETIT et al., 2007).

While the interior of the Arabian peninsula belongs to the hyper-arid
domain of the Najd desert, the narrow coastal fringe benefits from the
attenuated influence of the monsoon (Khareef), with mainly occult
precipitation, combining fog, drizzle, and low intensity rainfall (Fig. 2). In
Salalah, capital of the Dhofar Governorate, rainfall is limited to 100 mm
along the coast. On the edge of the Jbel, it is around 200 mm. However,
some funnel valleys concentrate horizontal foggy precipitation, with
the forest generating vertical precipitation through cloud interception,
very locally reaching values in excess of 500 m, as at Tawi Atayr further
E of Salalah (FRIESEN et al., 2018). Finally, and very randomly, cyclones
can reach the coast, dumping huge quantities of water and triggering
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Jabal Al Qamar, in southwest Oman, is a high plateau overlooking the Arabian Sea. Its semi-arid climate is mitigated by the foggy Khareef
monsoon, while rare cyclones cause flash floods. The study resulted in a conceptual model typical of semi-arid karsts, illustrated by the Sha’at-
-Nakbat sinkhole-resurgence system, fed by rare rainfall events. It is embedded in a non-karst fissured carbonate aquifer, drained by perennial
springs, depositing massive travertines, with a regular base flow at the origin of traditional irrigated agriculture. Dataloggers settled at the
resurgence reveal underground transit velocities during the Khareef (44 m/h) and during cyclone Tej in October 2023 (400 m/h). The decay of
organic matter introduced in sinkholes produces CO2, which concentrates in the confined cave atmosphere, maintaining powerful corrosion
in the conduits long after flood phases. The Oteen porch is a unique case of a perched fossil level in Oman. U/Th dating of speleothems would
allow to constrain the evolutionary stages of this slowly evolving system, which remains perched above the sea.

flash floods. In May 2018, cyclone Mekunu dumped 745 mm in 4 days
at Qairoon Hairitti (alt. 880 m), the most exposed station on the edge of
the plateau (MULLER et al. 2020). Cyclone Tej, a category 3 (Very Severe
Cyclonic Storm, winds 178-208 km/h), hit the Yemeni coast on October
23-24,2023, causing rainfall of 200-300 mm. Apart from these rare extreme
events, the semi-arid climate favors high evaporation (x75%), spasmodic
runoff (x20%), and very low infiltration (AL-HATRUSHI, 2013). Roughly
equivalently, SHAMMAS & JACKS (2007) report 20-30% infiltration during
the Khareef months. For the study area, with 200 mm of estimated rainfall,
and for 5 and 20% infiltration, groundwater recharge would be between
0.25and 1L/s/km2, respectively. There is no permanent run-off,and only
a few temporary streams reach the sea during the Khareef and, more
exceptionally, after cyclones. On the other hand, numerous perennial
springs gush out at the foot of the plateau, the only access to the resource
that enabled local populations to settle there. The ionic load of these
springs has a significant proportion of sulfates and chlorides (28%) from
marine aerosols and surrounding rocks (STRAUCH et al., 2014), and a
regulated flow regime typical of the slow draining of fissured aquifers
(AL AMRI, 2006). The temperature and electrical conductivity drop is
delayed by 4 months after Khareef recharge that confirms storage and
slow flow in a non-karstic permeability system. Residence times and the
presence of sulfate-chloride ionic charge are responsible for extensive
travertine deposits at the system outlets.
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Figure 1: South Dhofar relief and location of studied area

In this semi-arid climate, karst morphologies are poorly developed:
karren in “parmesan rappe”, rare shallow dolines. Access to the under-
ground network is exclusively via fluvio-karstic network, from deep-
-incised wadi canyons and deep sinkholes. The emergences are rarely

2. Materials and methods

The plan of caves explored by our predecessors (AUDRA, 2023)
were surveyed with accuracy better than 5%, and their morphology
was documented. Four speleothems were sampled for U/Th dating,
which was performed at Xi’an Jiaotong University Isotope Laboratory,
according to the method described by CHENG et al. (2013). During the
January 2023 and 2024 missions, under winter low-flow conditions,
the electrical conductivity (EC) of the flow was measured with a WTW
3110 conductivity meter (accuracy 0.5%) in the Nakbat South Tributary
and in the main drain, upstream and downstream of the confluence, to
account for the respective flows using mass conservation law. At the

3. Results

The Sha’at Sinkhole (16.7734°N, 53.5870°E, alt. 838 m) lies in a
deep canyon draining a temporarily active catchment on marly li-
mestone (Fig. 3). A 210 m shaft is followed by a steep gallery cluttered
with large boulders. At -260 m, a permanent flow forms a river 850 m
long, made up of a succession of long pools dammed by rimstones. It
ends in a sump at -332 m. The resurgence of the system is the Nakbat
spring (16.7667°N, 53.6076°E, alt. *460 m), which opens at the top of a
70 m-high travertine waterfall, mid-slope of the coastal escarpment, at
the foot of the limestone wall. From the entrance, the first horizontal
section consists of long pools dammed by rimstones. At 650 m from the
entrance, the S. Tributary contributes around 1/3 of the flow, while the
main course has incised a 50 m-high canyon that is climbed by a series
of waterfalls. This is followed by a vast gallery leading to the upstream
sump. Both Sha’at and Nakbat sumps are at the same altitude and 800 m
apart. Our diving explorations from Nakbat have enabled us to progress
200 m into a phreatic conduit 20 m in diameter, where orientation is
complex. Finally, the Oteen porch (16.7657°N, 53.6048°E, alt. ~ 600 m),
perched 130 m above Nakbat, harbors witness to the system’s ancient
flows (Fig. 3, 6). EC values, applied to the mass conservation law, show
that the S. Tributary (680 pS/cm) has a discharge equivalent to half the
main course from the upstream siphon (upstream confluence = 650 uS/
cm; downstream confluence = 660 puS/cm). At low water (obs. January
2023 and January 2024) with =2 L/s in the S. Tributary, the discharge at
the outlet would then be = 6 L/s and that of the upstream sump =4L/s.
The pattern features a single, monogenic conduit with no fossil level,
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penetrable beyond a few dozen meters, and can be identified by their
travertine deposits, which are nevertheless less spectacular than those
tothe E of Salalah. Few caves have been recorded, with the exception of
the area studied (AL KINDI et al., 2022). Our study focuses on the main
underground system of Sha’at-Nakbat. We present the results of cave
surveys, morphological and sedimentary studies, hydrogeology and,
in particular, transfer dynamics obtained by recording at the emergen-
ce, which integrate the passage of cyclone Tej. Finally, we discuss the
long-term evolution of underground networks and propose an atypical
model of flow dynamics in semi-arid karst.
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. Haitiit Salalah Arabian
Sea

Figure 2: current position of the Intertropical Convergence Zone (ITCZ)
determining the NE limit of the Monsoon (after FLEITMANN et al., 2007).
Meteorological stations are indicated in red.

same times, C02 concentration in the cave atmosphere was measured
using a Drager X-am 5600 detector (resolution 0.01 vol.%). Stand-alone
Sensus Ultra, Reefnet®loggers were installed at Nakbat resurgence for 1
annual cycle (March 2023 to January 2024), recording temperature and
water depth (TD), as well as atmospheric temperature and pressure to
enable barometric compensation. Temperature is resolved to 0.01 °C,
with accuracy of +0.8 °C. Depth is resolved to better than 1.27cm of water,
with accuracy of +30 cm. However, barometric compensation enables
accuracy to be achieved to less than 1 cm.

which is a constant of sinkhole-resurgence systems throughout Oman.
Almost the entire system is controlled by jointing, essentially parallel
to the cliff, with those closest to the cliff opened by decompression. No
stratigraphic control is apparent, even in the short sections connecting
fractures. Two types of sediment are present: fluvial sequences and
speleothems. Pebbles pass through the Sha’at-Nakbat system with
each flood, and are locally cemented by active lateral flowstones fed
by oversaturated seepage. We assume that these conglomerates are
diachronic, as are the loose pebble bars reworked by each flood. The
poolsinthe downstream section are lined with calcite shelves, dammed
by rimstones. These subaqueous calcite deposits (shelves, rimstones)
are currently being eroded by the aggressive water of the river. One of
the reasons for this aggressiveness is the organic matter brought in
during floods, trapped under the silts of the deep pools. Its anaerobic
decomposition releases carbon dioxide, and probably methane and
hydrogen sulfide with characteristic smell (CH4 and H2S not measured).
The walls of the pools are etched into unusually large (10 cm), indented
wall features (Fig. 4). As a result of degassing, the concentration of C02
in the cave atmosphere is high in the semi-confined zones (Fig. 3). In
Nakbat, beyond the first low roof passage, the concentration reaches
2.4% (24,000 ppm). In Sha’at, below -260 m, the concentration rises
steadily towards the bottom to 1.4% (14,000 ppm). In winter, these lower
values are due to convection produced by the cold subsident air, which
is effectively ventilated in the large inlet volumes, but is minimal in the
semi-confined zone. These values remain moderate, compared with
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the 4.5% (45,000 ppm) measured at -200 m in Qanaf Sinkhole, located
further E of Dhofar. 130 m above Nakbat, the Oteen porch is filled with
a fluvial sequence, made of pebbles at the base (L =20 cm), followed
by a 10 m-thick sandy-clay sequence with an interbedded flowstone,

system, disconnected and currently perched. U/Th ages of flowstone
bracketing a pebble bar upstream of Nakbat (NK.1, NK.2), and for the
two Oteen flowstones (NK.3, NK.4) would help to better constraint the
evolution of the system (Figs. 3, 5).

and capped by a flowstone (Fig. 5). This is the former emergence of the
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Figure 3: profile view of Sha’at-Nakbat system. Red stars indicate the location of calcite sampled for U/Th dating
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Figure 5: location, survey and speleothems sampled for U/Th dating of Oteen cave, the perched past outlet of the Sha’at-Nakbat system
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Temperature and water depth (TD) record in the Nakbat spring pro-
vide information on the seasonal dynamics of underground flow. Over
the year (Fig. 6), the atmospheric temperature curve clearly shows the
cooling effect of clouds during Khareef. Water depth shows a maximum
during Khareef, and a secondary maximum in March-April, separated
by two long dry periods, 3 months from mid-March to mid-July, and 5
months from September to January. At the end of October, the passage
of cyclone Tej is clearly recorded.

Flow during the Khareef shows a series of peaks associated with
rainfall events (Fig. 7). Water rises by a maximum of 6D=32 cm, with
a maximum rate of rise of 3 cm/h during the heaviest rainfall event in
mid-August. Water temperature drops at the end of each peak, by §T=
-0.35°C. Comparing the time of the first rise in D with that of the fallin T,
the lagis 3 days. The arrival of the surface flow expels by piston flow the
“hot” internal water stored in the reservoir. With a 3.2 km underground
path length, made of torrential flow, phreatic passages and long pools,
this corresponds to an average transit velocity of *44 m/h.
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Figure 7: record of water depth (D) and temperature (T) at Nakbat spring
during wet season (Khareef), summer 2023

4, Discussion

The speleogenesis of this system is clearly associated with runoff
previously concentrated on the surface in wadi rushing into sinkholes,
such as Sha’at and Ajdarawt. Diffuse, supersaturated seepage probably
does not contribute directly to the evolution of the conduits. The main
drain mainly follows the fractures, but what is more unusual here is
the apparent virtual absence of control by bedding planes. In this karst
dammed by the impermeable substratum (Fig. 3, 9), the main drain has
recorded the positions of successive base levels, in this case marine.
However, the emergence should be now located 5 km further E, at the
intersection of the aquifer with the current marine level, where it should
have “slip” in response to the uplift of the plateau. This attests to the
delayed adaptation of karst networks. It can be explained by the extre-
mely low discharges, barely mitigated by flash floods whose powerful
mechanical erosion by pebbles transport only lasts a few hours. Etched
indented walls evidence of the currentintense aggressiveness of the pools,
but the rimstone dams that have barely been eroded suggest that this
aggressiveness is recent, and that the water was previously rather over-
saturated. The delay in adaptation implies a great antiquity and duration
of activity for the Sha’at-Nakbat system, still active although perched
by 465 m, and moreover for the fossil Oteen drain perched 600 m high.

The geological data allow us to constrain the limits of the Nakbat
catchment area on virtually all sides (Fig. 9): to the S, the coastal cliffs;
to the N, the low-permeability marly-limestone outcrops of the plateau
following the watershed along Highway 47; to the E, the deep valley
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Rainfall associated with the passage of cyclone Tej between the
evening of October 23rd and the morning of the 24th reached 276 mm at
the Rakhyut station, 17 km to the W on the coast. They probably exceeded
300 min altitude over the study area. Their impact on the Nakbat flow
was limited to 36 h (Fig. 8). The water rose by 6D=1.35 m in 3 peaks of
increasing height, implying considerable volumes in conduits averaging
10 m wide. The temperature dropped by §T=-3.15°C. The maximum
instantaneous water rise is 1 m / 20 min. The return to base flow was
extremely rapid, with the last peak showing the greatest and fastest
decrease. The lag between the start of the water rise and the arrival of
cold wateris now only 8 h, corresponding to a flow velocity of 400 m/h,
and decreases to 3 h and %2 h for the next 2 peaks. The origin of the 3
peaks is not defined and may correspond to two different situations:
either 3 successive rainfall episodes, or a single episode having transi-
ted through 3 different pathways. In the latter case, with the calculated
flow velocity, the first peak would come from the Sha’at Sinkhole at 3.2
km, the second from another sinkhole located 6 km away, which would
correspond well with Ajdarawt Sinkhole (Fig. 9), with the third at 10 km
remaining unknown.
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Figure 8: record of water depth (D) and temperature (T) at Nakbat resur-
gence during Tej cyclone from 23 to 24 October 2023

cutting into the limestone; and to the SW, beyond Ajdarawt Sinkhole,
the dip inflection directing the waters in the opposite direction. The
only uncertainty liesin a possible extension to the NW uphill of Ajdarawt
Sinkhole. This corresponds to a catchment of *17 km2, third of which
being covered by marly-limestone where temporary runoff occurs mainly
on the surface. A third of this surface feeds the S. Tributary, located on the
S rim of the cliff, of which Ajdarawt Sinkhole is probably the headwater.

During Khareef, transfer time is of the order of 3 days, with flow ve-
locity of 44 m/h. During cyclone Tej, these values rise to 8 hand 400 m/h
respectively, with water rises of 1.35 m in 30 min. in the outlet pools. The
return to base flow within a few hours attests to the super-fast draining
of an extremely transmissive conduit, and the absence of significant
storage. This confirms that, as in the case of surface wadi, flash-flood
flow is immediately dissipated and does little to recharge the aquifer.
Recharge does occur, of course, through diffuse infiltration, but only over
a very short, and therefore insignificant, period. True recharge occurs
during the Khareef, which is more effective and longer-lasting despite
the small quantities involved.

For these types of karst in semi-arid regions, we propose a con-
ceptual model of double groundwater flow (Fig. 10). Large-scale drains
fed by wadi sinkholes, particularly during cyclones, have an essentially
transmissive function, with rare flash-floods of considerable discharge
and very fast draining. Erosion in the conduits is mainly mechanical
during floods, and the accumulation of CO2, partly from thin soils but
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mainly from plant debris, prolongs the aggressiveness of the confined
pools throughout the year, as they remain fed by diffuse seepage.
The contribution of the conduits to aquifer recharge is thus generally
insignificant compared with diffuse infiltration. In Dhofar, recharge is
mainly due to the Khareef’s moisture, which infiltrates diffusely and
slowly into the fissured media, where it becomes saturated. In fact, this
limestone aquifer remains in initial pre-karst conditions and maintains
fissural-type flows and storage function, sustaining a base flow during
the long dry season. Oversaturated springs build up travertine massifs.
Itis this slow draining of the fissured aquifer that enables the irrigated
agriculture, thanks to the falaj system maintained by small traditional
communities. In fact, karstification is strictly limited to the conduits. This
is an extreme double-component model, with very limited exchanges
between the conduits and the fissured media.

| Umm Er Radhuma Fm.
Biaclastic limestone

Kharfot Fm. Marls
and limestone

Ain Nakbat
Waterfall

Shaat sinkhole

Figure 9: Geological profile (after PLATEL et al., 1992) and hydrogeological
catchment area of Nakbat resurgence (view to the N, the E-W length of
catchment is about 6 km)

5. Conclusion

We present a conceptual model of karst flows in semi-arid environ-
ment, where recharge occurs mainly during the Khareef wet season,
although misty precipitations are extremely limited. Water saturated
from the subsurface flows slowly through the fissured carbonate aquifer,
maintaining a permanent base flow at the springs where massive tra-
vertines are deposited. It is this type of non-karst flow that has enabled
irrigated agriculture and the settlement of traditional communities.
Fissured aquifers are interlocked by sinkhole-resurgence systems, where
exchanges are however limited. These systems are fed by the temporary
flow of surface wadi during Khareef, and more rarely during cyclones.
The latter are the source of flash-floods, with transfer velocity of 400
m/h and lag times of 8 h or less, strong mechanical erosion through the
transport of pebbles, and a contribution of plant debris. Their decay
produces CO2, which concentrates in the confined cave atmosphere and
acidifies the basins, prolonging the erosive effect of flood throughout
the year, and forming outstanding etched indented pool walls. Curiou-
sly, bedding plane exerts no control over the cave flow path, which is
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Figure 10: conceptual model of double flow (fissured + large conduits) in
semi-arid karst areas

almost entirely controlled by jointing. On the long term, the weakness
of the underground flow results in a delay in the adaptation of the con-
duits, which remain perched several hundred meters above sea level.
In a regional context where cave systems have no fossil level, for the
time being Oteen Cave harboring a thick fluvial sequence represents
a unique milestone, enabling us to study the ancient phases of cave
systems development, in relation to climatic changes determining the
nature of runoff and sedimentary deposits, as well as the uplift of the
northern edge of the Aden rift. The opening of faults aligned along the
cliff, preparing future landslides, is an identified risk. The spatial and
temporal distribution of rainfall reconstructed from meteorological grids
will enable us to refine the transfer functions highlighted by our record
at Nakbat, particularly during cyclone periods. Studying the past and
present dynamics of these atypical karst aquifers is vital for preserving
water resources in semi-arid environments, where climate change is
likely to significantly affect recharge.
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Abstract

In southern Albania, in the valley of the Sarandaporo River, members of the Czech Speleological Society discovered a hydrothermal karst
connected to the sulphurous mineral waters of the Vromoner Valley. The area is defined by a massive limestone anticline that rises above the
surrounding flysch. Here, thermal waters rich in hydrogen sulphide have created a series of massive hypogene caves with large domes, lakes
and active streams.

In recent years, Czech speleologists have been carrying out speleological and hydrogeological research in the area, culminating in Lidar
scanning and the creation of a 3D model of the subsurface and surface, including hydrology, in 2024. The largest caves in the area are Sulfur
Cave, Shpella Breshké (Turtle Cave) and Atmos Cave. A lake in the Atmos Cave was discovered, mapped and named Neuron Lake. This lake is
the largest underground thermal lake in the world (known to date). All the springs in the valley have the same temperature and composition.
The total yield of springs is 200 litres per second. Tracer tests have shown that the water from Lake Neuron polyfurcates into all the springs
in the valley except the Old Spa Spring. Multidisciplinary international research of the hypogene area and biological research of the unique

underground biotope continue.

1. Introduction

The South-Albanian fault, with rising warm waters and other fluids,
follows the line Tomor-Qeshibesh-Bodar-Léngaricé-Postenan-Mele-
sin-Vromoner (Eftimi, Frashéri 2016).

Hypogene caves are located where this fault crosses the limestone
outcrop at the surface. There are several such areas in southern Albania
(fig.1)

Several hydrothermal areas are known in the Sarandaporo River
valley between the Gramos and Pindos mountains. As early as the 14th
century AD, the Pixaria Baths were built here (Audy et al., 2024).

The nearby Vromoner hydrothermal area, 1 km downstream of
Sarandaporo, has been known since the 16th century. The Greek baths
of Xomos were also built here.

The politically dark period of the second half of the 20th century
prevented speleological research. The Vromoner area was a border zone
with restricted access.

The geological setting of the Sarandaporo River is fairly straight-
forward, although the local tectonic setting, complicated by younger
tectonics, tends to be quite complex. As a literal cross-section of the
Albanides thrust belt (the lonian Unit), it comprises a series of tectonic
slices formed by a Jurassic to Eocene limestone sequence overlain by an
Oligocene flysch sequence. These slices are separated by thrust faults/
zones associated with steeply dipping bedding planes, representing the
overturned limbs of SW-vergent asymmetric anticlines. These steeply
dipping zones are usually associated with the presence of deep, narrow
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canyons separating sections of the mostly wide Sarandaporo River valley.

At the turn of the millennium, Albanian scientists described a cave
from which a thermal stream flows (Eftimi, Frashéri, 2016).

Speleogenesis of caves in Vromoner was predominantly caused by
hydrogen sulfide (H2S). H2S is derived from sulfates, which are common
in groundwater, especially where evaporates occur at depth. When
sulfate meets migrating oil and gas (mainly methane), the sulfates are
reduced to H,S. H_S, together with residual sulfates, migrates with deep
groundwater toward the ground surface. Here, it meets O, in shallow
groundwater and, especially from the air (in fractures above the water
table), and after its oxidation, sulfuric acid is produced. Sulfuric acid reacts
with limestone and converts limestone to gypsum. Gypsum periodically
falls from cave walls, exposing fresh limestone in a repetitive process.
Part of H,S is oxidized to native sulfur.

In 2021, Czech speleologists began exploring the Vromoner area
and its sulphuric acid cave systems (SAS).

The first documented cave was the horizontal Sulfur Cave. The
entrance to Sulfur Cave is located near the level of the Sarandaporo
River on the Greek side of the border. Most of the area of this horizontal
cave is already under Albanian territory. A 26°C warm thermal river
flows from the base of the Universe dome (fig. 2) (Audy et al., 2022 and
Audy, 2022). The presence of massive underground spaces is indicated
by large dolines at the surface.
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Figure 1: The main tectonic faults in Albania with an indicated position
of the Vromoner thermal springs.

Entrances to other SAS caves have been found in these sinkholes.
The Paleohypogene Horse Cave s filled with calcite and gypsum deposits.

Shpella Breshke (Turtle Cave) is particularly interesting. At the
bottom of the cave, at a depth of 68 m, is an elliptical thermal lake with
an 85 m circumference and a temperature of 26°C.

The most recent discovery was the Atmos sinkhole cave. The entrance,

2. Materials and methods

The SAS survey of the Vromoner Caves initially focused on mapping
and hydrogeology. Various gas detectors were used to measure H2S
concentrations, which ranged from 2 to 22 ppm in open areas. The air
temperature in hydrothermally active caves ranges from 15° to 29°C,
while inactive caves in the area maintain a temperature of 12° to 14°C.

DistoX and BRIC were initially used to map the caves. When resear-
chers measured the massive lake dome in Atmos Cave, they could not
fix points in the middle of the lake. A mobile lidar scanner, the Geoslam
ZEB Horizon, was purchased in 2024 with a grant from the Neuron
Foundation for Science Support. This device, capable of recording

3. Results

Lake Neuron at the bottom of the Atmos Abyss is currently the lar-
gest thermal cave lake in the world (Fig. 3). We used the most advanced
measurement techniques to obtain dimensional data (Table 1, Fig. 4).
These measurements will allow us to compare changes in the cave
interior in the future.

The largest spring is the stream flowing from the Sulfur Cave, whi-
ch reaches a discharge of up to 60 L/s. The total yield of the springs in
the Vromoner area is 200 L/s. All the springs in the area have the same

153

150 metres from the hillside entrance, periodically emits clouds of steam
that can be seen from a distance of 1 kilometre in winter. At the bottom
of Atmos Cave, at a depth of 127 m, a large thermal lake was discovered
and named “Lake Neuron” (Audy et al., 2023).

The Atmos and Sulfur Caves are located on the gently sloping limb
of one of the above tectonic blocks. The whole sedimentary sequence
generally dips gently SW but is folded into open folds with large wave-
lengths that dip gently SSE. A cleavage system has been detected that
is genetically unrelated to the main folds. It is a subvertical, practically
N-S striking cleavage, dipping steeply to the W. Four fracture systems can
be distinguished. NE-SW and NNW-SSE striking fractures are the most
dominant systems, accompanied by two minor systems: NNE-SSW and
ENE-WSW striking systems.

Figure 2: Mineral springs on the bottom of the giant dome Vesmir (Univer-
se) in the Sulfur Cave. The Vesmir Dome was named after a Czech journal
at the occasion of its 150th anniversary. (Photo by M. Audy & R. Bouda)

300,000 points per second, This allowed us to create a 3D model of the
entire hydrothermal area and obtain precise data on the dimensions of
individual caves and thermal lake areas.

To obtain bathymetric data for the lakes in Turtle and Atmos Caves,
we used the River Surveyor M9 sonar.

Theyield and physico-chemical parameters of all springs in the area
were measured. In order to detect the connection between the springs
and the underground flows in the cave, a tracer test was performed
using sodium fluorescein dye injected into the outlet of Neuron Lake
in Atmos Cave.

physicochemical parameters, which means that they originate from the
same source. The water temperature is 26 °C, and the total dissolved
solidsare 1 g/L.

The tracer test has shown that water from Lake Neuron flows into
allthe springsin the area, indicating extensive polyfurcation. (Fig. 5) The
only exception, where the tracer did not reach, is the Old Spa spring,
which is probably fed by borehole.
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NEURON LAKE ATMOS DOME
Perimeter 3449m 490,4 m
Area 3200,6 m? 5268,6 m?
Volume 83350m? 138 544,6 m?
Length 138,3 174,5m
Width 42,0m 42,6 m
Lake depth -7,46 m -

Table 1: Dimensions of Atmos Cave obtained by lidar scanning.

Figure 3: The southern quarter of the gigantic thermal lake Neuron on the bottom of the Atmos Cave. Neuron Lake has a temperature of 26 °C. With a
volume of 8335 m3 is the largest subterranean thermal lake in the world. (Photo by M. Audy and R. Bouda).
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4, Discussion

In the future, we hope to work in other SAS caves in nearby areas of
Albania and Greece. The nearby thermal springs of Pixaria and Kavasila
are related to the hydrothermal area of Vromoner. The Amarantos and
Postemani hot steam vents, originating from limestone fissures high in
the mountains, are of particular interest. The extensive SAS cave system,

5. Conclusion

Intensive multidisciplinary research continues in the Vromoner
area. We are also collaborating with local authorities. We are working
towards having the hypogene caves included in the Vjosa National Park.
Previously, Albanian hydrogeologists and historians succeeded in pre-
serving the Bénjés geothermal area on the Langarica River by publishing
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Abstract

awareness among the local stakeholders and population.

1. Introduction

Carbonate rocks occupy almost 25% of Albania’s land surface and are
characterised by a widespread development of surface and underground
karst phenomena (EFTIMI & ZOJER, 2015; EFTIMI, 2020). Before the fall of
communismin Albaniain the early 90s, speleological explorationsin the
country were carried out only by Albanian geographers and archaeologists
(KRISTO, 1973; KRUTAJ, 1985; KRISTO et al., 1987). Most of the explored
caves were easily accessible, archaeologically interesting, or known to
local people. Nowadays, Albania still has poorly organized speleological
community, with extremely low numbers of cavers. Therefore, it does
not surprise that the mostimportant cave discoveries since the 90s have
been achieved by foreign cavers (for an overview see ZHALOV, 2015).

In recent years, explorer’s attention was drawn by the uniqueness
of sulphidic activity throughout the country. Strongly deformed inner
and external Albanide regions are rich in geothermal waters, with many
thermal springs reaching temperatures as high as 65°C. In addition to
high temperatures, some of the springs are also characterised by Ca-S04

2. Materials and methods

In the last five years, several speleologists have wondered why in
Albania there are no known active or fossil sulphuric acid caves. Their

12) Volos Natural History Museum, Greece, vaxevanopoulos@gmail.com
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Over the last few years Albania has seen an explosion of discoveries of sulphuric acid caves. This country, rich in geothermal resources, has
been the object of targeted speleological expeditions in the areas where thermal and sulphidic springs occur in contact with limestone out-
crops. This has led to exploration and mapping of extensive maze of active sulphuric acid (SAS) caves in different areas of the country. These
caves are hotspots of both geological and biological phenomenon, and multidisciplinary studies are being carried out in most of the newly dis-
covered SAS cave systems. In Albania, rapidly developing country, scientific collaboration of speleological teams, coupled with involvement of
local authorities and scientific collaborators, seems to be essential for documentation and protection of these sites. Especially as these unique
geosites have high geological and biological importance, which can be properly protected only by scientifically based management and raising

chemistry (FRASHERI, 2015), which is known to aggressively dissolve
carbonate rocks. Potential aggressively based speleogenesis attracted
Italian and Czech cave explorers in search of the first sulphuric acid cave
systems (SAS) of this country.

SAS caves are widely present on the other side of the Adriatic Sea, in
neighboring Italy (D’ANGELI et al.,2019), a country that hosts almost half
of the currently known SAS caves in the world (DE WAELE et al.,2024). Due
tosimilaritiesin regional development, Albania offers several geological
settings where SAS caves might be expected to occur (KLIMCHOUK et al.,
2022). Recently,important SAS cave systems have been discovered close
to the border with Greece (BRANDOLINI, 2021; AUDY, 2022; MARRAFFA et
al.,2022; AUDY et al., 2022,2023, 2024; BENASSI, 2024) and were subject
of initial biological and microbiological studies (SARBU et al., 2024). In
addition to these, new SAS areas were recognized in the central part of
the country, enhancing the need for an overview of SAS cave systemsin
Albania, accompanied with a summary of the ongoing scientific studies.

existence was especially expected since Albania shares some geological
similarities with Italy and Greece (LAZARIDIS et al., 2011; D’ANGELI et
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al.,2019; POPA et al.,2019), where sulphuric acid caves are widespread,
and due to presence of numerous areas with thermal or even sulphidic
springs (FRASHERI, 2015). Michele Sivelli (personal comm.) was one
of the first to visit several of these sulphidic springs, at Holtas and at
Vromoner, noticing the presence of important limestone outcrops
characterized by the presence of cave entrances. Alexandra Bengel and
Timo Hess photographed the first SAS cave in the Vromoner areain 2017
(ZUPNA HAJNA, 2021).

Several caving teams, mainly from Italy and the Czech Republic,
started investigating these areas, based on geological maps and the
position of known thermal springs, soon discovering important active
sulphuric acid cave systems (Fig. 1). The scientific importance of these
areas and caves became immediately clear, driving the caving teams
to organize multidisciplinary expeditions involving geologists, hydro-
geologists, biospeleologists and microbiologists. This holistic approach
soon resulted in important scientific discoveries, mainly in the field of
hydrogeology, biology, ecology and microbiology, some of which have
already been published in a preliminary manner, while the others are
being prepared and will be published soon.

Figure 1: The four areas where SAS caves are being explored: 1. Holtas; 2.
Langaricés; 3. Vromoner-Sarandoporo; 4. Fushé-Krujé (Map from Google
Earth).

3. Results

Presently, four cave areas are actually being investigated: Holtas
Canyon (Gramsh District, Central Albania), Langarica’s Canyon (Per-
met, Southern Albania), Vromoner-Sarandoporo Canyon (Leskovik,
Greek-Albanian border), and Shpella e Zallés (Fushé-Krujé, around 15
km North of Tirana).

3.1. Holtas Canyon

In January 2018 a team of Italian cavers (Gruppo Speleologico
Faentino (GSF) and Gruppo Speleologico Ariminum) started exploration
in the area of the Holtas Canyon, close to the villages of Tervol and
Kabash. Besides the Shpella Kabashit (shpella means cave in Alba-
nian), known to local people, several additional sulphuric acid caves
were explored. Among these, the Barutit-Kaceverrit system and the
Avulit Cave, south and north of the gorge, respectively, were the most
impressive. Shpella Avulit is an approximately 500-metre-deep cave
system with several cave levels, characterized by extensive secondary
gypsum deposits (Fig. 2).

In November 2018, scientific sampling was carried out in the fra-
mework of a bachelor thesis in Geology at the University of Bologna,
finding the typical suite of secondary cave sulphates, the classical cave
morphologic suite of rising flow and etching by sulphuric acid (e.g.,
replacement pockets), and trying to correlate different cave levels with
river terraces (MARRAFFA et al., 2022).

In April 2023, thanks to the logistical support of the GSF and the
Gruppo Speleologico Martinese (GSM), a multidisciplinary team carried
out a sampling campaign, involving geologists, cave meteorologists,
biospeleologists and microbiologists. The vast majority of collected
samples are currently being studied, whereas some already led to
interesting preliminary results.
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Figure 2: Sulphidic lake at the bottom of Shpella Avulit (Photo Orlando
Lacarbonaray).
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3.2. Langarica’s Canyon

The initial research in the Kanioni i Langaricés canyon started in
the 80s, when the first hypogean caves, Shpella e Péllumbave (Pigeon
Cave) and Shpella e Bénjés (Bath Cave), were described (FRASHERI,
2013). The discovery of archaeological artefacts from the Illyrian and
Neolithic periods led to the inclusion of these two caves in the list of
cultural monuments of Albania. In 2023, Italian teams organized three
expeditions in the area. They involved speleological clubs at national
level as well as researchers from the Universities of Perugia, Bari, and
Torino. In total, approximately 15 km of new cave passage were explo-
red and documented in several sulphuric acid caves. Among them, the
12.7 km long and 116 m deep Langaricés System is the main cave here
and longest known cave system in Albania (Fig. 3). It has four known
entrances, with a very complex climatology and strong air circulation.

The Dragon’s Breath entrance is the highest and behaves like a smoking
shaft in winter, with steam blowing out at temperatures of up to 26°C
and with flow rates of over 5 m3/s. The cave develops over seven levels,
the lowest of which has large active sections with sulphidic streams and
big lakes reaching water temperatures of up to 30.4°C (BENASSI, 2024).

Preliminary biological investigations led to the discovery of rich
subterranean biological communities, including endemic species of
invertebrates, in both upper and lower levels of the cave. Large colonies
of bats have been recorded throughout the cave, and the vast deposits of
guano present the dominant food-base for the invertebrate communities.
In the lower, sulphidic level of the cave, sulphur-oxidizing and -reducing
bacteria and other acidophilic microorganisms form communities that
cover the limestone walls as biofilms. Microbial activities and products
seem to function as a food source for the cave invertebrate communities
in the deepest sections of the cave.

Figure 3: Large gypsum deposits in Regina Teuta gallery in the Langaricés Cave System. This level is located 20 metres above one of the active fee-
ders, and is characterised by a strong flow of warm air which in winter rises towards the entrance named “Dragon’s Breath” (Shpella Avullit) (Photo
Andrea Massagli).

3.3. Vromoner-Sarandoporo Canyon

Thermalspringsinthe Vromoner Canyon, on the Greek Albanian border,
have been known from time immemorial. Due to their location in a strictly
guarded border following the WW2, the hypogenic caves connected with
these thermal waters have somehow skipped the attention of speleologist.

This area was explored in the last few years by the members of the
Czech Speleological Society and now the research team has grown to
include biologists from Romania, the US, Belgium, and Italy. Eight en-
demic invertebrate species have been identified in these caves to date.

Caves such as Sulfur (Fig. 4), Breshké (Turtle), Twenty, and Atmos,
contain warm sulphidic water and are actively evolving by hypogenic
processes. In Atmos, one can observe one of the largest domes in
hypogean caves in Europe, estimated to 200.000 m3. The huge dome is
accompanied also by a thermal lake, which presents one of the largest
known subterranean thermal lakes in the world. Somewhat harsh con-
ditions for people seem not to affect the subterranean invertebrates,
as eight endemic species have been identified in these caves to date.

In addition the caves in Vromoner Canyon, three additional active
hypogean caves (New and Old Pixaria and Swallow Cave) have been
mapped in the nearby Pixaria area, close to the Kavasila spa, Greece.

Figure 4: Thermal sulphidic stream and gypsum accumulations covered
in sulphur, in the Universe Dome in Sulfur Cave (Photo Marek Audy).
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3.4. Shpellae Zallés

Shpella e Zallés opens at the base of a limestone outcrop, located
near to a cement factory in the Durazzo prefecture, 20 km north of Tirana.
This area is known for its thermal springs known under the name of Uji
Bardhe (white waters), alluding to the colour of the waters due to the
presence of white microbial sulphur bacterial mats and streamers (Fig.
5). These thermal waters have been studied by several authors (EFTIMI &
FRASHERI, 2016; EFTIMI et al., 2024). This cave was explored by the GFS
in 2018, and it was later surveyed by the GSM, reaching a total length
of one kilometer. It has a horizontal level in which several feeders are
presenton the cave floor. These are full of fresh water that floats over the
denser sulphidic one. Alarge sulphidic spring, with a flow rate of several
litres per second, emerges just a few meters below the cave entrance.

Gypsum crusts cover the cave walls in a chamber located close to
the entrance. Inside the cave, gypsum deposits are absent due to the
recurring flood events which rapidly dissolve this mineral. Similarly
to the caves in the Holtas Canyon, sampling of secondary minerals
and sulphidic waters was carried out. Recent explorations (2023) have
discovered some upper branches with extensive and beautiful gypsum
crystals and crusts, and interesting microbial communities which are yet
to be sampled. Future expeditions are planned to complete the survey
of the entire cave, carry out sampling for microbiological analyses, and
continue the exploration to some presently unknown branches.

Figure 5: Shpella e Zallés, sampling the sulphidic spring below the cave
entrance (Photo Jo De Waele).

4, Discussion

The growinginterest of foreign speleologists in the thermal and SAS
cave systems in Albania has raised curiosity in both local inhabitants
and authorities. One of the reasons of this lies in the fact that several
of the cave systems are located in Natural Parks: Holtas Canyon is part
of the Shebenik-Jabllanica National Park, while both Langaricés and
Vromoner-Sarandoporo are parts of the Vjosa Wild River National Park.
On the contrary, Shpella e Zallés is located in an industrialized area,
largely devastated by the proximity of cement plants and quarries. The
ongoing studies have shown all these active sulphuric acid caves, largely
unknown to local or national authorities, to be extremely interesting
places for geological and biological studies. Due to the prevailing ex-
treme conditions, from a microbiological and ecological standpoint,

5. Conclusion

Similarly to all other areas in the world where H2S-rich groundwaters
emerge through springs harbored in soluble carbonate rocks, SAS caves
are also present in the four Albanian regions known for the presence of
thermal-sulphidic springs. The remarkable work done in the last seven
years by specialized caving teams who searched for, explored, documen-
ted, and studied SAS caves in Albania, led to the discovery of extensive
subterranean networks that display characteristic SAS morphological
features and secondary gypsum deposits, as well as unusually abundant
and diverse biological communities based on chemoautotrophy.

Alongside the continuation of work in the four sulphuric caves
presently under exploration, further investigations will visit other areas
known for the presence of thermal springs and sulphidic waters. It is
expected that this will lead to further increase in number of sulphuric
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these caves rank among the most interesting worldwide. In addition to
the morphological phenomena largely developed under thermal and
sulphidic activity, they all host specialized microbiological communities
that serve as the basis for extremely adapted invertebrate communities.
Many of these present new species for science and still need to be des-
cribed. Specialized as they are, these ecosystems are also extremely
fragile and depend on the presence of the rising sulphidic water and
the peculiar conditions in which they thrive. None of the known SAS
cave systems in Albania appear to be suitable for any kind of touristic
orspeleological exploitation, at the same time requiring human impact
to be minimized to visits for scientific purposes.

acid caves in Albania. Alongside exploring the SAS systems, and due
to still poor organization of speleology in Albania, research teams are
working towards involvement of local scientists of the University of Ti-
rana and Albanian cavers, to establish a cooperation agreement for the
biological research in the sulphidic cavesin these areas. These activities
were further enhanced by establishing the contacts with the Ministry
of Tourism in Albania (responsible for the protection of nature in the
country), to fulfill scientific research in compliance with both national
and international legal acts (i.e. provisions of the Nagoya Protocol). By
establishing these connections and following the legal framework, we
tend to make a positive example, which will serve as a model for future
explorersin Albania and will enable future scientifically-based protection
of the country’s karst peculiarities.
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Abstract

The Ibitipoca Mountain Range, in southern Minas Gerais (Brazil), hosts an important speleological district that is part of the Andreldndia Spe-
leological Province, where caves have developed in quartzites of the S&o Tomé das Letras Formation, Carrancas Group - Andrelandia Sequen-
ce. This study analyzed the speleogenesis of four caves in Ibitipoca State Park: Gruta Martimiano II, Gruta das Bromélias, Gruta Manequinho,
and Gruta das Casas. Structural, petrographic, geochemical, and hydrochemical analyses were conducted. The results indicate that speleo-
genesis occurs mainly in fine-grained quartzite layers embedded between coarser quartzites. The incongruent dissolution of feldspars and
micas, combined with the low solubility of silica, generates secondary porosity, favoring sandification and channeling processes. The caves
follow regional fractures oriented NE-SW, NW-SE, and W-E and are also influenced by bedding (SE/21°) and an open fold (antiform) with an
NNE-SSW axial plane. Groundwater shows low dissolved silica concentrations (1.67 to 3.22 mg/L) and acidic pH (3.0 to 5.8), indicating limited
chemical dissolution and a predominance of mechanical erosion. Speleogenesis occurs in fine quartzite layers containing mica, feldspar, and
kaolinite, with thicknesses ranging from 1.0 m (G. Martimiano Il) to 11.3 m (G. Manequinho).

Résumé

La chaine de montagnes d’Ibitipoca, située au sud du Minas Gerais (Brésil), abrite un important district spéléologique faisant partie de la
Province Spéléologique d’Andreléndia, ol des grottes se sont développées dans les quartzites de la Formation Sdo Tomé das Letras, Groupe
Carrancas - Séquence Andrelandia. Cette étude a analysé la spéléogenése de quatre cavités du Parc d’Etat d’lbitipoca: Gruta Martimiano II,
Gruta das Bromélias, Gruta Manequinho et Gruta das Casas. Des analyses structurales, pétrographiques, géochimiques et hydrochimiques
ont été réalisées. Les résultats indiquent que la spéléogeneése se produit principalement dans des couches de quartzite fin, intercalées entre
des quartzites plus grossiers. La dissolution incongruente des feldspaths et des micas, associée a la faible solubilité de la silice, génére une
porosité secondaire, favorisant les processus de sableification et de canalisation. Les grottes suivent les fractures régionales orientées NE-SO,
NO-SE et O-E et sont également influencées par le litage (SE/21°) et un pli ouvert (antiforme) avec un plan axial NNE-SSO. Les eaux souterraines
présentent une faible concentration en silice dissoute (1,67 a 3,22 mg/L) et un pH acide (3,0 a 5,8), indiquant une dissolution chimique limitée
et une prédominance de l’érosion mécanique. La spéléogenése se produit dans des couches de quartzite fin contenant du mica, du feldspath
et de la kaolinite, avec des épaisseurs variant de 1,0 m (G. Martimiano 1I) a 11,3 m (G. Manequinho).

1. Introduction

Preliminary studies have contributed to understanding the speleogenesis
of the cave system in the Ibitipoca Mountain Range. The processes of

Siliciclastic caves, although less studied than caves in carbonate
rocks, exhibit speleogenetic features associated with differential dissolu-

tion and mechanical processes, representing a wide range of formations
and processes (MARTINI, 1979; WRAY, 1997; SILVA, 2004; FABRI, 2014;
WRAY & SAURO, 2017). The most recognized siliciclastic karst regions
worldwide are located in Venezuela, South Africa, Australia, Brazil, and
India, with large-scale features and caves (WRAY & SAURO, 2017). In Brazil,
siliciclastic karst regions are found in the Amazon (states of Roraima,
Amazonas, and Para), Chapada dos Guimaraes (Mato Grosso), Serra Geral
province (Parana and Sdo Paulo), Serra do Caraga (Minas Gerais), and the
Andrelandia Speleological Province (PEA) (Minas Gerais) (SILVA, 2004).

Ibitipoca State Park (PEIB) covers 1,488 hectares in southern Minas
Gerais and hosts one of the largest concentrations of quartzite caves in
Brazil, totaling 64 mapped cavities (SEE, 2024). It also has the highest
density of large quartzite caves in the country (RUBBIOLI et al., 2019).
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sanding and piping, controlled by lithological, structural, and hydroche-
mical factors, influence the formation of caves in the quartzites of the Sao
Tomé das Letras Formation (Carrancas Group - Andrelandia Sequence)
(CORREA NETO et al., 1993; CORREA NETO et al., 1997; CORREA NETO,
1997; CORREA NETO & DUTRA, 1997; OLIVEIRA, 2021). However, know-
ledge gaps still exist regarding the formation of this siliciclastic karst.

Thus, this study aims to analyze and discuss the speleogenetic
processes of four caves located in the southwestern portion of PEIB.
Through structural characterization, petrographic, geochemical, and
hydrochemical analyses, this research seeks to understand the influence
of geological structures, lithology, and hydrochemical interactions on
the evolution of underground conduits and surface landforms.
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2. Methods

Through field campaigns, geological (structural, petrographic, and
lithological) surveys, hydrochemical analyses, and characterization of
speleological processes and features were conducted. Four main caves
within Ibitipoca State Park (PEIB) were selected for study: Gruta Marti-
miano Il (4,170 m), Gruta das Bromélias (3,447 m), Gruta Manequinho
(966 m), and Gruta das Casas (557 m) (Figure 1).

Cavernas cadastradas
Cavernas estudadas
[ Limite PEIB

Figure 1: Location of the Studied Caves in Relation to Ibitipoca State Park.

2.1. Structural Characterization - Surface and
Subsurface

Structural characterization involved measuring fractures, bedding,
and foliation, totaling 1,705 structural attitudes. The data were analyzed
using stereograms and plotted on maps to identify structural patterns
controlling speleogenesis. Additionally, stratigraphic profiles were
recorded to measure the thickness of fine-grained quartzite layers and
assess their lateral continuity.

3. Results

3.1. Structural Control

The caves exhibit strong structural control influenced by bedding,
subvertical fractures, and folding. Three fracture families, an antiform,
and bedding planes were mapped. The polydeformed quartzite pre-
sents penetrative fractures that allow meteoric water percolation and
infiltration into deeper layers. Stereographic analysis indicates two main
preferential fracture systems: NE-SW, NW-SE, and W-E, which govern the
development of underground conduits. In the southwestern portion of
PEIB, the rock bedding dips toward the SE at approximately 21° (Figure 2)
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2.2. Petrographic and Geochemical Analyses

Twenty rock samples were collected for lithological and mineralogical
characterization, analyzed using X-ray diffraction (XRD) and inductively
coupled plasma optical emission/mass spectrometry (ICP-OES/MS) to
determine major and trace element compositions.

2.3. Hydrochemical Analysis

Hydrochemical analyses were conducted at 23 groundwater sampling
points, measuring physicochemical parameters such as pH, electrical
conductivity (EC), resistivity (RES), temperature (T), oxidation-reduction
potential (ORP), and total dissolved solids (TDS). These parameters
were obtained using a Myron L Company Ultrameter Il multiparameter
instrument. Dissolved silica concentrations were determined using
an Agilent 725 ICP-OES (Inductively Coupled Plasma Optical Emission
Spectrometry).

2.4. Sediment Collection from Cave Walls and
Ceilings

Aninnovative experiment was conducted in Gruta das Casas, where
two 50x50 cm glass plates were placed in two fossil conduits: one beneath
saccharoidal coarse-grained quartzite from the ceiling and another be-
neath fine-grained micaceous quartzite from the cave wall. These plates
remained in place for one year, collecting sediments that naturally fell
onto them due to gravitational forces, assisted by rock «breathing»—the
expansion and contraction caused by water absorption and loss. The
collected sediments were weighed using a precision balance at the
Hydrochemistry Laboratory of DEGEO

3.2. Lithostratigraphic Influence

Speleogenesis predominantly occurs in fine-grained micaceous
quartzite layers, which are primarily composed of feldspar/kaolinite
and muscovite, with accessory minerals such as lepidocrocite, glauco-
nite, and jaffeite. These layers vary in thickness from 1.0 m to 11.3 m,
with the thinnest layer in Gruta Martimiano Il and the thickest in Gruta
Manequinho (Figure 3).
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Figure 2: Geological map of the study area. The profile shows that the
cavities develop in the fine micaceous quartzite found beneath the coarse
saccharoidal quartzite. Fractures facilitate the percolation of rainwater,
which accumulates in the fine quartzite and removes the material, thereby
forming the cavities.

This lithology contains less resistant minerals such as feldspars
and micas, which undergo incongruent dissolution, forming kaolinite.
Thedissolution along quartz grain boundaries due to water percolation
is sufficient to initiate sanding processes, thus facilitating secondary
porosity formation.

Conversely, coarse-grained saccharoidal quartzite, with SiO,
content exceeding 94%, exhibits high resistance to dissolution, limi-
ting speleogenesis progression. The fine quartzite layers, in contrast,
contain SiO, ranging from 79% to 91% and Al,0; between 3% and
13%, with the highest Al,05 content (13%) found in Gruta Martimiano
II, followed by Gruta das Bromélias (9%), and values below 2.01% in
coarse quartzite samples.

As previously described, fine quartzite layers are interbedded
within coarser quartzite layers. In some caves (Martimiano Il, Bocao,
and Rasteirinha), upper conduits developed within these fine-grained
quartzite layers, revealing the repeated occurrence of this crucial
lithological unit.

4, Discussion

4.1. Structural Control

Stereographic analysis indicates three main preferential fracture
systems: NE-SW, NW-SE, and W-E, which govern the development of
underground conduits. Bedding planes facilitate water percolation
toward the Salto River (local base level), leading to the enlargement of
conduits through dissolution and mechanical processes, which generate
incasions followed by wall and ceiling collapses.

The mapped antiformin the northern portion of Gruta das Bromélias,
located in the highest sector of the cave, contributes to the lateral expan-
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Figure 3: Quartzites found in the caves of Ibitipoca. In (A), (B), (C), and (D),
fine micaceous quartzites with the presence of micas, feldspars, and high
porosity (impregnated with blue epoxy resin). In (A) and (B), macroscopic
view with colors ranging from white to pink; in (C), thin section with 0.5
mm zoom; and in (D), thin section with 0.1 mm zoom, both showing fine
grain size, abundant micas, and secondary porosity. In (E) and (F), detail
of the coarse grain size of the quartzite, whereas in (G) and (H), the thin
section highlights low mica content, fractured grains, dissolution of quartz
mineral edges, and low secondary porosity.

3.3. Hydrochemical Analyses

Hydrochemical analyses revealed low silica concentrations, ranging
from 1.67 to 3.22 mg/L, and pH values between 3.0 and 5.8 (OLIVEIRA et
al., 2023). Other elements detected in the analyses, such as Al, Ca, Na,
Mg, and Fe, indicate the occurrence of additional hydrogeochemical
processes, including the incongruent dissolution of feldspars and micas.

sion of conduits. The formation of entrances and skylights, associated
with this structure, creates a direct pathway for rainwater infiltration into
the system, accelerating dissolution and enhancing erosion processes.

4.2. Lithological Influence

Thefine-grained quartzite layeris the primary lithological unit where
speleogenesis initiates, either due to its composition, which contains
more soluble minerals than coarse quartzite, or due to its finer grain
size, making it more easily eroded.
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Another active erosional process affecting fine-grained quartzite is
the exudation-induced loss of water from the rock to the cave atmos-
phere, resulting in the disaggregation of sand grains that compose the
quartzite. This process was confirmed by sediment collection using
50%50 cm glass plates installed in Gruta das Casas for one year. At sam-
pling point CC1, 0.225 g of micaceous fine quartzite was collected from
the cave wall, while at point CC2, 1.7074 g of quartzite sediment was
collected from the ceiling.

This experiment demonstrates the volumetric loss of the cave
without direct erosional agents and suggests that ceiling collapse may
occur more rapidly than wall retreat. Once the fine quartzite layer is
removed, collapse and conduit closure processes begin.

Additionally, vertical grooves ranging from centimeter to meter
scales were observed in fine quartzite layers. These features result from
gravity-driven movement of exudated water droplets, which emerge
from cave walls and descend to the floor, forming vertical fluting. This

5. Conclusion

The results of this study demonstrate that the speleogenesis of the
caves in Ibitipoca State Park (PEIB) is controlled by three main factors:

Structural Control - The NE-SW, NW-SE, and W-E fracture systems
dictate the orientation and development of underground conduits. Bed-
ding planes, which dip SE at 21°, enhance erosional processes by directing
water flow along the steepest slope toward the Salto River (local base
level). Additionally, the antiform located in the northern portion and the
main conduit of Gruta das Bromélias laterally expands the cave’s area,
resulting in the formation of five entrances. This expansion facilitates
rainwater infiltration, increasing its microbasin contribution area and
capturing part of the Rio Grande Basin flow into the Paraiba do Sul Basin.

Lithological Control - Speleogenesis initiates in fine-grained mica-
ceous quartzites and progresses toward coarse-grained saccharoidal
quartzites, which are less susceptible to dissolution but more prone to
collapse. Dissolution features, such as channels, are only observed in fine
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mechanism gradually widens conduits and channels through mechanical
quartz grain removal.

4.3. Hydrochemical Analyses

Hydrochemical data indicate that chemical dissolution plays a
secondary but significant role in rock grain disaggregation and san-
dification, whereas mechanical erosion is the primary process driving
conduit enlargement.

The characterization and analysis of subterranean water flow revealed
hydraulic interconnectivity between the two largest caves of Ibitipoca
(OLIVEIRA et al., 2023), forming an underground drainage system appro-
ximately 7.5 km long: the Bromélias-Martimiano Il System, which also
includes Gruta Vandinho, located between them.

quartzite layers, whereas in coarse quartzite, discontinuities are primarily
enlarged by water erosion. Fine quartzite layers are enclosed above and
below by coarse quartzite, and their complete removal triggers collapse
processes, facilitated by bedding planes and fractures.

Hydrochemical Influence - The groundwater exhibits low silica
concentrations, low levels of other dissolved elements, and acidic pH, in-
dicating that chemical dissolution plays an essential role in sandification.
This process allows mechanical erosion to act in conduit enlargement,
transporting disaggregated quartz grains.

This study reinforces the importance of the Ibitipoca Mountain Ran-
ge as a model for understanding quartzitic intra-stratal karst in Brazil.
It highlights the interplay between lithology, structural controls, and
hydrochemical processes in the formation of siliciclastic caves, where
dissolution, erosion, and gravitational processes actively contribute to
cave development.
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Abstract

Signs of abundant argillization (alteration of the initial substance by hypogenic processes and replacement of newly formed clay minerals)
were found in the studied caves in conglomerates, marbles and silicified limestone. There are significant deposits of clay substrate (argillite)
on the bottom of definite levels with uprising vertical tubes with dome-shaped dead-ends, change of rocks colour, shift of pH of solutions to
acidic values, etc. The formation mechanism of the studied caves is offered: removal of the substrate argillized by low-hydrothermal processes
along the fault zones, by groundwater without perceptible participation of karst processes.

1. Introduction

Inthe Altai-Sayan mountain region (southern Siberia of Russia), there
are a number of caves developed in rocks in which karst processes are
hardly possible to occur. In East Sayan, these are the Big Oreshnaya and
Dudinskaya caves in conglomerates, the total length of which is more
than 51 km and 41 km, respectively. Within the Altai Mountains, these
are the Altaiskaya and Kek-Tash caves in marbled and silicified limestone
with a total length of 4.7 and 3.2 km, respectively. 3-D mapping of the
listed caves revealed that the morphology of their passages and the
general structure differ significantly from those of caves in carbonate

2. Methods and materials

Duringthe study of caves, linear structures were identified: narrow,
wide and at the same time high, rectilinear cave cavities, laid along the
zones of crushing of Cenozoic tectonic disturbances. Linear structures
have vertical or almost vertical walls with signs of slidingsides or without
them due to erosion by draining watercourses. Associated crushing
zones, breccias were identified and their tectonic origin was assumed.
The height of the accessible part of faults was determined by mapping
after wall ascents using

mountaineering equipment or laser surveys where it was possible.
For a more detailed identification of the fault systems, instrumental
mapping usinga Leica HDS 7000 laser was necessary. On the surface, to
identify areas of increased fracturing density, structural-tectonic profiling
was carried out according BULYCHOV (2024), based on the assumption
about wave nature of density distribution of fracturing. To detect near
(3-20 m) surface cavities seismic-electrical measurements were carried
out on the surface. The Big Oreshnaya and Dudinskaya caves are located
in the Cambrian-Ordovician conglomerates of the Narva formation.
The conglomerates are dislocated by Cenozoic extension faults, which
are the feather structures of the system-forming faults of the right-la-
teral kinematic type (Novikov, 1998). The Big Oreshnaya cave has an
amplitude of 234 m (according to the frontal projection), taking into
account the new system system, which is located 44 m above the main
entrance. The length of the cave is more than 51 km (Bulychov, 2021),
but the three-dimensional labyrinth is extremely complex, so only 3-D
cross-section is provided (Fig. 1).

167

rocks. Their vertical extension is tens and more than hundred of meters,
and lateral extension is up to hundred of meters. The structure of the
passages of the studied caves resembles the structure of karst caves,
rotated vertically by 90°. In general, the pattern of the passagesisarran-
ged as a system of disjoint extended subvertical planes with rare short
subvertical planes connecting them. The revealed structure corresponds
to the geometry of the structural pattern of Late Cenozoic fault systems
formed as a result of subhorizontal compression and correlates with
geophysical observations.

Figure 1: 3-D cross-section of Big Oreshnaya cave.

Similar observations were made on the Badjeysky massif, as a result
of which a completely new cave, Dudinskaya, was discovered (Fig. 2).

There are more than 41 km of passages with chasms and a “lattice-
-box” labyrinth mapped in 2022-2024. Signs of disjunctive disturbances
in the central part of the cave appear in crushed zones or linear struc-
tures located closer to the surface, but deeply embedded galleries are
developed along distinct tectonic faults (Bulychov, 2024). The height of
accessible part of the faults (either by means of topographic surveys after
the ascents or by laser measurements) turned out to be from 20 to 80 m,
the length from 90 to 250 m, the width from 0.5 mto 5 m.
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Figure 2 : 3-D cross-section of Dudinskaya cave : 1- day surface, 640 m-
absolute height

The Altayskaya Cave is the largest of the known caves in the Altai
Mountains and has the most complex vertical structure among all the
cavesin the Far East and Siberia. Itis located on the Metlevo plateau, 25
km from the village Kamlak. The Lower Cambrian marbled limestones of
the Kayanchinskaya suite (400-500 m thick), in which the caveis located,
are framed by acidic effusive, terrigenous-volcanogenic rocks, granites
and faults of the right-lateral type with feathering extension structures.
The final topographic survey and the map with a cross-section were
made by the author of the article (Bulychov, 2021). Based on the results
of structural-tectonic profiling and stereoscopic interpretation of aerial
photographs, faults with extending of 0°, 45°, 315° were identified. A
bright feature of the cave s a lot of ascending slit-like planes connecting
the lower levels to the upper ones. Three wide cavities up to 180 m in
height run into dome forms (Fig. 3) with quartzite crust, blocked from
above by a layer of dense marbled limestones, while 15-20 m remains
to the day surface.
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Figure 3: Cross-section of Altaiskaya cave: 1- day surface, 2-absolute height

3. Results and Discussion

In all observed caves, signs of gypogenic argillization were found:
light brown - yellowish argillizites, what corresponds to observations
of RAZUMOVA (1977). The hydrogen index in the solution probe in a
period of freatic flooding, measured by an autonomous pH-meter Ohaus
ST300-B, occurred to be about 6.0. Significant deposits of argillizites
were marked at the 2nd level of the caves: Old River and Sea Avenue,
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The Kek-Tash cave (Fig. 4) is located 17 km from the village Kamlak,
has similar geological and tectonic conditions with the Altaiskaya cave:
originated in dense marbled limestones of the Lower Cambrian of
Kayanchinskaya suite by faults and cracking with extending of 0°, 110°,
230°. The cave is the deepest in Siberia (Bulychov, 2021).

0 17 34 S51m

Figure 4 : Cross-section of Kek-Tash cave : 1- day surface, 2-absolute height

not wholly carried out by ground waters. The argillizites turned out to
be close in composition to illite-smectite (according to results of X-ray
phase analysis “Dron-8”) with inclusions of Si0, and feldspar, the grain
size of which is no more than 0.02 mm (according to the results of gra-
nulometry). Ascending passages often run into dome-shaped dead ends
(Fig. 5), what probably indicates their hypogenic origin and corresponds
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Figure 6 : Domes in the ceilings in Dudinskaya cave.

Figure 5: Climbing up to the dead-ends in Big Oreshnaya cave.

The process of gypogenic argillization is a low-temperature hydro-
thermal weakly acidic leaching along zones of tectonic fractures, refer
to Volostnykh (1972). Low-temperature hypobyssal emanations - gases:
CO, (95%), H,S (3%), H,CO, (2%) - participate in the process. Carbon
dioxide, when combined with ground water, forms H,CO, acid, which
is a very aggressive agent: the reaction rate increases up to tens of
times according Palmer (1995) during the corrosion of rocks, including
limestones and marbles: CaCO, + CO,+H,0 <> Ca* + 2HCO,. Admixtures
of mica, feldspars of silicified limestones and quartzites in the zones of
deep faults are argillized by low-temperature metasomatism, according
to Kazitsyn (1979), Dvornikh (2020):

KAL, (OH, F),[(AlSi),0,] > KAL(OH),[(AlSi),0, ] >

muscovite  sericite - Figure 7 : Ascending blind chambers in Dudinskaya cave.

> K 50, Al (OH),[(SIAD,O, ] « n H,0 > AL (0H), [Si,0, ],

hydromica kaolinite

what is also characteristic of argillization of plagioclases, micas in
conglomerates.

We consider this process important in speleogenesis due to deep
faults and the presence of igneous rocks in the studied area. There are
a lot of evidences of hypogenic origin observed in the caves: dead-end
dome arches, domes in the ceilings (Fig. 6), ascending blind chambers
(Fig. 7), change of color of rocks, hydrothermal veins (Fig. 8,9), suspended
meanders (Fig. 10), etc.
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Figure 10 : Suspended meanders in Dudinskaya cave.
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4, Conclusion

Mechanism for cavity formation proposed is based on the well-stu-
died phenomenon of fault argillization. We distinguish three stages of
cavity formation in hardly-karstic rocks: a) formation of crushed zones,
b) processing by hydrothermal fluids (argillization) along crushed zones
(confined system), which is proposed to begin in oligocen - miocen, c)
removal of argillizite by ground waters. Cenozoic (golocen) fragmenta-
tion “opened” the deeply located cavities as a post-gypogenic process,
according to Klimchouk (2009).

The proposed mechanism allows to take a fresh look at the
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Resumo

Delimitar a area de influéncia sobre uma caverna, sobretudo aquelas hidrologicamente ativas, implica em definir da melhor maneira possivel
as condi¢Bes de contorno que influenciam a dindmica de circulagdo de matéria e energia em determinado sistema cérstico. No Brasil, essa
abordagem é especialmente importante porque tem aplicacdo direta na protecdo e conservacdo das cavernas inseridas no contexto de em-
preendimentos minerarios, geradores de energia hidrelétrica, de infraestrutura terrestre, entre outras, um avez que seus limites determinam
as medidas de controle e monitoramento que devem ser realizadas durante aimplantacdo, operagao e fechamento destes empreendimentos.
Por definigdo, a drea de influéncia sobre uma caverna (ou sobre o patrimdnio espeleoldgico) compreende os elementos bidticos e abiéticos,
superficiais e subteerraneos, necessarios a manutencéo do equilibrio ecolégico e da integridade fisica do ambiente cavernicola, ao que acres-
centamos também a necessidade de manutencéo de sua dindmica evolutiva. Este trabalho apresenta uma sintese dos resultados obtidos
durante os estudos para definicdo da area de influéncia da Gruta da Limeira, localizada no contexto do Carste de Lagoa Santa, provincia espe-
leoldgica conhecida pela presenca de lagoas carsticas e cavernas paragenéticas.

Abstract

Delimiting the area of influence over a cave, particularly those that are hydrologically active, involves defining as accurately as possible the
boundary conditions that influence the dynamics of matter and energy circulation within a specific karst system. In Brazil, this approach is
especially important due to its direct application in the protection and conservation of caves situated within the context of mining operations,
hydroelectric power generation, terrestrial infrastructure projects, among others, given that their boundaries determine the control and moni-
toring measures that must be implemented during the installation, operation, and decommissioning of these ventures. By definition, the area
of influence over a cave (or over speleological heritage) encompasses the biotic and abiotic elements, both surface and subsurface, necessary
for maintaining the ecological balance and physical integrity of the cave environment, to which we also add the necessity of preserving its
evolutionary dynamics. This paper presents a synthesis of the results obtained during studies aimed at defining the area of influence of Limeira
Cave, located within the context of the Lagoa Santa Karst, a speleological province known for its karst lakes and paragenetic caves.

1. 1. Introduction

The area of influence of a cave, within the context of Brazilian envi-
ronmental licensing, is defined by a resolution of the National Council for
the Environment - CONAMA - as the area encompassing the biotic and
abiotic elements, both surface and subsurface, necessary for maintaining
the ecological balance and physical integrity of the cave environment
(CONAMA 2004). However, although its definition is quite clear and
objective, its application, given the continental extent of Brazil and,
consequently, theimmense diversity of environments and subterranean
systems, faces significant complexity.

This paper presents the results of a comprehensive hydrogeological
and hydraulic study conducted in the area of an intermittent karst lake
located within the context of the Mina Limeira, in the municipality of
Prudente de Morais, State of Minas Gerais (Figure 1). This lake occurs
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in the region known as the Lagoa Santa Karst, a speleological province
characterized by a typical and diverse karst gecomorphology, but which,
according to Berbert-Born (2002), exhibits particularly striking features,
among them the presence of lakes with varied hydrological behaviors,
associated with doliniform depressions and lowered reliefs, and a com-
plex network of subterranean conduits, often connected to the surface
relief through passages accessible to humans.

The objective of this study was to understand the effective con-
tribution of the waters from this lake to the evolutionary dynamics of
Limeira Cave, located on the northwestern margin of this depression,
which is occasionally subject to the effects of water level rise during
high-magnitude rainfall events.
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Figure 1: Study area.

2. Methods

Hydrogeological approach

Thefieldwork was conducted during the months of September and
November 2017 and aimed to identify local hydrogeological features,
verify the wells listed in the available databases, conduct structural
surveys, and evaluate the available drilling cores. These activities were
integrated with secondary data collected (e.g., CPRM 2003, PESSOA
2005, IGAM 2017, SIAGAS 2017) for the development of the conceptual
hydrogeological model.

Additionally, four percussion drillings were carried out to verify the
depth of the water table and validate the geophysical model conducted
in the area.

A potentiometric map was developed based on data collected
from 30 registered tubular wells and springs in the vicinity of the study
area, available in IGAM (2017) and SIAGAS (2017). The potentiometric
levels were obtained through topographic leveling of the wells using
the SRTM digital elevation model (spatial resolution of 30 meters) and
measurements of the static water level depth at each point. Despite
the limitations in altimetric resolution and the fact that measurements
were taken at different times, an attempt was made to assess whethera
qualitative and regional analysis of the main groundwater flow direction
trends could be inferred from the existing data. The interpolation me- legend

thod used to generate the groundwater surface is called Topo-to-Raster, ©  Monitoring spot 200 0 200m
. . I | Limeira Cave eSS e
implemented in the QGIS 2.4 software. 1:15.000

. o . lak i
Furthermore, in March 2019, three monitoring wells were installed _! — e_[a_ppm_nmete_bw_ndaw_} g . £

in the study area. These, along with an existing tubular well in the area
and the surface waters of the lake, were subjected to sampling for
monitoring and hydrochemical characterization (Figure 2 and Figure 3).

Figure 2 : Monitoring and sampling spots.
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Figure 3 : Location of monitoring and sampling spots.

Hydraulic approach
For the development of the studies, the following materials were
used:

A topographic base with contour lines at submetric intervals;

Hourly precipitation data obtained from a dedicated meteorolo-
gical station installed at the same location as the tubular wells
PMO1 (A and B) between May 2019 and January 2020;

Daily precipitation data from the Sete Lagoas rainfall station
(code 83586), available in INMET (2020);

Daily precipitation data for the Cercadinho and Pampulha sta-
tions, located in Belo Horizonte/MG, available in INMET (2020).

The methodology adopted for determining the inflow volumes as a
function of precipitation (rainfall-volume model) was based on the rational
method. Although this methodology is typically used to determine peak
flow, its conversion to inflow volumes is entirely applicable using peak
flow values and the duration of the precipitation event. The rationale
behind the rational method is straightforward, as itincorporates the main
factors contributing to stormwater runoff in a drainage area, including
the drainage area itself, the precipitation for a given duration, and the
runoff coefficient, which reflects the terrain’s cover and its capacity to
promote the portion of rainwater that effectively flows over the surface.

As arestrictive element, the application of this methodology should

3. Results

From a geological perspective, the area is located within the Bambufi
Group domain, composed of rocks formed by the transport and deposition
of sediments in a predominantly marine environment approximately
600 million years ago. The stratigraphic stacking consists of interbedded
pelites and limestones, with siliceous detrital rocks at the base and top.
The area where the Limeira, Escrivania, and Ingleses outcrops are lo-
cated lies within the Sete Lagoas Formation domain, where the calcite
limestones of the Lagoa Santa Member outcrop. These are dark gray to
black calcarenites, tending to lighter tones in altered portions. Their
grain size ranges from fine to medium, with ooids observed at some
points. The bedding is subhorizontal with a gentle dip to the south.
Structurally, the main fracture family has a NE-SW orientation, although
two other families occur in the area with NW-SE and N-S orientations,
though they are less persistent.

Data from shallow drillings indicated that in the area of the karst
lagoon, where there is no outcrop, the limestone is covered by a layer
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be limited to drainage areas of less than 1 km2 However, it is possible to
use this approach for areas of up to 10 km? by applying a delay coefficient
determined according to the area and slope of the main channel, as
shown in the equation below (Figure 4).

Qp =0,278.C.i.A. y

Where :

Qp is the pick flow, in m*/s

C is the runoff coefficient

iis the design rainfall intensity, in mm/h
Ais the drainage area, in km?

Yis the delay coefficient

Figure 4 : Rational method equation with dalay coefficient.

Given that the area is karstic, meaning it is subject to the capture of
surface waters, it was necessary to consider the effects arising from this
hydrogeological component. In such cases, itis recommended to adopt
a surface runoff loss factor to better represent the reduction in inflow
volumes in karst regions. This factor is applied directly to the values
(whether flow or volume) typically determined by traditional methods,
thereby allowing the incorporation of runoff losses (due to infiltration)
caused by the presence of karst features in the drainage area, particularly
cavitiesand fractures. For this purpose, to better represent the contributed
volumes, the adoption of the following loss factors (Figure 5) should be
considered on the results of the Rational method, based on the return
period, assuming the drainage area is entirely within a karst domain.

Loss factor
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Figure 5 : Loss factors per return period.

of yellowish to reddish clayey soil, with an average thickness between
13 and 25 meters. Additionally, a geophysical study was conducted
using the electrical resistivity method to evaluate the characteristics
of the sedimentary cover and the bedrock. The investigated depth was
100 meters below the surface, and this study was later validated with
shallow drillings positioned at strategic locations to assess the nature
of the material in zones of low and high resistivity, thereby supporting
the geological interpretation.

By correlating the geophysical results with the geological knowle-
dge of the area, interpreted geological profiles were developed based
on the resistivity data, substantiated by the drillings. In the shallow
portion of the area where the geophysical survey was conducted, up
to an average depth of 20 meters, a zone of higher resistivity occurs.
The interpretation of the high-resistivity zones at the top of the profiles
was attributed to the unsaturated zone of the aquifer, characterized by
high-porosity sediments without water saturation. This zone is likely
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composed of clayey to silty-clay sediments. The low-resistivity zones
located just below were interpreted as epikarst zones, defining a unit
situated at the boundary between the unsaturated and saturated zones
of the aquifers. This zone is of significant interest for fluid circulation,
exhibiting high permeability and good storage capacity.

The doliniform depression where the karst lake develops is covered
by a predominantly clayey soil with an average thickness ranging from
11 to 15 meters, according to drilling data from the area. One of the
drillings, conducted in the lowest portion of this feature, penetrated
an 18-meter-thick layer of yellowish-brown clayey soil, with the grou-
ndwater level located at a depth of 17.2 meters on November 22,2017.
Even under these conditions, the presence of water within the doline is
observed during rainy periods. However, based on groundwater level
depth data obtained from three points around the doline, this water
does not correspond to the outcrop of the water table, as in this region,
groundwater was situated at depths between 17 meters (in the drilling)
and 23 meters (in the existing tubular well), according to data from No-
vember 2017. It is therefore evident that there are no direct hydraulic
connection points between the bottom of the doline and the water
table—a fact demonstrated by the accumulation of water on its surface
while groundwater lies far below the terrain. If there were a connection
point between the bottom of the doline and the underlying aquifer,
rainwater would be rapidly drained to the local base level, preventing
surface accumulation.

Even though groundwater levels might have been lowered due to
the prolonged drought period between 2012 and 2017, past instances
where anomalous rises in the water level accumulated in the doline were
recorded—evidenced by flood phase marks on the limestone massif
walls—also do notindicate an outcrop of the water table. If groundwater
levels had risen close to the terrain surface, the water table would have
emerged through the sinkholes identified at the edge of the Limeira
massif, given the absence of other direct connection points with the
aquifer at the bottom of the doline.

However, there have never been reports of water overflowing
through these sinkholes, even during periods of extreme rainfall. All
observations indicate that the sinkholes function effectively as water
infiltration points, not as springs.

The potentiometric map developed indicates a groundwater flow
direction from SW to NE, toward Cérrego do Gordura, which represents
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the local base level. This flow direction was confirmed by water level
measurements in piezometers P-01A, P-01B, and P-02, indicating that the
groundwater flows from the Escrivania massif toward the Limeira massif.

The average difference of approximately 0.34 cm (ranging between
0.21and 0.42 cm) between the water levels in wells PM-01A and PM-01B
(with PM-01B levels being higher) suggests a connection between the
shallow (water table) and deep (karst) aquifers, with a slight degree of
confinementin the karst aquifer at this location. This behavior is expec-
ted, as the karst aquifer is overlain by a layer of clayey soil that acts as a
partial confining layer, although this condition may vary depending on
the thickness and granulometry of the soil at each location.

The results obtained confirm the understanding that groundwater
levels lie below the terrain surface, with no connection to the water
accumulated in the doline or to any surface runoff potentially identified
inthe cavities at the edge of the Limeira massif. The hydrochemical data,
in general, point to a completely meteoric origin of the lagoon’s waters.

Regarding the hydraulic approach, the application of the rational
method resulted in a set of predicted water level elevations based
on the return periods and durations of interest (Figure 6). The results
suggest that the rise in the water level of the lake is more associated
with long-duration events rather than extreme events (intense rainfall).

To address the importance of these periodic floods in dimensional
development, as exemplified in Figure 7, an exercise can be conducted
using the average denudation rate defined for the region by Auler (1994).
Assuming continuous denudational evolution, with an average rate of
76 mm per thousand years, and considering the approximate thickness
of the Limeira Massif in the section that hosts the 001L caves, it can be
inferred that, in approximately 410 thousand years, chemical erosion
would intercept and extinguish these cavities. As demonstrated by the
hydrological model, periodic flooding is recurrentin the area. However,
if we isolate the events with the highest probability of exceeding the
cave entrance elevation, which occasionally functions as a sinkhole,
and consider the longest period of cumulative rainfall, a return period
of 25 years can be established. Over 410 thousand years, 16,400 flooding
events would occur, which, individually, would account for a radial
endokarst expansion of approximately 1.25 meters. In other words, ina
highly summarized and simplified manner, within the same timeframe
in which the massif enclosing the caves would eventually erode, the
caves would evolve by 1.25 meters—a negligible value.
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Figure 6 : Simulation of the elevation of the lagoon water as a function of the return period obtained by the rational method.
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Figura 7: Limeira Cave sinkhole reactivated during long-term rainfall events in the summer of 2020.

4. Discussion and conclusion

The obtained data demonstrated that, from an evolutionary pers-
pective, the current hydrological context of elevated water levels in the
karst lagoon has little influence on the expansion of the galleries and
conduits of Gruta da Limeira. It was also demonstrated that the lagoon’s
waters are exclusively of meteoric origin, meaning the hydrological in-
fluence areais restricted to the fluctuation levels of these surface waters.

On the other hand, while the current hydrodynamic context does
not significantly contribute to the speleogenetic expansion of the cave,
these periodic water injections through the sinkhole of Gruta da Limeira,
as observed during the summer of 2020, undoubtedly introduce sedi-
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ments and trophic resources essential for structuring the cave-dwelling
communities within.

Thus, we conclude that the approach used to validate the conceptual
karst model of the area was not only appropriate but also fundamental
for clearly delineating the limits of hydrological influence on this specific
cave, Gruta da Limeira. In light of this, we emphasize the importance
of monitoring the water level fluctuations of this lagoon to control and
mitigate potential impacts caused by the mining operations occurring
in its vicinity.
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Minas Gerais. Escala 1:50.000.
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Abstract

Quartzite cave systems correspond to complex geological formations with dynamics distinct from traditional systems associated with carbo-
nate rocks, and they have been gaining increasing scientific recognition. The Ibitipoca State Park, the study area of this work, stands out as
an important Brazilian speleological province, housing extensive quartzite caves, including the Martimiano Il Cave, the largest in the country
in this lithology. The objective of this study is to investigate the potential hydro-karstic system of the Coelhos-Casas-Rasteirinha caves, using
fluorescent dye tracers to map hydrological connections and delineate recharge and discharge areas. The results confirm the interconnection
between the caves and reinforce the need for sustainable management of the area to preserve these unique environments.

Résumé

Les systémes de grottes en quartzite correspondent a des formations géologiques complexes, dont les dynamiques différent de celles des sys-
témes traditionnels associés aux roches carbonatées, et ils gagnent de plus en plus en notoriété scientifique. Le parc d’Etat d’Ibitipoca, zone
d’étude de ce travail, se distingue comme une importante province spéléologique brésilienne, abritant de vastes grottes en quartzite, dont la
grotte Martimiano Il, la plus grande du pays dans cette lithologie. L'objectif de cette étude est d’explorer le potentiel systéme hydro-karstique
des grottes Coelhos-Casas-Rasteirinha, en utilisant des traceurs fluorescents pour cartographier les connexions hydrologiques et délimiter les
zones de recharge et de décharge. Les résultats confirment Uinterconnexion entre les grottes et renforcent la nécessité d’une gestion durable
de la zone pour préserver ces environnements uniques.

Resumen

Sistemas de cavernas em quartzito correspondem a formagdes geoldgicas complexas, com dindmicas distintas dos sistemas tradicionais asso-
ciados as rochas carbonaticas, e que vem ganhando cada vez mais notoriedade cientifica. O Parque Estadual De Ibitipoca, area de estudo deste
trabalho, destaca-se como uma importante provincia espeleoldgica brasileira, que abriga extensas cavernas em quartzito, entre elas a gruta
Martimiano Il, a maior do pais nessa litologia. O objetivo deste estudo esté na investigacdo do possivel sistema hidrico-carstico das cavernas
Coelhos-Casas-Rasteirinha, através da utilizagdo de tracadores corantes fluorescentes para mapear conexdes hidricas e delimitar areas de
recarga e descarga. Os resultados confirmam a interligacdo entre as cavernas, e reforca a necessidade de uma gestéo sustentavel da drea para
preservagdo desses ambientes.

1. Introduction

Sistemas de cavernas correspondem a parte da paisagem carstica,
que sdo relevos peculiares da crosta terrestre. Durante muito tempo, o
termo carste associou-se exclusivamente as rochas carbonéticas (cal-
carios e dolomitos), com cavernas e condutos geradas a partir da sua
dissolugao (FORD & WILLIAMS, 2007).

0 avanco nos estudos em carstologia trazem novas perspectivas a
respeito desse termo, visto que feicdes semelhantes e bem desenvol-
vidas ocorrem ao redor do mundo também em outras litologias, como
em rochas siliciclasticas (WRAY, 1997). De acordo com a andlise feita
por Fabri (2014), existem consensos acerca do processo de formagdo
de cavernas em rochas siliciclasticas.
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A disponibilidade hidrica e o tempo necessério para que ocorra a
dissolucdo, em virtude da baixa solubilidade da silica, sdo importantes
fatores consensuais entre diversos autores. Além disso, a estabilidade
tectonica tem papel fundamental na dissolugdo, pois ela permite uma
continuidade do processo ao longo do tempo geoldgico. Fatores geo-
l6gicos-estruturais também sdo condicionantes importantes, pois a
dissolugdo passa a ser eficiente também nos pequenos espacos vazios
presentes entre os graos e nas descontinuidades de rochas como o
quartzito. Por fim, o processo mecanico erosivo conhecido como “pi-
ping” também aparece como um condicionante importante, a partir
da abertura de espagos na rocha por meio da remogao fisica dos graos
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(WRAY, 1997; SILVA, 2004; FABRI 2014; WRAY & SAURO, 2017).
Ageometria dos sistemas de cavernas em quartzitos pode passar por
mudancas severas ao longo do tempo, como colapsos, preenchimento
por sedimentos, oscila¢es da superficie fredtica e mudancas das dire¢des
de fluxo. Essas complexidades dificultam o entendimento da circulagdo
da dgua subterranea e na delimitacdo das areas de contribuicdo hidrica
destes sistemas. Dessa maneira, a técnica de tracadores fluorescentes
tem se mostrado uma excelente ferramenta para determinar diregdes
de fluxo/conexdes hidraulicas, delimitar bacias de contribuicdo hidrica
(areas de recargas e descarga), além de estimar velocidades e tempo de
trénsito do fluxo. Embora essa técnica seja bastante difundida em carste
desenvolvidos em rochas carbonaticas, existem poucos estudos com sua

2. Materials and methods

2.1. Revisdo bibliografica e dados pré-exis-
tentes

Constituiu-se da analise e busca por estudos prévios relacionados
com a tematica da pesquisa. Tais trabalhos, que envolvem artigos, traba-
lhos de conclusdo de curso, dissertacdes e relatdrios técnicos abordam
pesquisas sobre a geologia/espeleologia do local (TEIXEIRA-SILVA et al.,
2017). Também inclui a revisdo e compreensdo sobre os métodos que
serdo aplicados a fim de contribuir para seu desenvolvimento, além
de dados espeleoldgicos fornecidos pela Sociedade Excursionista e
Espeleoldgica - SEE.

2.2. MedicOes de vazao e analise fisico-quimica

Para o monitoramento das vazdes de descarga foi empregado o
método volumétrico, que foi utilizado posteriormente para o célculo
damassa recuperada dos tragadores corantes fluorescentes. O método
volumétrico feito se deu por meio da cronometragem do tempo gasto para
encher um balde plastico com 30 litros e um crondmetro. As medi¢des
ocorreram em dois pontos diferentes, sendo um na gruta das Casas e o
outro na Gruta Rasteirinha, onde foi realizado 5 medidas em cada um,
para que fosse possivel obter a média entre eles e um valor mais exato,
visto que o fluxo da dgua estava alto e dificil se ser medido.

Os parametros fisico-quimicos foram obtidos por meio de um por
meio de um multiparametro Ultrameter modelo [ITM6p, onde foram
obtidos os valores de potencial hidrogenidnico (PH) para as trés cavidades.
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aplicacdo em sistemas de cavernas quartziticas (OLIVEIRA et al., 2024).

0 Parque Estadual do Ibitipoca (PEIb) corresponde a uma unidade
de conservagdo permanente com muitas cavernas formadas em quart-
zito, incluindo as maiores do pais, sendo considerado uma importante
provincia espeleoldgica brasileira. No setor sudeste do PEIb existe um
sistema de cavernas cujas conexdes hidricas e area de recarga sdo des-
conhecidas (Fig. 1). Diante deste contexto, este trabalho busca identificar
as possiveis conectividades e a delimitacdo da contribui¢do hidrica do
sistema da Gruta dos Coelhos, Grutas das casas e Gruta Rasteirinha, no
sudoeste do PElb, por meio da aplicacdo de tracadores fluorescentes e
analise dos parametros fisico-quimicos.

2.3. Tracadores corantes fluorescentes

Atécnica de tracadores é uma ferramenta muito importante utili-
zada na hidrogeologia carstica. Por meio dela, é possivel estabelecer
os limites da bacia hidrografica, determinar dreas de recarga, além de
permitir estimar as velocidades de fluxo das dguas subterraneas (FIELD,
2002; GOLDSCHEIDER & Drew, 2007). A utilizagdo desse método sedeu a
partir do estudo de background, que correspondeu a uma etapa inicial
registrada 22 horas antes do inicio dos testes, para permitir a aplicacdo
através da caracterizagdo das condi¢Bes naturais de fluorescéncia dos
fluxos hidricos da area de estudo. Posteriormente, foi aplicado o teste
onde a quantidade do tragador foi realizada com uma quantidade de
injegdo controlada, estimada a partir da equagdo proposta por Worthin-
gton & Smart (2003), sendo:

M=1,9-10-5(L - Q- C)**

A partir disso, foi injetado 200 gramas de um tragador fluorescente
(Fluoresceina Sédica) no ponto de recarga e monitoramento das cur-
vas de recuperacgdo dos tragadores nos pontos de descarga, por meio
de um fluorimetro GGUN-FL30 modelo (1650) (SCHNEGG, 2002) com
data loggers para anélise quantitativa. O ponto de injecdo ocorreu no
sumidouro da Gruta Coelhos/Tio Nelson, e andlise quantitativa com a
instalacdo de dois fluorimetros de campo, sendo um na Gruta das Gruta
Casas, programado para obter medidas a cada 15 minutos e na Gruta
Rasteirinha, a cada 5 minutos (Fig. 1).
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Figure 1: Localiza¢do do sistema hidrico de cavernas estudado em relagéo ao Parque Estadual da Serra de Ibitipoca, no sul do estado de Minas
Gerais, Brasil.

3. 3. Results

A aplicacdo das metodologias foi facilitada pelo conhecimento
prévio das cavidades, possibilitada a partir do mapeamento das
cavidades ja realizado previamente, pela Sociedade Excursionista e
Espeleoldgica (SEE).

Osvalores de vazao obtidos foram semelhantes para duas cavidades
onde foi possivel realizar a medigdo, sendo de 24,52 m3/h para a gruta
das casas e 25,48 m*/h para a gruta rasteirinha. A coleta, realizada em
periodo chuvoso, pode ter contribuido para os valores altos de vazdo
obtidos. Na gruta dos coelhos, ndo foi encontrado um ponto onde o
método pode ser empregado para obter valores precisos.

A analise dos pardmetros fisico-quimicos foi realizada nas trés
cavidades com o objetivo principal de obter informagdes sobre o po-
tencial hidrogenionico (pH), sendo 4,45 para a Gruta dos Coelhos/Tio
Nelson; 4, 39 para a Gruta das Casas e 4,26 para a Gruta Rasteirinha.
Tais informacdes indicam um pH baixo, de caracteristica dcida e que de
acordo com Auler et al. (2020), apresentam influéncia para diminuicao
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da intensidade da fluorescéncia e que envolve uma drea também em
quartzito e com condicdes baixas de pH.

Apartirdaanalise quantitativa realizada com a fluoresceina, os dados
obtidos apresentaram resultados associados aos parametros quantita-
tivos, que passam pela fase de ascensao, pico e recessao, associadas
ao tempo e concentragéo especificos, apresentados nas imagens 1 e 2.
Essas fasesincluem a analise do tempo em que o tracador foi detectado
pela primeira vez apds ainjec&o (t1); 0 momento em que a concentragdo
atinge seu valor maximo (tp); o ponto em que o tragador retorna a niveis
indetectdveis (tf) e o tempo necessario para que metade da massa total
do tracador seja recuperada (tr/2) (Fig.2).

A partir disso, as concentragoes ao longo da curva sdo definidas,
com valor maximo de concentragdo atingido aos 90 minutos apés a
injecdo, com concentracdo maxima de 189,14 ppb e 155 minutos com
concentracdo maxima de 189,95 ppm na Gruta das Casas e Rasteirinha,
respectivamente (Fig. 2).
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Figure 2: Curvas de restituicdo da fluoresceina sédica para os pontos de monitoramento na Gruta Casas (superior) e na Gruta Rasteirinha (inferior)
com os respectivos valores dos parGmetros iniciais, das curvas, hidrdulicos e geométricos.

4. Discussion

De acordo com os estudos realizados, foi possivel obter dados
importantes a respeito das trés cavidades analisadas. Os resultados
obtidos a partir do teste quantitativo mostram que existe uma conexao
hidrica entre as grutas Coelhos-Casas-Rasteirinha formando um sistema
hidrico-carstico, no Parque Estadual de Ibitipoca.
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A velocidade méaxima do fluxo apresentou valores elevados, e que
aumentaram da Gruta das Casas para a Gruta Rasteirinha, sugerindo
uma contribuicdo do gradiente hidraulico presente no sistema.

Ademais, outros parametros obtidos abrem espaco para maiores
discussdes e busca por um melhor entendimento do comportamento do
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sistema, como a baixa recuperagado da massa do tragador, de apenas 3%
nas duas cavidades monitoradas, levantando questoes sobre a dinamica

5. Conclusion

O setor sudoeste do Parque Estadual de Ibitipoca (PEIB) abriga
também o sistema hidrico das grutas Bromélias-Martimiano Il, sen-
do o maior sistema hidrico de cavernas em quartzito do Brasil, com
aproximadamente 7,5km de extensdo (OLIVEIRA et al., 2023). Este es-
tudo, que trouxe a confirmacao do sistema hidrico-cérstico das grutas
Coelhos-Casas-Rasteirinha no Parque é de extrema importancia para
a contribuicdo do entendimento espeleoldgico da regido e reforca a
relevancia da area de estudo.

Cabe destacar que existe uma necessidade mais eficaz para a gestao
devisitagdo turistica, visto que a gruta dos Coelhos, aberta ao turismo e
uma das mais visitadas do parque, integra-se a um sistema com outras
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Abstract

The Mammoth Cave Region is one of the world’s most extensively studied karst landscapes, with over 1,000 km of mapped cave passages and
potential for further discoveries. Traditionally, all caves in the region are classified as epigenic, formed by top-down dissolution of limestone
by meteoric water enriched with soil CO,. However, emerging evidence suggests that hypogene processes may also have contributed to cave
development. Several caves, particularly in the southern part of the region, exhibit extensive gypsum deposits, complex maze morphologies,
hydrocarbon seeps, and sulfur-reducing microbial communities. Additionally, sulfurous springs emerging from a monoclinal structure suggest
interaction with subsurface hydrocarbon deposits, reinforcing the possibility of bottom-up dissolution driven by hypogene speleogenesis. This
study aims to determine whether these hypogenic characteristics indicate incipient hypogene karstification, hypogene overprinting on pre-
-existing epigenic passages, or both. The findings challenge the prevailing paradigm that karst development follows a strictly homogeneous
trajectory with distinct epigenic or hypogene end members. Instead, they suggest a more complex, polygenetic model of cave evolution.
Understanding these processes has significant implications for karst hydrology, geochemical cycles, and subsurface resource management,

1. Introduction

The Mammoth Cave Region contains over 1,000 km of mapped cave
passages, making it one of the most extensive karst systems in the wor-
ld. The gently dipping, highly cavernous Mississippian-age limestones
are protected from erosion by an impervious non-carbonate caprock,
facilitating the development and preservation of vast cave systems.
These include the Flint Ridge-Mammoth Cave System (685 km), Fisher
Ridge Cave (216 km), and Whigpistle Cave (70 km), along with numerous
smaller systems.

The region is drained by a complex distributary system of springs
that resurge into the Green River. Beneath the area, eight groundwater
sub-basins are defined by intricate cave conduit networks (Quinlan &
Rowe, 1989). This study focuses on the Mill Hole sub-basin of the Tur-
nhole Spring groundwater basin (Figure 1), which discharges through
Turnhole Spring, an alluviated spring that resurges beneath the Green
River. Within this sub-basin, key caves include the Whigpistle Cave
System (70 km), portions of which extend into Mammoth Cave National
Park (Glennon,2001); the Parker Cave System (9 km), Beckners Saltpeter
Cave (3km), and several smaller caves. Parker Cave features five stream
passages with varying water chemistry and a pronounced sulfur odor.

2. Materials and Methods

This study is ongoing, and data collection is not yet complete. Geo-
logic reconnaissance was conducted across the study areas to inventory
and georeference surface and underground features associated with
sulfur springs and seeps. Monthly water samples are collected from
three sites—Parker Cave, Mill Hole, and Great Onyx Spring (control)—to
analyze dissolved ion concentrations of §'*C-DIC, §'80, and §**S (Figure
1). These data will help determine the provenance of sulfides.

In addition, gypsum hand samples from three locations in Whigpistle
Cave have been collected for sulfur isotope analyses to trace the origin
of sulfates. General water quality parameters, including temperature,
pH, and conductivity—are recorded, and pressure transducers have been
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broadening our perspective on the interplay between epigenic and hypogene speleogenesis in large karst systems.

The control site for this study is Great Onyx Spring, located in the Echo
River groundwater basin upstream of Turnhole Spring.

Allcavesin this region have traditionally been classified as epigenic,
formed by top-down dissolution driven by meteoric water enriched with
soil CO, (Palmer, 2017). However, several caves in the southern part of
the region exhibit strong hypogene characteristics, including extensive
gypsum deposits, complex maze morphologies, hydrocarbon seeps, and
purple sulfur-reducing bacteria. South of Park City, sulfurous springs
emerge alonga monoclinal structure, hinting at the presence of shallow
hydrocarbon deposits in the subsurface. The combination of surface and
subsurfaceindicators suggests the possibility of hypogene speleogenesis,
where dissolution is driven by bottom-up processes (Jagnow et al., 2000;
Florea, 2017; Klimchouk et al., 2017; Burgess et al., 2023).

The goal of this study is to determine whether these hypogenic fea-
tures represent incipient hypogene karstification, hypogene overprinting
on existing epigenic passages, or a combination of both. Understanding
these processes is critical for refining karst evolution models and
assessing the broader implications of hypogene contributions to cave
development in the region.

installed to monitor discharge. Cave mapping and direct observations
document features indicative of hypogene processes.

Once sampling is complete, mixing models will be employed to as-
sess carbon-sulfur cycle linkages, particularly the potential acceleration
of carbon flux due to sulfuric acid dissolution in otherwise epigenetic
settings (Burgess et al., 2023). Additionally, we will conduct statistical
comparisons with ongoing geochemical analyses from the Great Onyx
and River Styx-Echo River groundwater basins within Mammoth Cave
National Park to provide broader regional context.
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Figure 1 : Location map showing Mill Hole sub-basin (yellow), sampling
sites and adjacent caves

3. Results

Surface field reconnaissance identified a monoclinal structure stron- . Hydrocarbons in the Mammoth Cave Area
gly associated with sulfur seeps and springs (Figure 2). This structural g
feature is also significant in oil and gas exploration, as evidenced by
numerous producing wells drilled in its vicinity (Figure 3). Cave survey
data and maps reveal that Whigpistle Cave, particularly in its southern
passages, exhibits strong hypogene characteristics, including complex
maze-like morphology, extensive gypsum coatings, hydrocarbon seeps,
and colonies of purple sulfur-reducing bacteria (Figure 4).

Among the five tributary streamsin Parker Cave, Sulfur River exhibits
the highest sulfate concentrations (600 mg/L), followed by Parker River
(250 mg/L), suggesting a significant sulfur input. Similarly, Beckner
Cave contains abundant gypsum deposits and sulfur-reducing bacteria,
further supporting the influence of hypogene processes. Additionally,
many domestic and decommissioned water wells in the region exhibit
sulfur contamination, reinforcing the presence of deep-seated sulfur-rich
fluids in the subsurface.
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Figure 3: Oil wells, gas wells and asphalt mines. Map courtesy of Rick
Toomey.

Figure 4 : Breakdown-floored borehole in Whigpistle Cave. Note the faint purple hue on the breakdown which is sulfur reducing bacteria that
coats the bedrock. Photo by Joel Despain.
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4, Discussion

The preliminary findings of this study suggest that while epigenic
processes have traditionally been considered the dominant mechanism
in the development of caves within the Mammoth Cave Region, hypogene
influences are also present and may have contributed to localized cave
formation and modification. The presence of hypogene indicators—in-
cluding gypsum deposits, sulfurous springs, hydrocarbon seeps, and
sulfur-reducing bacteria—suggests that bottom-up dissolution has
played a role in certain areas.

The Mill Hole sub-basin, particularly within Whigpistle Cave, Parker
Cave, and Beckners Saltpeter Cave, displays several features indicative
of hypogene speleogenesis. The discovery of sulfur seeps correlated
with monoclinal structures and hydrocarbon deposits strengthens
the hypothesis that rising fluids have influenced cave formation in this
area. The presence of purple sulfur-reducing bacteria, particularly in
areas with high sulfate concentrations, suggests microbial mediationin
sulfuric acid-driven dissolution. This aligns with previous research that
has linked sulfuric acid dissolution to hypogene cave formation in other
karst systems (Jagnow et al., 2000; Klimchouk et al., 2017).

Geochemical analysis of water and sulfate minerals will be critical
in determining the exact provenance of the sulfur and identifying the
extent to which deep-seated fluids have contributed to cave develo-
pment. Initial sulfate concentration measurements from Parker Cave

5. Conclusion

This study provides evidence that hypogene processes have influen-
ced cave development in the Mammoth Cave Region, challenging the
traditional view that the region is solely shaped by epigenic processes.
The presence of gypsum deposits, sulfur-rich springs, hydrocarbon
seeps, and sulfur-reducing bacteria suggests that deep-seated fluids
have contributed to localized cave dissolution and modification. Pre-
liminary geochemical data indicate elevated sulfate concentrations in
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show elevated values (600 mg/L in Sulfur River and 250 mg/L in Parker
River), reinforcing the likelihood of hypogene influences in these streams.
The comparison of these values with the Great Onyx Spring control site,
which lacks clear hypogene indicators, will provide further insight into
the extent of hypogene overprinting.

Another important finding is the role of hydrocarbon seeps in cave
modification. The correlation between sulfur-rich fluids and hydrocarbon
depositsin the region suggests a petrogenic influence on karst develop-
ment, a process observed in other hypogene cave systems (Florea, 2017;
Burgess et al.,2023). The association of highly acidic waters with microbial
activity in some cave streams suggests that sulfuric acid dissolution may
not only modify existing passages but also promote localized increases
in biodiversity by creating unique ecological niches.

Akey question that remains is whether these hypogene characteristics
representincipient hypogene karstification or hypogene overprinting on
pre-existing epigenic caves. Many of the observed caves, such as Whig-
pistle and Parker Caves, exhibit features associated with both processes,
suggesting a complex polygenetic speleogenesis rather than a strict
classification into epigene or hypogene end members. This challenges
the conventional view of karst development as ahomogeneous process
and highlights the need for more nuanced models thatincorporate mixed
speleogenetic mechanisms.

Parker Cave, supporting the hypothesis of

sulfuric acid-driven speleogenesis. While epigenic processes remain
dominant, hypogene overprinting appears to have played a secondary
butssignificant role in shaping certain passages. Further geochemical and
hydrological analyses will be essential in refining our understanding of
the interplay between these processes and their broader implications
for karst development models.
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Abstract

In the past few years, rapid climate change induced by global warming has raised awareness towards the need to reduce carbon emissions worl-
dwide. Besides this commitment, scientific research has been focusing on finding possible solutions to artificially capture and store greenhouse
gases (GHG) (especially CO,) to reduce the impact of climate disasters on nature and societies. Different methods have been identified which
include CO, storage in subsurface geological formations and its mineralization into calcium and magnesium carbonates. However, none of the me-
thods studied so far appears to be resolutive for this problem. It is thus important to study the naturally occurring CO, sinks to have a better com-
prehension of both natural processes involved in the CO, balance, and the actual possibility to artificially remove this GHG from the atmosphere.

The most well-known natural CO, sink is represented by marine and coastal environments, which are able to naturally store enormous quanti-
ties of carbon dioxide. However, CO, sequestration can occur also in continental environments, such as caves, even if at a lesser extent, through
weathering of carbonate bedrock and speleothem deposition. But not all caves have the same potential for CO, sequestration. Indeed, while in
limestone caves the CO, balance is variable (the gas is consumed to dissolve carbonate, but it is released into the cave atmosphere triggering
speleothem formation), a different situation is found in dolostone and gypsum bedrocks. The calcium carbonate deposition in a cave formed
in a dolostone bedrock potentially consumes CO, molecules. However, these types of caves are usually poorly decorated, thus making their
role as CO, sink not very relevant. In addition, the potential of dolomite for CO, absorption has already been investigated by researchers. On
the contrary, calcium carbonate deposition in gypsum caves is still poorly understood and has the potential to provide important insights into

CO, sequestration in such environments.

1. Introduction

Global warming can be considered a major threat for current and
future societies. The intensification of extreme meteorological events
is obliging worldwide governments to face new challenges from both
an economic and social point of view. The increased risk of climate
catastrophes and the consequences of ocean acidification will enhance
the already occurring biodiversity loss, challenging the survival of our
species too.

The increased awareness towards these environmental problems
has rose the attention to find a way to decrease the concentration of
artificially produced greenhouse gases (GHG), which have been demons-
trated to be the major trigger of current global warming (Filonchyk et
al., 2024). Besides the commitment to reduce GHG emissions, research
has been focusing also into the artificial sequestration of these gases
from the atmosphere.

This process has been addressed mainly to CO,, which is the most
important GHG, and scientists are studying new methods to remove
it from the atmosphere and store it in geological reservoirs over long
periods of time (Carbon Capture and Storage, CCS).

The main approach to carbon dioxide sequestration involves its
storage into subsurface geological formations such as saline aquifers,
basalt formations, depleted oil and gas reservoirs and not-exploitable
coal seams (Massarweh & Abushkaikha, 2024 and references therein).

Another method, which is considered safer in the long-term, but less

efficient, is represented by mineral trapping, consisting in CO, se-
questration through the precipitation of carbonate minerals. This can be
obtained by injecting this gas into basicssiliciclastic aquifers (Bachu et al.,
1994) and in basaltic rocks (Matter et al., 2016) or by the development of
specific techniques able to sequestrate CO, directly from point-source
emissions (e.g., Gadikota, 2020).

Considering that none of the cited methods is yet resolutive for the
problem of long-term CO, sequestration and storage, it is important
to study the natural processes which are able to remove CO, from the
atmosphere. It will thus be of great importance to understand these
processes and their role in the global balance of CO, sources and sinks,
and to improve the development of artificial techniques to capture and
store this GHG.

Marine and coastal environments play animportant role in reducing
the atmospheric CO, concentration (e.g., Raven & Falkowski, 1999; Pu-
ppin et al., 2024), but they are not the only ecosystems where CO, can
be naturally removed from the environment.

Indeed, in continental caves an enormous quantity of newly formed
calcium carbonate occurs: but can this naturally occurring phenomenon
really lead to the subtraction of an equivalent quantity of carbon dioxide
emitted into the atmosphere?

2. Calcite development in a carbonate environment

Enhanced rock weathering s considered a promising method for CO,
sequestration (Xu et al., 2024). In karst environments, the well-known
fundamental chemical reaction:

2CaCo, [calcite]+ CO, + 2H,0 <> 2Ca_+ + 2HCO,-+ H,0
rules the mechanism by which the carbonate rock dissolves and
CaCo, speleothems develop in caves (Fig. 1) within carbonate bedrocks.
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Figure 1: Hang Son Doong cave in Vietnam: giant calcite stalagmites
(Photo by Dave Bunnel).

This chemical equilibrium shows that if the chemical balance shifts
to theright, the karst process will be active, and the carbonate rock will
be dissolved: we will therefore have consumption of limestone rock

and carbon dioxide. However, when the reaction changes direction we
will have the deposition of calcium carbonate with the formation of
speleothems and the release of carbon dioxide into the atmosphere.

Itis evident that the weathering (dissolution) of carbonatesis a way
of removing CO, from the atmosphere, but the subsequent formation
of calcite speleothems (induced by CO,-degassing), and the loss of CO,
at springs (especially when tufa deposits) counterbalances this carbon
sink, leaving the balance of these reactions only slightly positive (WHI-
TE, 2013). Thus, unfortunately, the karst process developing in calcite
lithotypes cannot be considered an efficient CO, sink.

The situation is different for karst phenomena in dolomite: in fact,
in this case a simple chemical balance as in the case of calcite does not
control the global process. The karst process follows the same mecha-
nism described before, thus leading to the consumption of an identical
quantity of CO,. Butin the cave environment the formation of dolomite is
strongly inhibited and therefore the quantity of calcite and/or aragonite
speleothems that can develop corresponds to just a half while the Mg
and HCO* ions remain in solution because MgCO, is much more soluble
than calcite and aragonite:

2MgCa(CO,), + 4C0, + 4H,0
7
2Ca® +2Mg? + 4HCO, + 2H,0

¢

2CaCo, + 2Mg? + 4HCO, + 2H,0

Thus, caves within dolomitic rocks may be considered more efficient
CO2 sinks. However, it must be considered that their effectis scarce at the
global scale because they have (1) a relatively scarce global diffusion and,
(2) they normally host few and less abundant calcite speleothems. It is
woth noting that this mechanism has also been recently investigated by
Urseguia etal. (2023) for carbon sequestration through industrial processes.

3. Calcite development in non-carbonate environment

Calcium carbonate speleothems may also develop in caves in a
non-carbonate lithotype although, normally, they almost never reach
the dimensions of those found in limestone or dolostone caves. In this
respect, a very particular case is that relating to the lava tubes of Jeju
Island in South Korea (Fig. 2) (FORTI, 2005; WOO et al., 2008). Indeed, in
these basaltic caves, there is an exceptional display of calcite speleo-
thems derived from the dissolution of the calcareous micro-coquina
layer deposited above the lava flows, and its subsequent precipitation

inside the cave through CO, degassing. In many other cases where cal-
cite and/or aragonite speleothems form in non-carbonate caves, CaCO,
always comes from the dissolution of above-lying limestone formations.
Therefore, the generalreaction, ruled by dissolution of limestone, allows
for the development of calcite and/or aragonite speleothems in most
non-carbonate environments and, as previously said, in all these natural
caves there is only a slightly positive CO, sink effect.

Dangcheomul
Cave

Jeju City

Figure 2: Dangcheomul pyroduct (Jeju Island, South Korea): the astonishing display of calcite speleothems developed thanks to the “normal” karst
reaction because the rain water comes in contact with a thin layer of carbonate microcoquina before reaching the below-lying lava tube.
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4. Calcite development in gypsum environment

Gypsum caves are different: in such caves, calcite speleothems are
often abundant even if no overlying limestone formation exists above
the caves. The development of calcite speleothems in gypsum caves is
closely related not only to the climate of the geographical area in which
they are found, but above all to the development of the vegetation cover
at the surface (CALAFORRA et al., 2008; COLUMBU et al., 2015; CHIARINI
et al., 2024). Their maximum development occurs in temperate conti-
nental and humid tropical zones, and rapidly decreases in cold and hot
arid climate regions.

Excluding the presence of relevant carbonate layers in the gypsum
outcrops which may provide the calcium carbonate, in the 80s of last

century scientists started to develop the idea that the deposition of
abundant calcite speleothems in epigenic gypsum caves could be the
result of a process other than the simple dissolution of calcite from the
overlying bedrock. In fact, there are other possible alternative mecha-
nisms that directly involve CO2 in the reaction leading to the formation
of calcite speleothems in gypsum caves (FORTI & RABBI, 1981). A pro-
cess called «incongruent dissolution» was invoked, during which for
each molecule of calcium carbonate that precipitates, one molecule of
gypsum can dissolve, increasing the sulfate concentration and leaving
that of calcium stable (Fig. 3).

dissolved gypsum
in absence of CO,

dissolved gypsum
in presence of CO,

¢
¢
¢
+
*
.
¢
’
*
¢ - . ©acCo, limit
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,  caleite
, deposition ,

' » SO,

Figure 3: A: Grotta Novella (Gessi Bolognesi) detail of the gypsum boulder on which the dripping simultaneously causes the rapid dissolution of the
gypsum crystals and the formation of thin calcite crusts (Photo Paolo Forti). B: scheme of the simplified mechanism ruling the incongruent dissolu-
tion of CaS0,.2H,0, which causes the development of calcite speleothems inside gypsum caves (after CALAFORRA & FORTI (2021) modified). During a
simple dissolution the ionic concentrations in the solution are necessarily equal to that of the substance that dissolves ([Ca® ]=[SO,]) while during
incongruent dissolution the ion in common with the substance that precipitates ([Ca®']) does not change its concentration in the solution while the
concentration of the other ([SO,7]) continues to increase (after CALAFORRA & FORTI (2021) modified).

The problem was that this process (considering gypsum, CO,,
calcium carbonate and water only) cannot proceed towards the depo-
sition of calcium carbonate due to the rapid decrease in pH, blocking
its efficiency. One of the reactions that is potentially suitable for the
development of calcite speleothems in gypsum environments is the
so-called “dedolomitization”. According to this reaction, if dolomite is
present, when it comes into contact with water extremely rich in Ca?*
and SO,%, it releases Mg?" into the solution thus transforming itself into
calcite. This process lowers the concentration of Ca?" in the solution,
inducing the dissolution of additional gypsum, thus increases both Mg
and SO, in the solution:

Dolomite [MgCa(CO,),] + Gypsum [CaSO, - 2H,0] + nH,0 — 2 calcite
[CaCO,]+Mg¥, +SO.>
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Itisalso possible that, when a minimal part of carbon dioxide enters
the gypsum-saturated water (from the cave atmosphere, for example),
and pH is kept neutral (because of the presence of alkaline ions) the
calciteimmediately precipitates, again subtracting Ca* from the residual
solution. Also, in this case an additional gypsum dissolution will occur.
This reaction determines the maintenance of undersaturated conditions
of the solution with respect to gypsum, thus favoring its dissolution.
Finally, the dedolomitization process consumes calcium ions derived
from the dissolution of gypsum, converting the dolomite into calcite
and at the same time, thanks to the buffering power of the magnesium
carbonate within the solution, allows the pH to be maintained in a
neutral or slightly basic range.
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Figure 4: Diagram of the progressive variations of pH and of main ion concentrations within the water from the moment it enters the semi-outcro-
pping gypsum formation.

However, this process alone can hardly explain the actual quantity
of carbonate speleothems in the caves of Emilia-Romagna and Sicily
(Italy) and, above all, it cannot completely justify the clear relationship
existing between vegetation cover and their development (CALAFORRA
& FORTI, 2021). In addition to this, the amount of dolomite present in
the marly-clayey interbeds of the Messinian gypsum formations is nor-
mally rather low. Dedolomitization therefore must act in combination
with otherincongruent dissolution processes that directly involve other
buffering substances - for instance other weak acids such as humic and
fulvicacids - in addition to the carbonic acid and magnesium carbonate
system. The presence of these acids (often evidenced by the bright
reddish-brown color exhibited by the calcium carbonate speleothems
developing in gypsum caves) and their salts with alkaline elements
(first of all sodium and potassium) are therefore fundamental in the
incongruent dissolution process of gypsum and, consequently, the
development of large calcite speleothems contributing in making the
pH of the solution higher (Fig. 4).

These organic acids are also weaker than H,CO, and their combi-
nation with alkaline ions can develop even greater buffering effects.
Indeed, the abundance of clays rich in sodium and potassium can

contribute to maintaining the pH of the solution in a range close to
neutrality, thus counteracting the acidifying effect of CO,. The process
of calcite precipitation in gypsum caves, which is much more complex
than simple dedolomitization and involves an active role of the organic
material coming from the soil, can continue as long as CO, is available
and the pH does not lower too much.

Itis evident that the CO, degassing from infiltrating water into the
cave atmosphere has a scarce, if any, effect on the development of
carbonate speleothems in gypsum caves. On the contrary, the reverse
process - i.e., the diffusion from the cave atmosphere to a saturated
solution of gypsum - can induce the formation of calcite deposits. This
is the case of floating calcite rafts over small standing pools, or flowsto-
nes forming in running water: this type of deposition is observed even
several kilometers from the point where water sinks into the gypsum
rocks. The production of CO, by decomposition (oxidation) of organic
material (leaves, wood chips, humic and fulvic acids) in the water that
flows within the karst system is the “fuel” for “incongruent dissolution
of gypsum”.

Finally, the incongruent gypsum dissolution is responsible for the
development of not only the majority of most common calcite formations,
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but also of a few peculiar ones. This is the case of the big subvertical calcite
crusts almost completely detached from the highly dissolved gypsum wall.
Inthe early 1960s, cavers from Bologna called them «calcite blades» as they
arestillanchored to the gypsum rock only in very few points. A curious cha-
racteristic of these blades is that they always have a thin layer of mud in their
inner part (FORTI & RABBI, 1981). Subsequently, blades completely similar
to those of the Bologna ones were also observed in the caves of the gypsum
outcrop of Punta Alegre in Cuba and in Sorbas (Spain). Anyway, the largest
of these «calcite blades» (14 m high, up to 3 m wide, but just 10 cm thick) is
still the one discovered near Bologna (ltaly) inside the Novella cave (Fig. 5).

Figure 5: A) The large “calcite blade” of the Novella cave (Parco dei Gessi
Bolognesi): the progressive dissolution of the gypsum wall on which it
originally began to form caused the wall to retreat by almost two meters
(Photo by Sandro Mandini). B) The water flow causes the incongruent
dissolution of gypsum and the deposition of calcite, while the mud remains
trapped between the blade and the gypsum wall. C) The progressive retreat
ofthe wall causes the evolution of a new calcite blade. D) The continuation
of the process leads to the development of a series of subparallel blades

(from CALAFORRA & FORTI, 2021 modified).

5. Conclusion

The study of natural processes able to consume environmental CO,
is of primary importance for the understanding of the CO, sources and
sinks in a context of rapid climate warming related to GHG emissions.
Furthermore, a deep understanding of these processes can contribute to
the development of new techniques for the artificial sequestration and
long-term storage of atmospheric CO,. Carbon dioxide mineralization into
CaCo, is one of these techniques and represents a naturally occurring
process in cave environments. Although limestone caves cannot be
considered efficient CO, traps due to a variable balance between the CO,
consumed and produced during the bedrock dissolution and speleothem
deposition, dolostones and gypsum caves present a stronger potential to
store environmental CO, over long periods of time through the deposition
of carbonate speleothems. While caves in dolostone bedrocks are usually
poorly decorated, the incongruent dissolution of gypsum allows for the
relatively fast deposition of massive calcite speleothems. This process
involves the consumption of CO, produced within the soil overlying the
gypsum bedrock and/or the diffusion of carbon dioxide from the cave
atmosphere into the cave water saturated in gypsum. Environmental
CO, is thus effectively trapped into these types of speleothems, making
gypsum caves a powerful CO, sink.

The deposition of carbonate speleothems in gypsum caves is a
complex process involving the actions of not only water, CO, and gypsum,
but of other components (organic acids, dolomite and alkaline ions
derived from the overlying soils and bedrock clay interlayers, which are
common in most gypsum formations worldwide) able to higher the pH of
the solution to allow for the precipitation of CaCO.,. This process is thus
efficient in triggering calcium carbonate precipitation that allows for
the deposition of massive calcite speleothems in gypsum caves, which
can survive erosion and weathering over long periods of time (Fig. 6)
(>600 ka, CHIARINI et al., 2024) especially in areas with a temperate to
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warm humid climate. However, the exact process of calcite deposition
in gypsum caves is still not fully understood and further investigation
is needed as it may provide important results, which can be applied to
the artificial sequestration of atmospheric CO,.

Figure 6: Fragment of a calcite flowstone found in the middle of the woods
inthe Ca’Montiarea (Vena del Gesso Romagnola), which grew in a gypsum
cave, now completely dismantled, about 350 thousand years ago (Photo
by Elisa Ponti) (after CHIARINI et al., 2024)
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Abstract

Afundamental question in the research of the ecosystem of the Ayyalon Cave system, Israel, pertains to the carbon source sustaining the biolo-
gical system in the subterranean environment, where photosynthesis is ruled out. It was previously suggested that HCO,- provides the carbon
source to the biological system. Carbon isotopic measurements (6*°C) of the microbial biofilm, the large arthropods and the HCO,- showed
values of -41.8, -33.5 to -36.3 and -12.2 %o VPDB, respectively. The gap in the isotopic values of §'*C between the biological system and the
HCO.- was explained by biogeochemical fractionation during the assimilation of inorganic carbon. Here, based on the overlap between the
81C values of the CH, (-35 to -41.4 %o VPDB), sampled from the cave lakes, and the &"C values of the biological system, we suggest that the
biological system can assimilate carbon from the methane. During this process, methanotrophic bacteria oxidize the methane and use it as
an energy and carbon source for their metabolic processes. Further analysis of the isotopic values of the hydrogen in the methane is required
in order to further determine the source of the methane, that can either originate from biogenic processes or from thermogenic processes in
deeper underground sections.

1. Introduction

The Ayyalon and Levana caves terminate with warm, brackish
groundwater lakes. These lakes which are part of the Ayyalon anomaly,
within the Yartan aquifer, Israel, are characterized by warm water, rich
in H,S with low pH values (7) compared with the surrounding area (7.8).
Within this isolated system of anoxic water, an endemic ecosystem has
evolved, that includes a microbial biofilm and arthropods that feed on
the biofilm (FRUMKIN et al., 2022).

Figure 1: The main aquatic (a-d) and terrestrial (e-f) arthropod fauna of
Ayyalon anomly caves (after FRUMKIN et al., 2022). a. Typhlocaris ayyaloni
(Photo D. Darom). b. Tethysbaena ophelicola (Photo N. Ben Eliahu). c.
Metacyclops longimaxillis (Photo N. Ben Eliahu). d. Metacyclops subdolus
(Photo Z. Ganem). e. Akrav israchanani (Photo I. Naaman). f. right: Ayya-
lonia dimentmani; left: Troglopedetes (Collembola) (Photo I. Naaman,).
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2. Materials and methods

The water from the lakes in the caves was sampled from various
depthsin glass veils. After a quick recapping, 20% of sample was replaced
by N, Ultra High Purity (UHP) to create headspace. This is done by using
two syringes as one pushes N, UHP in and the other removes equivalent
volume of water, slowly and while the vial is upside down. Samples were
measured on Focus-GC (Thermo) FID detector (0.8 mL, replaced by N,

UHP) after vigoursly shaken for 2 minutes (at that point all CH, moves to
the headspace). Samples were kept in refrigiration until isotope analyses
(3 weeks). Carbon isotopic values (6*°C) of CH, were measured using
isotope-ratio mass spectrometry (IRMS). Further measurments of carbon
stable isotopes were described in FRUMKIN et al. 2023.

Figure 2: a. Cave rafts and microbial film, Ayyalon cave. Installing a monitoring EXO1 Multiparameter Sonde for continuous measurements of water
properties b. Cave raft and microbial film at Levana cave with gas bubbles trapped underneath (photos: S. Cooper-Frumkin). c. Fallen rocks in the
margin of the lake of Ayyalon cave. The biofilm/cave rafts remain on the rocks and serve as evidence of former water levels. Rock karrens formed by
acidic water weathering by the aggressive H2S rich groundwater . (photo: A. Frumkin).

3. Results and Discussion

During this study, the concentration of Methane (CH,) in Ayyalon
water system was analyzed (0.942-1.039 uM). The isotopic value of carbon
within the CH, showed values of -35.2 to -41.4 %o VPDB. The §**C values
of the microbial biofilm, the large arthropods and the HCO,- showed
values of -41.8,-33.5t0 -36.3 and -12.2 %o VPDB, respectively . Previous
studies suggested that HCO;- is the carbon source of the biological sys-
tem where the gap in the isotopic values of §°C between the biological
system and the HCO;- (Fig. 3) was explained by biological fractionation
of chemotrophs (FRUMKIN et al., 2023). The discovered presence of CH,,
however, raised the possibility that methanotrophic bacteria oxidize the
methane and use it as an energy and carbon source for their metabolic
processes. Following the measurements of the isotopic value of carbon
within the CH, and the overlap of §“*C values between the CH, and the
biological system (Fig. 3), suggests indeed that the carbon source of the
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system could be directly from the CH,. Our findings can be compared
with the CH, source of the similar ecosystem in the Movile Cave (SARBU
etal., 1996). Further analysis of the isotopic values of the hydrogenin the
methane in the system is required in order to see whether this conclusion
can also be based on additional geochemical proxies.

The water in the Ayyalon anomaly has lower pH values compared to
the surrounding aquifer, resulting in agressive water and the formation of
the caves (FRUMKIN & GVIRTZMAN, 2006; GAVRIELI et al., 2002). However,
dueto yet to be determined physio-chemical changes over the year, low
Mg calcite cave rafts are formed on the lake surfaces. Furthermore, the
bubbling of gases from the bottom of the lakes results in their trapping
beneath the buoyant cave rafts, which can facilitate the sampling of gas
in future expeditions (Fig.2b).
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4, Conclusion

The lightisotopic values of 8*C in methane corresponds to the light may indeed serve as the carbon source for this unique and endemic
&13C values observed in the biological system in the Ayyalon cave and biological system.
the surroundings, and therefore methane

Akrav israchanani

513 =-36.3,,

biofilm
613C = -41.8,,

Typhlocaris ayyaloni

5’5‘955&588@@@@935
r

Water (inorganic C)
813C =-12.2,,,

CHa
§13C=-35.2to -41.4,,

Figure 3: Measurements of 6**C VPDB from Ayyalon and Levana caves (Profile of Ayyalon cave by I. Naaman - Israel Cave Research Center (ICRC)).
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Abstract

1. Introduction

Early speleogenesis is primarily driven by chemical dissolution of the
rock. However, mature cave systems often contain powerful streams that
can transport coarse sediment and mechanically erode rock (FARRANT
& SMART, 2011). While it has long been recognized that mechanical
erosion is an important process within cave streams (NEWSON, 1971),
few studies have attempted to quantify mechanical erosion within cave
streams or to understand the factors that controlitsimportance. Here, we
observe diagnostic erosional features along a cave stream that indicate
either chemical or mechanical erosion processes. We use coverage by
these features as a proxy for the relative importance of different erosion

2. Materials and methods

Nine sites were surveyed within stream channelsin J2. Seven of the
sites were in the main stream passage of J2, and the other two (Ptygmatic
and J2LB44) were located in an infeeding stream that connects to another
cave entrance called Last Bash. At each site, we quantified the percent
coverage of different types of mechanical erosion features, including
mechanical erosion flutes, potholes, and surfaces with recently plucked
blocks. We also looked for evidence of dissolution, such as scallops, so-
lution pockets, or sharp rough surfaces. Feature coverage was estimated

3. Results

The cave stream incises through two primary types of rock, a sandy
limestone and a clayey limestone, both of which have been mylonitized
tovarying degrees during deformation within the fold-thrust belt. Results
below are divided according to rock type. At the active stream level, all
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Mechanical erosion can be important within cave streams, but few studies have constrained the factors that control its importance. Here, we
examine erosional features in a high-gradient cave stream and use percent feature coverage as a proxy for the importance of different erosion
processes. We find that most sites within the cave are dominated by mechanical erosion features, particularly features that indicate abrasion
by sediment. Erosion at sites with closely spaced fractures (<60 cm) is typically dominated by plucking of blocks. There are three sites where
solutional features dominate. All of these sites are upstream of boulder chokes, where ponding occurs during large floods. During moderate
floods, backflooding does not occur, and high velocity water drives mechanical erosion near the bed. During large floods, ponding reduces
flow velocities and shuts off mechanical erosion. However, chemical erosion can proceed within the ponded reach. We interpret these results
by considering how chemical and mechanical erosion rates scale with discharge or flow velocity. Overall, our results suggest that mechanical
erosion is an important process within cave streams and should be considered when studying the later stages of speleogenesis.

processes and explore factors that may influence the relative importance
of various erosion mechanisms.

Thesite for this study is Sistema J2, a cave system that is one branch
of the larger Cheve Karst Hydrological System, located in the Sierra de
Judrez of northern Oaxaca. J2 has an explored length of 14.4 km and
a depth of 1,229 m. It has not been physically connected into Cheve,
though it is probable that the water from both caves joins and drains
to the resurgence, Cueva de la Mano, located in the Santo Domingo
Canyon. The caves are developed in a fold-thrust belt that has deformed
calcareous rocks of the Zongolica Basin.

to the nearest 5% along reaches that were approximately 10 m long.

To examine potential controls of erosional processes, we also
quantified fracture spacing and recorded Schmidt hammer scores at
each site. The Schmidt hammer provides

a measurement of elastic rebound, which is often used as a proxy
for compressive strength and, therefore, mechanical erodibility (GOU-
DIE, 2006). At each site, 36 Schmidt hammer scores were taken to get a
representative median value.

studied sites predominantly displayed mechanical erosion features
rather than signs of dissolution (Fig. 1). Mechanical erosion flutes were
particularly prevalent, though some sites also indicated a dominance of
plucking. In Fig 1., sites are divided between those in the limestone and
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clayey limestone. While flutes and potholes develop in both rock types,
plucking was much more common within the clayey limestone than the
purer limestone. No clear scallops were observed at any sites, and only
three sites displayed clear chemical erosion features. However, these
were not near the stream bed and will be described later.

Schmidt hammer scores ranged between 49 and 61, indicating a
relatively narrow range in rock mechanical strength. There are also no
cleartrends between Schmidt hammer score and the types of erosional
features that dominate at a site (Fig. 2).

Fracture spacing was related to the coverage of plucking features,
where all sites with greater than a 10% coverage by plucking features had
afracture spacing of 60 cm or less (Fig. 3). The site with the greatest extent
of plucking also had the smallest fracture spacing of 20 cm. The clayey
limestone tended to have more closely spaced fractures. An example of
astream reach dominated by plucking (near BTBK26) is shown in Fig. 4.

Though no sites displayed clear dissolutional features at stream level,
threessites (Donde Homek, C3 logger, and VSB27) displayed solutional surfa-
ces beginning 2-3 m above the stream bed. All of these sites were located in
the sandy limestone. The solutional surfaces typically consisted of solution
pockets and sharp, jagged fins of rock (Fig. 5A,B). Many of these surfaces
also contained dark coatings. Near stream level, the channel walls and
bed were dominated by mechanical erosion flutes, potholes, and smooth
polished surfaces (Fig. 5C,D). All three of these sites are upstream of boulder
chokes that block the entire cave passage. At one site (C3 logger), a data
loggerindicated water depths of greater than 4 m during large flood events,
suggesting that water ponds upstream of the boulder choke during floods.
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Figure 1: Coverage of stream channel surfaces by different types of me-
chanical erosional features. Note that percentages may add up to greater
than 100%, since a single surface can display more than one type of feature.

100 4

80 A LN ]

60 flutes

potholes
plucking

40 4

Percent coverage of feature type

204 ]

A A ]

A

T T T T T
54 56 58
Median schmidt Hammer Score

Figure 2: Coverage of stream channel by erosional features as a function
of Schmidt hammer score, which is a proxy for rock erodibility. There are
no clear trends between Schmidt hammer scores and coverage by any
of the feature types.
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Figure 3: Percent coverage by plucking at the stream sites as a function
of fracture spacing. Plucking dominates at sites with fracture spacing <60
cm, which are all in the clayey limestone unit. Sites with greater than 3
meter spacing between fractures are depicted as 3 meters, and there is a
triplicate point shown with a square.
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Figure 4: An example site that is dominated by plucking, located near
BTBK26.
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Figure 5: Photos from VSB27 (A,C) and Donde Homek (B,D). The top row shows solutional surfaces that were located 2-4 m above the stream bed.
These surfaces contain solution pockets and sharp jagged edges and frequently have a dark coating. The bottom row shows mechanical erosion
surfaces located on the beds of these sites, including flutes, potholes, and polished surfaces.

Flood line

Figure 6: A sketch of the configuration of features at the Donde Homek site. A narrow canyon is incised in the floor and filled with mechanical erosion
features. Starting around 2 m above the stream bed, solutional features dominate. A horizontal line that is visible in the passage (dashed line) marks
the level of backflooding during the highest discharges.

4, Discussion

Even though caves initially develop from chemical dissolution,
the cave stream of J2 displays few signs of chemical erosion and many
signs of mechanical erosion. The stream channel has a high gradient,
descending on average at a slope of around 15 degrees. The site is also
influenced by a monsoonal climate, with heavy precipitation and intense
flooding during the summer season.

The stream bed contains abundant coarse sediment, mostly in the
sand to gravel size. Much of this sediment load likely travels as suspen-
ded load during flood events, enabling rapid abrasion of the rock. Even
though the cave is autogenically recharged, some metavolcanic clasts
are present, as well as the remnants of impurities within the carbonate
rocks. Harder minerals, such as quartz, may contribute to the effectiveness
of limestone abrasion. Though sediment is abundant in the channel,
most of the bed is exposed bedrock, and there is insufficient sediment
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supply to produce much armoring of the bed (SKLAR & DIETRICH, 2004).

In general, abrasional features, such as mechanical erosion flutes and
polished surfaces, dominate the stream channel (Fig. 1). The dearth of
solutional features suggests that mechanical erosion processes dominate
for much of the channel. This is perhaps not surprising given the high
gradient, abrasive sediment, and intense flooding.

Plucking of blocks is also an important process in the cave, parti-
cularly in the clayey limestone, which is more densely fractured. This
findingis similar to prior work that found a dominance of block plucking
within bedrock channels when fracture spacing is below the meter scale
(WHIPPLE et al., 2000).

The dominance of mechanical erosion, except at sites that experience
backflooding, can be explained by considering a conceptual framework
(Fig. 7) for the relative importance of chemical and mechanical erosion
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insoluble bedrock channels (COVINGTON et al.,2015). Dissolution rates
scale relatively weakly with discharge or flow velocity. In the case that
rates are limited by kinetics, then they are independent of velocity. If
transport controls the dissolution rates, then they scale with the square
root of shear stress. Mechanical erosion processes scale more strongly
with shear stress (WHIPPLE et al., 2000). However, mechanical erosion
typically ceases below a threshold discharge, often the threshold for
sediment transport. When mechanical erosion is active, it tends to
have higher instantaneous rates than dissolution (Fig. 7). Therefore,
the relative importance of the two processes largely depends on the
amount of time that the stream spends above or below the threshold
for mechanical erosion, and the extent to which the water is saturated
with respect to calcite at lower discharges.

Under most flood conditions in J2, sediment transport is active and
mechanical erosion outpaces chemical erosion. The cave is autogenically
recharged, and thereforeitisalso likely that the stream is near saturation
during low to moderate flow conditions. Therefore, dissolution is not
active during these low flow periods. Consequently, mechanical erosion
is dominant at most sites.

At the three sites where solutional features were observed, back-
flooding and ponding of water upstream of boulder chokes changes
the situation. At the highest discharges, when backflooding occurs,
stream velocity dramatically decreases within the ponded sections and
mechanical erosion ceases. However, the water is undersaturated during
these storms and can actively dissolve the surfaces that are in contact
with the ponded water. During smaller floods, backflooding does not

5. Conclusion

Though most caves initially develop through chemical erosion pro-
cesses, mature cave streams can also incise via mechanical erosion. Here,
we studied erosional features in a high-gradient stream cave, Sistema
J2, Oaxaca, Mexico. We find that this stream channel is dominated by
mechanical erosion features, particularly features that indicate abrasion
by suspended and bedload sediment. Some reaches also display a do-
minance of plucking features, where fractures are more densely spaced
and blocks can be transported by the stream.

Three sites display solutional features. However, these are located
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Abstract

Valdemino show cave (Borgio Verezzi, Northern Italy), is hosted in Triassic dolostones. It shows mixing corrosion morphologies and large
collapses, lacking morphologies and sediments related to turbulent water flow. Speleothem samples were subjected to U/Th dating to cons-
train the timing of collapses, coastal mixing, and speleogenesis. The oldest speleothems indicate speleogenesis to have started over 630 thou-
sand years ago (ka, before 1950 AD), probably during marine isotope stage (MIS) 17. Collapses appear to have taken place mostly during cold
stages. Speleogenesis is mainly related to coastal mixing corrosion which dissolved lower lying portions of the rock mass during various pe-
riods of the Middle- to Upper Pleistocene up to today. During cold stages, when the sea retreated and the water table lowered, loss of buoyancy
caused these lower levels to collapse, creating the cave voids accessible today. The cave appears thus to have been in the fresh-salt water
mixing zone during several sea level highstands over the last 650 ka, in a slowly uplifting coast (ca. 0.05 m/kyr).

1. Introduction

Valdemino Cave is located in the Borgio Verezzi municipality, at an
altitude of 32 m above sea level (asl) (WGS84 Lat. 44.16287988, Long.
8.30415604979)(Fig. 1). The cave was discovered and “explored” by
three young boys, after a flash flood in 1933 caused a man-made hole, v N

: . P A »Valdeming cave. ¥
excavated to divert surface waters from a local brook, to enlarge and x 4. U Ao S ; % ‘
absorb most of the water (MORTARI & CHIARELLA, 2005). These boys 1 SN ;
left their signatures on the wall of the cave.

Twenty-two years later, some Royal Air Force soldiers discovered a
new entrance penetrating around 400 metres into the cave (LAMBOGLIA,
1955). Subsequently local cavers started exploring and mapping the
entire system of chambers and passages, and spent 15 years excavating
and adapting the narrow parts and digging a new artificial gallery for its
future adaptation for tourist visits. The cave eventually opened to the
wider public in the early summer of 1970, and attracts around 50,000
visitors per year (DENTELLA, 1997).

Today, after e resurvey of Speleo Club Tanaro taking advantage of
along-lasting dry period, which lowered the internal lake levels by over
4 metres, the cave reaches a development of 1,442 m and covers an
altitudinal range of 37 m (+38 m asl to 1 m) (CALANDRI & GRIPPA, 1990).

Figure 1: Location of Valdemino Cave on a Google Earth image. The red
lines show the plan view of the cave survey. The inset shows the location
of Borgio Verezzi in Northern Italy.
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2. Preliminary investigations

From a geological point of view the cave is entirely carved in the
dolostones of the San Pietro dei Monti Formation (Middle Trias), herein
decametric beds, with some local levels of cemented carbonate brec-
cia. These rocks are intensely fractured at a metric scale along several
directions, mainly NE-SW and E-W.

The soluble rock formation extends in a NNE direction for over
2 km, where it borders the underlying Permo-Triassic quartzites and
metavolcanics, and reaches the coastline to the S, where the dolo-
mitic limestones are covered by a thin deposit of Quaternary alluvial
and coastal sediments. Near Valdemino there are other smaller caves
(Staricco, Renovo, Varicella caves), all reaching lakes that are always at
the same altitude.

The caveis characterised by several rooms of up to 50 metres wide,
connected by rather narrow (less than 2 m wide) passages. Its cave pas-
sages extend over a rather small area, around 250 m in the N-S direction
and 160 m in the E-W direction. Some parts of the cave are at less than

3. Methods

We visited Valdemino Cave several times between 2020 and 2024
to carry out geomorphological observations and sampling. All cave
branches (including the lowest ones) were visited during these trips,
thanks to the exceptionally low water levels, and pictures were taken of
characteristic sites in the cave (lakes, rock falls, speleothem formations,
etc.) from the same viewpoints during both very low and normal water
levels, enabling their visual correlation.

Rock samples of the San Pietro dei Monti Formation were taken for
mineralogical (X-Ray Diffraction, Raman spectroscopy) and geochemical
analyses (X-Ray Fluorescence), and textural and structural observations
were carried out using a petrographic microscope.

Atotal of 21 speleothem samples were taken throughout the cave, at
various altitudes. Spatial and stratigraphic relationships of sampled spe-
leothem fragments, when taken in situ or when the original position was

4, Results

Valdemino Cave is carved in the intensely fractured dolostones of
the San Pietro dei Monti Fm. XRD, Raman spectroscopy and XRF confirm
the rock and the veins crossing it to be composed of pure dolomite. The
rocks in which the cave is carved are generally dark grey, from finely to
thickly layered, and contain parts in which the rock mass is brecciated
and cemented by micrite. The spacing between fractures is centimetric
to metric, forming a dense network of permeable pathways that have
been dissolved, in variable amounts, by infiltrating waters.

One of the most striking morphological characteristics of the cave is
the widespread occurrence of collapsed material, with blocks that can
reach the size of several metres. These giant collapses give adome-shaped
morphology to the upperand larger roomsin the cave. Collapsed blocks
are angular, and variously covered with both recent speleothems, and
older flowstones sometimes exceeding the metre in thickness.

In general, all Valdemino Cave voids are angular, with very few areas
where the rock surfaces are smoothed. Phreatic tubes are completely
absent, and so are wall sculpturing features such as scallops. Alluvial
sediments are almost exclusively found in the palaeontological branch,
whereas water flows exclusively after heavy rainfall from the original
entrance (where the three kids accessed the first time the cave), which
acts as a sinking point.
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600 metres distance from the present coastline. All known cave passages
are very shallow, some parts having even less than 10 metres of rock
to the surface. Large collapses characterise most of the cave, with old
and thick broken and inclined flowstones and stalagmites, and large
blocks fallen from the ceiling (CALANDRI, 1990). Collapses appear to
have occurred in different periods. The entire cave appears to be mostly
recharged by the diffuse network of fractures.

In the early 1960s a vertical fissure filled with bone remains was
intercepted during the excavation of the artificial tourist gallery (FOR-
NASIERO, 1989). This fossiliferous breccia was excavated and sampled
by several geologists showing the presence of two fossil layers (upper
and lower) separated by a sterile part.

Several fossil species typical of the Middle Pleistocene were found
inthe Lower layer (MIS 15, ca. 600 ka) (NOCCHI & SALA, 1997), the Upper
layer, on the other hand, contained only Late Pleistocene species.

known, were carefully signed, in order to attribute a relative chronology.

Fragments of speleothems have been dated by the U/Th method at
the High-Precision Mass Spectrometry and Environment Change Labo-
ratory (HISPEC) of the National Taiwan University following established
protocols (for detailed methods see SHEN et al., 2012).

Water samples were taken at different times (during normal (high)
and extremely low water conditions) from different points in the cave,
and at the surface in the “Lavatoio” Spring, which drains the entire karst
aquifer. These last analyses can be used as a reference for resident wa-
ters in contact with the dolostones. Waters were analysed at the DIATI
laboratory, Polytechnic of Turin (Italy).

Lake levels and EC-T of waters in the cave were monitored using
OTT instrumentation, measuring with a time interval of 60 minutes.

Figure 2: One of the lakes in Valdemino Cave. Water level is at 5 m asl: note
the submerged speleothems (Photo Bartolomeo Vignay).

Analysing the cave survey, the largest voids are located in the
altimetric range of 3-6 m asl, and 10-14 m asl, the last producing the
largest rooms. These upper areas are mainly the product of collapse of
the underlying voids.
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The monitoring of water levels of the lakes showed very slow
variations over time, demonstrating underground water circulation is
occurringin a very extensive saturated zone with rather low permeability
values. In detail, in some periods, daily fluctuations in water levels of
a few millimetres are observed with recurrence interval of ca. 6 hours.
These water level changes are influenced by tidal pumping which is
felt up to 600 m distance from the coast. These data, together with the
discovery of small eels in the lakes of the cave, seem to demonstrate
the existence of an extensive freshwater aquifer that floats on the saline
water that underlies the entire coastal area.

g

Figure 3: Corroded speleothem (ca. 650 ka old), filling gaps between block
on the roof of Valdemino Cave (Photo Bartolomeo Vigna).

Underground lakes correspond to the local base level, and are
in direct connection with the karst aquifer. All lake levels in the cave,
even the most distant ones, are exactly at the same altitude, and vary
their water level synchronously in response to rainfall or drought. In
ordinary meteorological situations, water levels are located at an alti-
tude between 5 and 6 m asl, but following the extreme drought period
between November 2022 and December 2023, the levels dropped by over
4 metresreachingan altitude around 1 m above sea level. The chemical
analyses of the waters of the Lavatoio Spring, which represent the waters
draining the entire aquifer, has an identical geochemical fingerprint of
the cave lake waters. All waters showed a bicarbonate-calcium-magne-
sium component, with a Mg/Ca ratio compatible with dolomite rocks.
The specific electrical conductivity measured at the time of sampling
was on average at around 650 uS/cm at 25°C, highlighting waters with
a higher mineralisation than those normally circulating in carbonate
rocks, due in part to the presence of marine aerosol and, in part, to the
slow circulation in the rock mass.

5. Conclusions

Valdemino cave, a labyrinthic, more or less horizontal cave located
close to the Ligurian coast, is a touristic site that attracts an important
number of tourists because of its beautiful speleothems and the pre-
sence of a series of blue lakes. Geomorphological observations clearly
allow recognising this cave to be of the coastal mixing type, with almost
complete lack of alluvial or coastal sediments, no scallops or rounded
phreatic morphologies, and the spongework organisation of cave
passages. U/Th dating of speleothems throughout the cave, at various
altitudes and in different settings, with oldest ages set in MIS 16, show
the cave to have started forming probably during MIS 17 or earlier (Fig.
6A-B). Collapses, dated by overgrowths of speleothems on fallen blocks,
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Figure 4: Old collapsed speleothems (ca. 47 ka old), and newly growing sta-
lactites (77 ka) and stalagmites in Valdemino Cave (Photo Bartolomeo Vigna).

The age of the speleothems ranges between 647 + 149 ka and 25.84 +
0.28 ka. U/Th dating targeted speleothems, which could bracket episodes
of collapse, mixing corrosion, or older speleogenetic phases (Fig. 3-4-5).

The ages obtained allow to attribute an age of the cave of at least
700 ka, and the occurrence of repeated collapses during cold stages,
when sea level and the local groundwater table lowered.

Figure 5: Mammillary calcite (ca. 516 ka old) filling a large geode along
the roof of Valdemino Cave. Note small stalactites that formed later in the
geode (Photo Bartolomeo Vigna).

The karstified dolostones of this area have been in or close to the
salt-fresh water mixing zone repeatedly over the past 700 ka, with dis-
solution occurring by mixing corrosion during sea level highstands, and
collapses happening after sea level retreated. This evidences how this
part of the Ligurian coast has been relatively stable over the past 700 ka,
with an average estimated uplift rate of only 0.05 m/ka.

all occurred during even MIS (cold stages), when sea level dropped and
the loss of buoyancy triggered gravitational movements (Fig. 6C). These
collapses created the voids that are still accessible today (the tourist
paths are built on a floor made of giant collapsed blocks).

During warm and wet periods, on the contrary, the high sea levels
often reached the altitude of the actual cave levels, causing mixing
dissolution. Some old flowstones, now occurring at 6 m asl, appear
intensely corroded, and must have been in the mixing zone at least
once. This most probably occurred during the last interglacial (MIS 5e)
(Fig. 6D): if this is true, this strip of coast must have uplifted very slowly
(at rates of ca. 0.05 m/ka) over the last 630 ka.
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Figure 6: Evolutionary model of Valdemino Cave. See text for details.
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Abstract

Renewed interest in the caves of the Gower Peninsula of southern Wales was sparked by the recent re-opening of Llethryd Swallet, the dis-
covery of several other significant caves, and a new book. The latter proposes that the local water supplies are derived from precipitation
falling on Gower, rather than from the northern limb of limestone in the South Wales Coalfield Syncline. However, claims are made that
some of the existing caves are older than ten million years. This paper offers a simpler hypothesis, from considerations of cave passage
sizes, morphologies and lacustrine sediments and of surface deposits at the southern coast. The caves remaining on Gower were probably
initially developed during the deglaciations of the Anglian and/or Devensian icesheets. In particular, the Llethryd Swallet-Tooth Cave sys-
tem was likely initiated by phreatic dissolution during the Anglian deglaciation, when an annular ice-dammed lake surrounded Cefn Bryn
and perhaps extended eastwards beyond Hunts Bay, before collapsing at a jokulhlaup. Further development by vadose entrenchment, plus
phreatic dissolution at lower levels, occurred during the subsequent interglacials, with renewed phreatic enlargement by similar processes
during the Devensian deglaciation.

1. Introduction

Information about the caves on the Gower Peninsula of southern
Wales, UK (Figures 1 and 2) was provided by JENKINS & WILLIAMS (1963)
and EDE & BULL (1989), as summarized by WALTHAM et al. (1997). Re-
cent field trips to Gower were in 2015 (SHAKESBY & HIEMSTRA, 2015)
and 2017 (COOPER, 2023). The re-opening of Llethryd Swallet and the
discovery of associated caves were reported by FREEM (2021). A book by
KOKELAAR (2021) has discussed the geology, geomorphology, glaciology,
hydrogeology and caves of Gower, as critically reviewed by WALTHAM
(2021) and JOHN (2022). It demonstrates that the annual precipitations
on Gower’s local allogenic and karstic autogenic catchment areas exceed
the annual discharge from Llethryd Swallet’s resurgence. Similarly,
autogenic precipitation into a perched shale aquifer on the northern
slope at Cefn Bryn (Figure 2) exceeds discharge at local wells and only
an exceptional drought lasting >140 days could cause the springs to run
dry. Thus, there is no need to invoke a 30km flow of water from the North
Crop through the limestone in the >3km-deep South Wales Coalfield
Syncline to account for the discharges, as previously widely assumed.
However, claims that some caves are 200, 60 or 10 million years old, based
on highly complex deductions about Mesozoic and Tertiary landscape
evolution, oppose the conclusion that “the overall character is typified
by flow patterns more closely associated with surface topography thanis
commonly considered normalin limestone terrains” (EDE & BULL, 1989,
p212). Because there is insufficient space to debate the justification of
geologically ancient cave survival here, this author argues instead that
the caves were developed mainly during and after the local Quaternary
deglaciations of the Anglian and Devensian icesheets in Marine Isotope
Stage (MIS) 12 at c. 426ka and in MIS2 after 26ka.

Figure 1: Gower, within the reported LGM area of the Devensian glaciation
(from Scourse et al., 2021, Fig. 1).
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2. The caves of Gower

About 200 speleological sites are noted on Gower (COOPER, 2023).
More might be buried beneath glacial sediments. Caves up to 70m long
are abundant on the southern sea cliffs, some containing Ipswichian
(MIS5e) faunal assemblages. The longest hydrological system lies be-
neath Llethryd Cwm, where a stream sinks into the 610m-long Llethryd
Swallet (Figure 2). The water flows from Sump 4 via an unknown route to
Pot Sump in the lowest, Main Stream, passage of the 1550m-long Tooth

3. Geology and glaciology

Cave, before resurging >1000m farther south. Ogof Ffynnon Wyntog
is a second significant system, with >300m of open cave passages. Its
stream normally rises from a sump at Ogof Wyntog (Kokelaar, 2021).
Both systems contain commonly small relict phreatic passages and
chambers above the active streams. A third north-south flow system
lies beneath the Bishopston Valley that has short caves and collapsed
sections north of Pwlldu Head.
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Figure 2: The Gower Peninsula, showing some previous estimates of the southward extremity of the LGM, based on Cooper (2023, Fig. 3.1), and the
Pwlldu Lobe (red dashes), according to Kokelaar (2021, Fig. 46). A hypothetical annular deglacial Cefn Bryn IDL is shown (in blue) around the Cefn
Bryn ridge (in brown) when the lake edge reached Llethryd Swallet.

Gower comprises the South Crop of the South Wales Coalfield Syncli-
ne, with rocks of Silurian to Jurassic ages including karstic Carboniferous
limestones, with a history of later uplifts, erosion surfaces and varying
adjacent sea levels (KOKELAAR, 2021). Its Quaternary glaciations were
discussed by SHAKESBY & HIEMSTRA (2015). From the nature of the
erratics and tills, only the Anglian icesheet, with a thickness of a few
hundred metres, and that at the Devensian Last Glacial Maximum (LGM)
advanced onto Gower. Based on evidence of sparse Anglian weathered
erratics and thin widespread coastal glacigenic sediments containing
Devonian Old Red Sandstones, red Triassic fragments and identifiable
igneous rocks, the Anglian glaciation probably covered the whole pe-
ninsula. The erratics were likely derived from north Pembrokeshire oran
Irish Seaice lobe in the west, and might extend east beyond Swansea Bay
(JOHN, 2024). This ice possibly deposited an enigmatic morainic gravel
deposit on Bleadon Hill in Somerset (HUNT, 2006; Figure 1). Locally,
these deposits underlie or mix with, reach farther south and occur at
higher altitudes than, Ipswichian Interglacial (MIS5e, 126-115ka) Patella
Beach deposits that themselves underlie younger Devensian tills that
range in thickness to >10m.

Studies of the pathways of glacigenic sediments and glacial erratics
have prompted proposal of many different southern limits for the Deven-
sianicesheet on Gower (Figure 2). At the LGM, three ice lobes transported
erratics (including distinctive quartzites and tough white sandstones
from the North Crop) and till c. 30km southwestwards to Gower from the
Black Mountain area (Figure 1). An LGM ice limit covering all of eastern
Gower was proposed by KOKELAAR (2021, Fig. 46). It extended eastwards
from a Paviland Lobe ice stream at the Paviland Moraine, c. 110m above

sea level (asl), near the present southern coast, to an Ilston Lobe at the
north slope of the Cefn Bryn ridge, and then to his proposed Pwlldu
Lobe (Figure 2). It had previously been argued by SHAKESBY et al. (2018)
that the Paviland Moraine was of Devensian, rather than Anglian, age.
From considerations of possible sea floor moraines, KOKELAAR (2021)
speculated that the Pwlldu Lobe extended 3-4km farther south than the
ice that reached the present coastal cliffs at Hunts Bay (MCCARROLL &
MCCARROLL, 2015). Thus, it was contiguous with the widely accepted
ice lobe in Swansea Bay. Development of collapsed chambers at Higher
and Lower Daw Pit and the 35m-deep Gwynspar Pit in the Bishopston
valley was presumably triggered by the weight of the LGM ice.

The LGM ice limit proposed by KOKELAAR (2021, Fig. 46) is, however,
unconvincing, because the highest parts of the ridge from Llanmadoc Hill
(186m asl) to Rhossili Down (193m) and the Cefn Bryn ridge (70-188m),
and all the land around Oxwich Bay, were shown as being clear of ice.
Thus, KOKELAAR (2021, p110) assumed that, in contrast with the Anglian,
degraded tors at several western high points and on Cefn Bryn, and some
limestone pinnacles on the eastern side of the Ilston Lobe (p86), remai-
ned as nunataks at the LGM. That would indicate continuous exposure
since MIS11, although the only reported cosmogenic nuclide exposure
age is 23+2Kka, for Arthur’s Stone on Cefn Bryn (PHILLIPS et al., 1994).
Seemingly, these assumptions were based on an LGM ice thickness
between c. 100m (in the north and in the Paviland Lobe) and 10-20m
(near llston) (KOKELAAR, 2021, p83). Furthermore, the proposed limits
of the Paviland and Ilston lobes coincidentally mirror the present sea
cliff at Paviland and the brow of Cefn Bryn. For the Paviland Lobe, this
was just 20km east of the wide Irish Sea Ice Stream, which took the Irish
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LGM limit beyond the Scilly Isles, 550km to the southwest, at 25.5ka
(SCOURSE et al., 2021; Figure 1), but which retreated 300km northwards
by 25.0ka. The llston Lobe ice stream was powerful enough to deposit
Devensiantillat 140m asl on the northern side of Cefn Bryn (KOKELAAR,
2021, p201), to carry the nearby 35-tonne Arthur’s Stone erratic for 30km
up to 147m asl, and to transport other large local erratics to 155m asl.
Thus, theice itself likely flowed c. 0.5km farther south over the western
brow of Cefn Bryn at a height of 167m asl, to join the Paviland Lobe.
Following the suggestion that the ice might have reached 170m asl on
Llanmadoc Hill (KOKELAAR, 2021, p112), it seems likely to this author that
there were no nunataks on Gower at the LGM, even at the eastern brow
of Cefn Bryn at 188m asl, as supported by the exposure age for Arthur’s
Stone. However, in contrast to Kokelaar’ view (2021, p95), uncertainly
about the existence of nunataks does suggest that the Gower ice was
thin enough to have a permanent cold, rather than warm, base in the
low temperature at the LGM. Such relatively thin ice probably left little
surface evidence of its presence, so that the tors could survive uneroded,
frozen beneath cold ice.

The southern limits of erratics and till might also mark only the
minimum extent of each ice lobe, if thin stationary cold basal ice was
unable to deposit any subglacial material. As well as LGM ice flowing
across Gower from the north, it could initially have been nourished and
then supplemented on higher ground by local precipitation from Atlantic

storms, which nowadays cause the high NaCl content of Gower waters
(KOKELAAR, 2021). Like the Pwlldu Lobe, the Paviland and Ilston lobes
probably also extended on land beyond the present coastline, when eus-
tatic sea level was 130m lower than now. It therefor seems likely that the
entire peninsula was glaciated at the LGM, as suggested by MCCARROLL
& MCCARROLL (2015). If so, the Paviland Moraine represents a recessio-
nal, rather than a terminal, moraine, perhaps associated with the short
slight warming during Greenland Interstadial 2 (GI2) at 23.3ka. It could
be analogous to the so-called “Southern Irish End Moraine” (Figure 1).
An LGM limit at 26ka on Gower was still shown as being c. 6km north of
the Paviland Moraine by SCOURSE et al. (2021, Figs. 1 and 7) and in the
final report of the BRITICE-CHRONO Project (CLARK et al., 2022, Fig. 6).
These authors also showed an unlikely ice-free enclave over southern
Pembrokeshire and the retreating southern limit of the icesheet as being
well north of Gower by 24ka (Figure 1), but they did not discuss Gower
and the Devensian age of the Paviland Moraine suggested by SHAKESBY
et al. (2018). Strong evidence that LGM ice covered the whole of Pem-
brokeshire was subsequently provided by JOHN (2023). Unfortunately,
any relevant sea-floor deposits south of Paviland are masked by modern
sand deposits (KOKELAAR, 2021, p91), which were not cored by the
BRITICE-CHRONO Project (Chris Clark, pers. comm., 2019). This author
concludes that the local LGM probably covered all of Gower, but only
for a few millennia, before Arthur’s Stone was deglaciated at 23+2ka.

4. Deglacial speleogenesis, especially in the Llethryd Swallet-Tooth Cave system

The setting along the southern Gower coast, with some relict cave
entrances and phreatic passages in implausibly high locations (lacking
catchment areas), seems analogous to that at Giggleswick Scar in
Yorkshire. There, MURPHY et al. (2015) deduced that the caves formed by
phreatic dissolution when fractures in the Carboniferous limestone were
flooded by the waters of a deglacial ice-dammed lake (IDL) for several
hundred years, soon after local nunataks emerged above the icesheet
asitdownwasted. Asimilar process explains the speleogenesis of >1000
caves in central Scandinavia (FAULKNER, 2018, 2024). There, isostatic
uplift caused by the reducing weight of ice produced or re-activated
fractures in metalimestone, as appears also to be demonstrated by a c.
5cm neotectonic movement along a bedding planein arelict passage in
Ogof Ffynnon Wyntog (KOKELAAR, 2021, Fig. 74). Then, dilute unsaturated
meltwater from lowering deglacial IDLs flowed through the fractures.
This dissolved and eroded the marble walls mechanically at a total rate
of c. Imm per year for typically 1000 years, forming phreatic passages
up to 2m in diameter during each deglaciation (FAULKNER, 2006).
LiDAR was used by BLOMDIN et al. (2021) to identify >36,000 landforms
associated with the evolution of high-level IDLs during deglaciation of
the Weichselian Fenno-Scandinavian Ice Sheet in Jamtland in Sweden.
This was confirmed by REGNELL et al. (2023), who also reported >4500
relict shorelines, deltas and meltwater channelsin Jamtland, related to
30deglacial IDLs. Their paper reviewed and supports the >100-year-old
hypothesis (REGNELL et al., 2023) that deep extensive glacial lakes were
dammed in Scandinavia during icesheet downwasting, and shows that
their production is a typical deglacial process.

Deglacial speleogenesis that involved metalimestones in Scandinavia
could equally affect sedimentary limestones, as deduced at Giggleswick
Scar. Assuming that the whole Gower Peninsula was covered by ice during
the Anglian glaciation and at the LGM, the same process would have
applied there during both deglaciations. IDLs probably formed around
the higher summits and ridges of Llanmadoc Hill, Rhossili Down and
Cefn Bryn, and possibly merged as the ice surface down-wasted, but
endured for only a few centuries (see below). That would explain the
small sub-metre size of most Gower phreatic passages. The reports of
clay in the Paviland till (KOKELAAR, 2021, p95) and in sediments on the
south coast (SHAKESBY & HIEMSTRA, 2015) and of waterlain silt and/or
clayin high banks in the Annexin Llethryd Swallet, in its Main Chamber

and Mud Chamber (EDE & BULL, 1989) and in the Tooth Cave Main Stream
Passage (KOKELAAR, 2021) suggest possible deposition below one or
more deglacial IDLs. The near-vertical Im-diameter “pothole” at Worms
Head (Figure 2; KOKELAAR, 2021, Fig. 10a) appears to have cupulas,
indicating formation by upward flow. It probably formed by deglacial
meltwater from an IDL around Rhossili Down flowing upwards into a
moulinin theice, as at Gully Cave, Cave Ha 1 and Cave 1 at Giggleswick
Scar (MURPHY et al., 2015). There is no suggestion that any caves on
Gower were formed by slow hypogenic processes that also cause upward
flow (as expected if the Gower catchments were 30km to the north).
Ogof Wyntog probably formed during the Anglian deglaciation, before
Patella-bearing gravels were deposited on thick older, but undated,
speleothem in MIS5e (KOKELAAR, 2021, p118). Vadose entrenchments
and its resurgence sump probably developed during the interglacials
that succeeded MIS12.

An exceptional anomaly is the size of the relict Main Chamber in
Llethryd Swallet, which is up to 30m high and 45m wide (COOPER,
2023). At rates that caused wall retreat of c. 1mmy/year, that would re-
quire 15,000-22,500 years of phreatic dissolution and erosion to form.
Unless Main Chamber was initiated earlier than the Anglian glaciation,
itmust have developed under mainly phreatic conditions during its de-
glaciation, later interglacials, and the LGM deglaciation. It lies above the
vadose Lower Stream Passage, which is therefore younger, and probably
formed after the LGM. Other evidence that most of the small phreatic
cave development on Gower occurred during LGM deglaciation is deri-
ved from the small sizes of the speleothems. Most show no evidence of
separate growth stages in interglacials or interstadials and are so small
that they probably grew entirely during the Holocene. Only the larger
speleothems in Llethryd Swallet Main Chamber, Ogof Wyntog and the
substantial flowstone in Leather’s Hole (KOKELAAR, 2021, Fig. 27) at Great
Tor (Figure 2) must be older. Indeed, the only pre-Holocene speleothem
age is 426,250+14,380 years, at Leather’s Hole (KOKELAAR, 2021, p41).
Additionally, the archaeological deposits on Gower are of MIS5e age or
younger (DINNIS et al., 2013), and so require speleogenesis no earlier
than the MIS6 deglaciation. Small inaccessible conduits at the lowest
cave levels (KOKELAAR, 2021, p114) probably derive from relaxation
fractures formed during post-LGM deglacial isostatic uplift that have
had insufficient time and flow rates to grow larger in the Holocene.

204



19t International Congress of Speleology and 38° Congresso Brasileiro de Espeleologia - Belo Horizonte 2025 - Vol. II

In Tooth Cave, c. 12cm-long scallops on phreatic passage walls
(KOKELAAR, 2021, Fig. 91c) indicate dissolution by aggressive water
flowing at c. 33cm/s, if close to 0°C (CURL, 1966). However, fluvioglacial
cobbles derived from >200-million-year-old Old Red Sandstone strata
entered Tooth Cave catastrophically and scratched the walls of Main
Stream Passage (KOKELAAR, 2021, p137). A Hjulstrom curve shows that
such large cobbles are transported only at a speed >1.5m/s, probably
during a jokulhlaup, as discussed below. The cobbles overlie 0.5m of

horizontally-bedded fine sands and silts, previously deposited in tran-
quil water flowing at <2cm/s, which display extremely regular layers
(KOKELAAR (2021, Fig. 90), suggesting that they are annual varves. The
apparent scale of Kokelaar’s image suggests that each lamination is c.
5mm thick, implying that the whole sediment bank was deposited in c.
100 years. It also has c. 15 regularly-spaced darker layers, which could
indicate a 7-year cyclicity of unknown association.

5. The deglaciations of the Gower Peninsula

During the deglaciations of both the Anglian and the Devensian
icesheets, the Cefn Bryn ridge became exposed as a nunatak during
slow down-wasting, firstly at 2188m asl. It is hypothesized here that a
long narrow, initially static, ring of summer meltwater must have formed
around it each time, as the bedrock warmed. These annular IDLs were
dammed by the surrounding ice stream of the Anglian glaciation and
by the Illston Lobe at the LGM. If the post-LGM Gower deglaciation was
triggered by the GI2 warming at 23.3ka, then this Cefn Bryn IDL formed
c. 3.6ka before Glacial Lake Severn, which existed after 19.7+2.5 ka
(CHIVERELL etal.,2021). Because the surfaces of deglacial IDLs lowered
annually and had low initial flow rates with only small amounts of fine
suspended sediments, they left little early or high-level depositional
evidence, or such deposits can be confused with loess. During downwas-
ting, the melting ice widened the IDLs as their local meteoric catchment
areas, flow rates and transported sediment grain sizes all increased,
whilst the water inundated fractures and any existing conduits in the
limestone below. The IDLs likely kept roughly triangular cross-sections
down to bedrock and, initially at least, remained full to the ice surface
level, overflowing as supraglacial streams. There were no suitable outlet
cols on Gower to stabilise IDL water levels temporarily, and hence no
erosional or depositional terraces were formed. CLARK et al. (2022, Fig.
13) indicated that the rate of terrestrial glacial retreat from its maximum
extent at the local LGM was 5-40m/year in the Gower area, with much
higher rates at marine ice-margin contacts. If Cefn Bryn was exposed at
c. 23ka, the temperature would have remained low and the mean rate
at which each side of the post-LGM Cefn Bryn IDL widened by melting a
near-vertical wall of ice is speculated to be c. 10m/year. If so, it took c.
230 years for the northern limb of the IDL to reach the Llethryd Swallet
entrance, 2.3km north of Cefn Bryn (Figure 2). In Norway, LANE et al.
(2020) calculated that the ice surface at Snghetta lowered at a rate of
0.23-1.68m/year from the start of the Younger Dryas (YD) at 12.9ka to
the early Holocene after 11.7ka. A mean lowering rate of 0.25m/year
is assumed for Gower, in the cold conditions at 23ka. Hence, after 230
years, the surface of the Cefn Bryn IDL would have lowered by c. 58m
from the eastern 188m asl summit of Cefn Bryn to c. 130m. Thisisc.91m
above both the Llethryd Swallet entrance and the now-blocked lower
entrance into Tooth Cave.

When the post-LGM Cefn Bryn IDL reached Llethryd Swallet, it sur-
rounded a 5.5km-long and 0.6km-wide island ridge, with a maximum
depth>91m and a width of c. 2km each side of theisland. Its total length
was c. 12km (Figure 2), if records of “0.5-1.0m of massive sand-silt-clay
sediment (Unit 6)” in Hunts Bay west and “an overlying Unit 6” in Hunts
Bay east (SHAKESBY & HIEMSTRA, 2015, Table 11.1, pp104 and 108)
relate to lacustrine deposits beneath the same IDL. Such an assumed
elliptical IDL around a narrow Cefn Brynisland would have had a surface
area of c. 40km2 and a possible volume >2km?®. Lower sub-horizontal
2-2.5m-thick ‘red bed’ sediments of yellowish- red sand-silt-clay com-
prise Unit 2 above the beach in Hunts Bay west and east coves (Figure
3; SHAKESBY & HIEMSTRA, 2015, Figs. 11.3 and 11.13). This suggests
that they were deposited beneath a similar IDL that formed during the
Anglian deglaciation. No clay deposit was reported at Rotherslade, 4.5km
east of Hunts Bay, hinting that the Cefn Bryn IDLs did not extend that far.
Units 2 and 6 were dated at 201.7+20.4ka and 15.0+0.9ka (SHAKESBY &

HIEMSTRA, 2015, p114) by Optically Stimulated Luminesce (OSL). These
ages seem compatible with burial after the Anglian and LGM deglaciations,
although the Unit 2 age is difficult to reconcile with an MIS5e age for
the lower Patella Beach. Although SHAKESBY & HIEMSTRA (2015, p116)
interpreted the fine sediment in Unit 2 as predominantly a colluvial
deposit produced by slopewash action re-working an Ipswichian terra
rossa soil, there is no mention of organic materials in Unit 2. Thus, the
term “soil” might refer to “soil-like” material, and if these sediments are
abiotic, they could instead be IDL deposits.
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Figure 3: Apparent lacustrine ‘red bed’ sediments, including clay layers,
of Unit 2 at Hunts Bay east cove, possibly deposited in a Cefn Bryn IDL
during the Anglian deglaciation. Photo by the author in October 2015.

Part of the growth of the Llethrid Swallet-Tooth Cave phreatic pas-
sages to their present sizes occurred when aggressive water from the
Anglian and post-LGM Cefn Bryn IDLs flowed through the fractures and
conduits. Related karst water exits were back into the lakes and then out
into either a supraglacial stream or englacial conduits (MURPHY et al.,
2015, Fig. 15). Afrozen ‘lid’ would form on the post-LGM IDL each winter,
so the flow that deposited red mud in Llethryd Swallet and laminated
fine sands and silts in Tooth Cave reduced seasonally. The passages
continued to enlarge by upward paragenetic dissolution by dilute, but
aggressive, meltwater. If post-LGM IDL lowering continued at the same
rate after reaching Llethryd Swallet, this allowed a maximum of 364 years
for phreatic enlargement before the lake surface reached 39m asl and the
system started to drain and revert partly to vadose conditions. OSL and
26Al/10Be dating of lacustrine sediments in Llethryd Swallet and Tooth
Cave and at Horton and Hunts Bay and dating of underground cobbles
should determine when they were last exposed to daylight and cosmic
rays and whether they were deposited synchronously during one or
both deglaciations. Itis likely that Leather’s Hole, 1km south of the Cefn
Bryn ridge and high in the coastal cliffs at 35m asl, was initially formed
beneath the Anglian deglacial IDL, as supported by its flowstone age.
The “peculiar karstic dissolution of the limestone near the entrances”
(KOKELAAR, 2021, Fig. 27 caption) suggests that Leather’s Hole was
submerged again by the post-LGM Cefn Bryn IDL. The deglacial karstic
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dissolution and surface and underground sedimentation continued
until the IDL pressure breached the thinning ice dam to the south. The
resulting jokulhlaup drew some of the IDL water through Tooth Cave to
deposit the cobbles on top of the laminated sediments and block the
previous entrance. Despite the high water velocity, such a brief event
had no effect on the size of the dissolutional wall scallops. This type
of jokulhlaup was thus comparable with that proposed by MURPHY et
al. (2015), which produced the gorge at Cave Ha 4 at Giggleswick Scar.
Although the exact age of the post-LGM jokulhlaup remains uncertain,
it must have occurred before the ice and IDL surfaces lowered to the
blocked Tooth Cave entrance, i.e. after a maximum time of c. 600 years,
if at a lowering rate of 0.25m/year.

Limestone diamicts forming Unit 3 in Hunts Bay east cove might
partly comprise deposits by a similar Cefn Bryn IDL j6kulhlaup during the
Anglian deglaciation. The overlying limestone and glacigenic diamicts
with glacial erratics in places in Units 4 and 5 (SHAKESBY & HIEMSTRA,
2015, Table 11.1) could result from later transport during the local LGM.
These are overlain by Unit 6 sediments, assumed above to be deposits

6. Conclusion

The KOKELAAR (2021) assertions, without dating evidence, of the
long survival of pre-Quaternary caves, are disputed. Although caves
probably did form then, they are by now “palaeo caves in the sky”
(FAULKNER, 2013), having been removed by erosion. Caves on the
southern coast have probably been truncated by cliff retreat and might
demonstrate a hybrid development, where entrances of initial phreatic
passages were enlarged by marine erosion, if coincident with sea level
(FAULKNER, 2018). Instead, working from simple assumptions that the
Anglian and Devensian LGM icesheets both covered Gower without
leaving nunataks exposed, an alternative hypothesis is deduced: the
phreatic passages were formed by deglacial speleogenesis, during the
wastage of one or both of these glaciations. Dissolution enlarged karst
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Abstract

About 90 littoral caves and indentations are now known on the island of Lismore in Loch Linnhe in the Grampian Highlands of Scotland at alti-
tudes up to 35m above sea level, mostly on the west coast. There are many wells and small sinks, springs and dolines inland, but no enterable
karst caves. It is confirmed that the entrance floors of the great majority of the caves occur at the point where one of several inclined raised
beaches or platforms meets the base of the next cliff inland. The association with present and previous sea levels suggests that the caves were
mainly formed by marine abrasion, during a time when the beach was being produced by a stable sea level after Lismore was deglaciated at
the start of the Lateglacial Interstadial. On the west coast, however, nine caves occur above the bases of the cliffs. These perhaps formed when
isostasy caused sea level to rise or fall continuously. Other speleogenetic processes to consider include inception by phreatic karstic dissolu-
tion beneath glacial lakes during deglaciation, with possible later vadose entrenchment, and some caves being formed by Rock Slope Failures.
The two longest caves and their speleothems could have formed before or during the MIS5e Interglacial. They were probably partly unroofed
at the Last Glacial Maximum, to create calanques (unroofed caves) in front of their entrances that were then invaded temporarily by the sea.

1. Introduction

The 16km-long and 1.6km-wide weakly metamorphosed limestone
island of Lismoreis aligned in Loch Linnhe, a sea loch SW of Fort William
inthe Grampian Highlands of Scotland, UK (Figure 1), which lies between
the Great Glen Fault (GGF) and the Firth of Lorn Fault. Lismore comprises
mainly the >1km-thick Lismore Limestone Formation, which forms the
longest tract of coastal limestone in northern Scotland. Reports of c.
155 sites with tufa and speleothem deposits on the island in June 2018
and June 2022 were provided by FAULKNER & CRAE (2018; 2022) and
FAULKNER (2023a; 2025), following reports of speleothems in littoral
cave entrances by GRAY &IVANOVICH (1988). These visits, one by CORBEL
(1957) and others by the Grampian Speleological Group in 1974,1983 and
2019 (TILLSON, 1974; SALVONA, 1983; CRAE, 2018,2020), revealed many
short littoral caves in the coastal cliffs, as tabulated by FAULKNER (2023b).
This article summarises the cave sites, whilst making observations of
relevance to local glaciation, sea level change, and speleogenesis. For
anintroduction to the calcareous geology, geomorphology, Quaternary
glacial history, karst and hydrogeology of Lismore, and the types of tufa
and speleothem found, see Faulkner and Crae (2018) and its references.

LISMORE ISLAND

Argylll, Scotland

[ 45000 Port Mérala:

Portcastle Fort,
Castle Coeffin,

Barnaera Islan
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e single-track road
—uo - -track
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Figure 1: Larger littoral cave locations and some place names on Lismore
Island.

2. The littoral caves on Lismore

Ridges and the lithological strike are aligned NE-SW along Lismore,
parallel to the GGF. The low-grade greenschist facies metacarbonate was
deformed during the Ordovician Grampian Orogeny. The surviving bedding
is commonly near-vertical or contorted. The entire outcrop is intruded
orthogonally by dense swarms of vertical igneous dykes of various ages
and lithologies and up to 3m wide. These have created small ravines or
protruding linear stacks, some being close to littoral caves and/or tufa
deposits. CORBEL (1957: Figs. 60-62) reported marine lapiaz at the coasts.
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Elsewherein Scotland, littoral caves in metalimestones arerare, but
89 such indentations and caves (mainly single passages, only 30 being
=3m long) are known above raised beaches and platforms on Lismore
(FAULKNER, 2023b). Some contain large tufa-like speleothems in the
daylight zone, which is also rare globally (FAULKNER, 2025). On the west
and east coasts respectively, there are 71 and 18 caves, with lengths up to
36m and 10m and heights up to 10m and 5m. Because of their commonly
short lengths, caves on Lismore are defined as “places where a dog can
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shelter fromrain thatis falling vertically”. Floor-level altitudes vary from
below sea level (bsl) to 35m above sea level (asl) on the west coast and
mainly from 10-20m asl on the east coast, although difficulty in easily
measuring low altitude elevations (ROVERE et al., 2016) reduces these
accuracies to +5m asl. Plots of cave floor altitude against British National
Grid north coordinate for the west and east coasts are shown in Figures
2 and 3. The absence of any inland karst caves is confirmed from visits
described in the Introduction. However, there are 17 known inland karst
hydrological features (wells, sinks, risings, seepages, intermittent stream
flows and dolines). The longest allogenic underground stream courses
are 300m and 200m long, with vertical ranges <15m. Many houses and
farms extract abundant supplies of hard water from wells and boreholes
<40m deep. No coastal resurgences are known, but some water probably
resurges invisibly under the sea (CORBEL, 1957, p278). A similar west

coast, east coast and inland decline occurs among the recorded caves and
karst features (71, 18 and 17) as occurs for the numbers of tufa deposits
(117,26 and 12) recorded by FAULKNER (2023a). Both trends are probably
more a function of climate and geomorphology than investigation bias.
Asillustrated in Figure 4, the great majority (47, where noted) of the cave
entrance floors on the west coast, and all those on the east coast, coincide
with a cliff base (CB), where it meets an inclined raised beach or platform
at its inner margin (Figures 5, 6, 7, 8), as occurs elsewhere at Scottish
coasts (GRAY, 1974a). They can therefore indicate late Quaternary sea
levels (MYLROIE & CAREW, 1988). However, nine caves on the west coast
occur in less accessible mid-cliff locations (M: Figures 5 and 9). No cave
entrances on the island occur within the incline of a raised beach. The
indentations do not resemble the coastal horizontal C-shaped notches
in carbonate cliffs in Israel (SHTOBER-ZISU et al., (2015).
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Figure 2: Cave floor altitudes on the west coast
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Figure 4: Diagrammatic locations oflittoral caves on the Lismore west coast.

3. Speleogenesis and Lismore shorelin

At least six cave-forming processes might have acted individually or
in concert at each cave during and after each major Quaternary degla-
ciation. These are: creation of inception fractures by tectonic movement
duringisostatic rebound; phreatic chemical dissolution beneath deglacial
ice-dammed lakes or in subglacial waterways along Nye channels during
deglaciation; marine abrasion, including of dykes (GRAY, 1974a); phreatic
dissolution during interglacials; vadose dissolution and mechanical
erosion during interglacials; and openings created by gravitational Rock

es
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Figure 3: Cave floor altitudes on the east coast.

Raised cave 3

: k-; T

Lucy's Cave

Figure 5: Caves at locations M (Raised Cave 3) and CB (Lucy’s Cave). Photo
by Noel Williams.

Slope Failures (RSFs), which occurred throughout Scotland as valley
sides re-adjusted to the removal of ice after the Last Glacial Maximum
(LGM: 27-18ka). Dissolution deep below sea level after deglaciation is
unlikely, because most sea water is saturated with calcium carbonate.
However, dissolution in brackish water during deglaciation was possible.
There are also tiny constructional ‘caves’ on Lismore, under banks of
tufa ‘speleothems’ (FAULKNER, 2025).

The location of most Lismore caves at a platform inner margin
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suggests formation mainly by marine abrasion, whilst relative sea level
(RSL) remained constant. Caves orthogonal to the coast commonly have
inward tapering walls, floors and ceilings. These caves lengthened along
fractures and lines of weakness, some being beside dykes, faster than the
rate of cliff retreat. Other littoral caves in non-karstic lithologies along
the western Scottish coast, including Dyke Hole on Lismore itself (Figure
9), are uniform single passages through headlands. Similar passages
through limestone headlands on Lismore, such as the Natural Arch (Fi-
gure 10), thus likely formed mainly by marine erosion. It was assumed
by CORBEL (1957) that such arches and the cave in his Fig. 57 (probably

4
/4

Figure 6:

e = N
Little Cave of Salen (W coast). Photo by Alan Marshall.

the Little Cave of Salen: Figure 6 herein) were formed by underground
water and enlarged by marine abrasion. Probably, the inland superficial
endokarst flow systems developed mainly after deglaciation, assisted by
open fracture creation during isostatic rebound. A postglacial 2-metre
neotectonic movement in the centre of Lismore has created a long,
wide, sharp Slipped Overhang (Figures 11 and 12), which would not
have survived glacial erosion. About eight caves on the west coast have
narrow vertical or inclined entrance profiles, such as Slot Cave (Figure
7) that might have formed partly as RSFs.

Figure 7: Slot Cave on the west coast. Photo by Noel Williams.

Figure 8: An Dun Cave (E coast). Photo by Trevor Faulkner.

The glacial cycles and varying RSLs during the later part of the Qua-
ternary determined the speleogenetic history of Lismore. These involved
3-way competitions among terrestrial ice cover, isostasy, and eustatic sea
level during glaciations and deglaciations and during stadial-interstadial
changes. Intact surface deposits from glaciations older than the LGM no
longer exist, having been overridden by the Loch Linnhe ice stream. It
deposited many far-travelled erratic granite boulders with diameters up
to one metre, carved a limestone roche moutonée beside the primary
road, and deepened depressions in the limestone that underlie the three
lakes of Loch Balnagowan, Kilcheran Loch and Loch Fiart. There are few
moraines, drumlins or till deposits, perhaps indicating some re-working
by the sea. Being in a climatically sensitive location, western Scottish ice
sheets waxed and waned in a complex manner as RSL fluctuated. Many
confusing shoreline platforms of disputed ages were described, before
dating became more reliable. This section discusses the relationships of
cavesto the platforms, starting at the lowest, asillustrated in Figures 2 and
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Figure 9: Dyke Hole on the west coast, formed at location M in an igneous
dyke, not limestone. Photo by Alan Marshall.

3. The relationships of coastal features to palaeo RSLs can be difficult to
interpret, but the level floor of a cave entrance commonly provides an RSL
marker (ROVERE etal.,2016). The absence of broad entrances taller than 5m
suggests that they enlarged at atime of falling sea level (FAULKNER, 2018).

3.1. Submerged level: 30m bsl

HALL & RASHID (1977) reported a submerged platform of unknown
age, 30m bsl near Oban (Figure 1), which is less sharply defined than
local raised beaches. It clearly formed when there was substantial global
glaciation, whilst western Scotland was unglaciated. No submerged
levels or caves are reported around Lismore, which awaits investigation
by diving. Diving has revealed several deep submerged marine caves off
the islands of St. Kilda and North Rona. There is also a broad platform
120m bsl of probably LGM age farther west in the Atlantic.
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3.2. Present sea level

Although parts of both Lismore coasts have low cliffs up to the Low
Rock Platform that descend into the sea, other parts have a wide beach.
There are three known caves in the cliffs on the west coast and one on
the east coast that are within the local tidal range of 1-4m (Figures 2
and 3). Probably more await discovery, by using canoes and kayaks.

Figure 10: The Natural Arch on the west coast.

Figure 11: The Slipped Overhang, viewed from the north.

Figure 12: At the Slipped Overhang. Photos by Trevor Faulkner.

3.3. Low Rock Platform (LRP): 2-4m asl

Awide level LRP at 2-4m asl in the Lismore area (GRAY, 1974a: Fig.
7;1978: Fig. 3) might be comparable to the Norwegian strandflat (DAW-
SON, 1984). This suggests that it developed during many interglacials,
with its present level partly set in the Ipswichian/Eemian Interglacial
at MIS5e, when eustatic sea level was a few metres higher than in the
Holocene. Three tiny caves lie near the edge of this platform on the west
coast (Figure 2). They are backed by low cliffs <5m high, which probably
formed in the Holocene, but none occur on the east coast at this level.

3.4. Main Rock Platform (MRP) of Younger
Dryas (YD) age: 7-10m asl

GRAY (1974a: Figs. 7 and 9) levelled the altitudes of the MRP that
forms an almost continuous raised beach along the coasts and islands
of southern Loch Linnhe. GRAY & IVANOVICH (1988) reported that the
MRP surrounds Lismore, where it is typically 20-100m wide, unglacia-
ted without till, and commonly backed by steep cliffs 15m high. It rises
from 7-10m asl along the island, towards the centre of Scottish isostatic
uplift, 55km to the NE at Rannoch Moor. Following the LGM, Lismore was
deglaciated before the start of the Lateglacial Windermere Interstadial
at 14.7ka, but not re-glaciated during the YD (THORP, 1986), as also
discussed by MATTHEWS et al. (2021) and DAWSON (2021). There are
several littoral caves at the MRP level (Figures 2 and 3), some containing
massive calcite deposits, some of which appear to be degraded by sub-
sequent marine erosion when submerged below the Main Postglacial
Shoreline (see below). GRAY & IVANOVICH (1988) used some samples
to date the MRP by the U-series method. Most were contaminated with
detrital thorium, yielding assumed Holocene ages. STONE et al. (1996)
used the 16Cl exposure age of the bedrock to confirm that the MRP (and
therefore the caves at that level) formed by marine abrasion during the
severe periglacial conditions of the YD.

3.5. Main Postglacial Shoreline (MPGS): 13m asl

Following the uplift caused by the melting of the nearby YD ice cap,
RSL then rose faster than uplift at low YD isobases in western Scotland.
This caused a Holocene transgression that created the MPGS at 13m
asl near Lismore at c. 7.4ka (GRAY, 1974b: Figs. 5 and 6). This is also the
highest shoreline farther east, where reglaciated in the YD. This marine
abrasion probably produced several tall towers of imestone and protru-
ding dykes (Figure 9) above the MRP on the Lismore west coast, which
could not have survived glacial over-riding, and many cave entrances
near this level (Figures 2 and 3).

3.6. Highershorelines: >13m asl

SISSONS & DAWSON (1981: Fig. 1) and DAWSON (1984: Fig. 3) levelled
the altitudes of higher platforms and shorelines from 18-51maslon the
western Scottish coast. The tops of the highest cliffs on the west coast
of southern Lismore reach c. 70m asl, above bases at c¢. 50m asl, but no
known caves occur above 35m asl. A high Scottish post-LGM deglacial
marine limit (dml) is 41m asl, at the 1m YD isobase, c. 40km to the west
of Lismore (DAWSON (1984, p. 352), perhaps equivalent to an unrecog-
nised dml of c. 50m asl at Lismore. Thus, platforms from 50-13m asl
on Lismore probably formed during the Lateglacial Interstadial from
14.7-12.9ka, contemporary with the marine erosion of the many caves
at higher cliff bases on the west coast (Figure 2) and several up to c.
20m asl on the east coast (Figure 3). The nine west coast mid-cliff caves
perhaps formed whilst sea level rose or lowered continuously without
a hiatus. If any platforms higher than 50m asl at the 10m YD isobase at
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Lismore (or lower, at lower isobases farther west) exist, they must have
formed priorto being eroded at the LGM. This could apply to cliff tops and
cliff bases at 70 and 50m aslin southern Lismore. They perhaps formed

4, Discussion

Peaks on each side of Loch Linnhe reach c. 900m asl, suggesting up
to 1000m of glacial erosion in the Quaternary, i.e. c. 20m per glacial cycle,
so that the land probably rose by several metres by erosional isostasy
after each deglaciation. Interglacial eustatic sea levels depended on the
extent of remaining polar ice, which has varied by several metres of sea
level equivalent. Thus, it seems unlikely that the present paleo sea level
platforms on Lismore, or elsewhere in Scotland, would be at a similar
altitude to any platform that formed prior to the LGM, except by chance.

GRAY & IVANOVICH (1988) reported that a tufa sample from a deep
undercut at the north of the west coast of Lismore gave an apparently
reliable but imprecise age of 103.3+28.4/-20.0 ka. That would indicate
growth at some time from the MIS5e Interglacial (129-115ka) until after
MIS5¢ (104-90ka) and a surprising survival during the subsequent LGM.
The two longest caves are both on the west coast. Cave 9 (36m long
and 19m asl) is at the north end. It contains a substantial vegetated
stalagmite inside its entrance, which is at the head of a 10m-deep dry
gorge leading to the sea. Uamh na Cathaig (20m long and 13m asl)
is in the middle of the coast, with a large tufa column that splits the
entrance into two parts. A 5m-deep dry gorge starts about 30m in front
of the cave that also leads to the sea. (See FAULKNER & CRAE, 2018 for
entrance photos). It seems possible that these two gorges represent
cave passages that used to extend back to the existing caves. If so, they
were later unroofed by glaciation and then submerged by the high RSL
after deglaciation, to create narrow, steep-walled, calanques (unroofed
caves submerged temporarily by the sea) as reported at two different
unidentified coastal sites on Lismore (Corbel, 1957: Figs. 58 and 59).
In this case, these two sites and perhaps the deep undercut (above)
are examples of unroofed caves and calanques, which have rarely and

5. Conclusions

The c. 90 littoral caves and indentations on the calcareous island of
Lismore occur mainly where aninclined raised beach or platform meets
the base of the next cliff inland. Most are on the western coast, <35m
above sea level, rather than the east coast at <20m asl. Nine caves are
located part way up a steep cliff, but only on the west coast. The smaller
altitude range and numbers of caves and tufa deposits on the east coast
probably reflect its location, even more sheltered from westerly winds.
Thus, although perhaps initiated by karst dissolution along fractures,
the caves commonly formed by marine abrasion after deglaciation at c.
14.7ka, synchronously with the raised beaches. The more-vertical caves
on the western coast perhaps formed by Rock Slope Failure. Cave 9 and
Uamh na Cathaig likely formed in MIS5e or earlier, but were partly eroded
atthe Last Glacial Maximum to create two calanques, or unroofed caves.
These were submerged temporarily beneath the sea, and then became

6. References

CLARK C.D. &37 others (2022) Growth and retreat of the last British-Irish
Ice Sheet, 31000 to 15000 years ago: the BRITICE-CHRONO reconstruction.
Boreas 51(4):699-758.

CORBEL J. (1957) Autour du Ben Nevis. In: Les Karsts du Nord-ouest de
|-Europe, Université de Lyon, 276-278.

CRAE J. (2018) Lismore - an investigation. Grampian Speleological Group
Bulletin 2(5):47-53.

212

during MIS5¢ and 5a, after stadial glaciations in MIS5d and 5b caused
deep isostatic depressions, before other growing northern hemisphere
icesheets caused eustatic sea levels to fall by greater amounts.

nowhere else, been reported in Britain.

The longer palaeo Cave 9 and Uamh na Cathaig were perhaps formed
originally by phreatic karstic dissolution during the MIS7 Interglacial, if
they remained flooded by meteoric water below the level of their resur-
gences, with sinks farther inland to the east. Or perhaps they formed
later, by dissolution during the MIS6 deglaciation, if subject to flows from
submerging glacial lakes. Many windgaps cross the main NE-SW ridges
on Lismore. These suggest that the western side of the island supported
high-levelice-dammed lakes during the MIS2 deglaciation that collapsed
atjokulhlaups and flowed out to the east through spillway cols, as the ice
margin retreated eastwards, perhaps repeating a similar MIS6 deglacial
process. The large speleothems themselves then probably grew in MIS5ein
vadose conditions, part way along longer cave passages. The existing cave
passages avoided being eroded away by the MIS6 glaciation (if formed
atMIS7) and by the MIS5d-MIS2 glaciations, which would have removed
some of the bedrock above them and created the two calanques. The
speleothems survived marine abrasion during all the occasions when
the caves were at or below sea level after final deglaciation at c. 14.7ka,
perhaps by chance as the cliffs at their entrances were eroded back. They
clearly avoided erosion when the MRP was cut below them in the YD.

MYLROIE & MYLROIE (2009) discussed a “Carbonate Island Karst Mo-
del” to explain the formation of flank margin karst caves by mixing-zone
dissolution. This occurs when freshwater meets sea water to create a
mixing chamber that is subsequently breached by surface erosion after
uplift, where speleothems can form when in the vadose zone. This mo-
del seems unlikely to apply to the caves on Lismore, after considering
methods to differentiate between flank margin caves and sea caves
formed by marine erosion (WATERSTRAT et al., 2010).

gorges in front of the present entrances.

With the much clearer understanding of Scottish deglaciation
(Clark, et al., 2022), the ages and levels of the raised platforms need
to be reconsidered. Dating of calcite from Lismore speleothem bases
would provide minimum ages of speleogenesis. Accurate levelling of
cave floor altitudes on Lismore and the western Scottish coast could
also be important for Scottish Quaternary science. They would provide
more evidence of palaeo deglacial relative sea levels and isostatic uplift,
to confirm how the altitudes of the raised beaches increase towards the
centre of glaciation at Rannoch Moor. Similarly, confirmations of the floor
depths of submerged marine caves, by diving off the islands of St. Kilda
and North Rona, could provide information about the extent of isostatic
depressionin the forebulge area beyond the hinge line. Combining these
data would enable more accurate isobase maps to be constructed.

CRAE J. (2020) Lismore 2019. Grampian Speleological Group Bulletin
3(3):26-32.

DAWSON A.G. (1984) Quaternary sea-level changes in western Scotland.
Quaternary Science Reviews 3:345-368.

DAWSON A. (2021) The Main Rock Platform in Western Scotland. In:
PALMER et al. The Quaternary of the West Grampian Highlands: Field
Guide. Quaternary Research Association, 33-40.



19t International Congress of Speleology and 38° Congresso Brasileiro de Espeleologia - Belo Horizonte 2025 - Vol. II

FAULKNER T. (2018) The ages of the Scandinavian caves. Norsk Grot-
teblad 70:15-33.

FAULKNER T. (2023a) Additional tufa sites on Lismore island, Argyll,
Scotland. Cave and Karst Science 50(2):55-62.

FAULKNERT. (2023b) More cave hunting on Lismore. Grampian Speleo-
logical Group Bulletin 4(4):38-47.

FAULKNER T. (2025) More exotic tufa deposits on the island of Lismore,
Argyll, Scotland. Submitted to the 19th ICS.

FAULKNERT., CRAE J. (2018) Distribution of tufa and speleothem depo-
sits on the island of Lismore, Argyll, Scotland. Cave and Karst Science
45(3):101-110.

FAULKNER T., CRAE J. (2022) Exotic tufa and speleothem deposits on
theisland of Lismore, Argyll, Scotland. 18th International Speleological
Cong. Proc. Vol. 5:55-58.

GRAY J.M. (1974a) The main rock platform of the Firth of Lorn, western
Scotland. Transactions of the British Institute of Geographers 61:81-99.

GRAY J.M. (1974b) Lateglacial and postglacial shorelines in western
Scotland. Boreas 3(4):129-138.

GRAY J.M. (1978) Low-level shore platforms in the south-west Scottish
Highlands: altitude, age and correlation. Trans. of the British Institute
of Geographers NS 3:151-164.

GRAY J.M., IVANOVICH M. (1988). Age of the main rock platform, wes-
tern Scotland. Palaeogeography, Palaeoclimatology, Palaeoecology
68:337-345.

HALL J., RASHID B.M. (1977) A possible submerged wave-cut platformin
the Firth of Lorne. Scottish Journal of Geology 13(4):285-288.

MATTHEWS I.P., PALMER A.P., LOWE J.J. (2021) Proposed ice limits and
the deglaciation of Loch Linnhe and the Firth of Lorne. In: PALMER et al.

213

The Quaternary of the West Grampian Highlands: Field Guide. Quaternary
Research Association, 41-49.

MYLROIE J.E., CAREW J.L. (1988) Solution conduits as indicators of late
Quaternary sea level position. Quaternary Science Reviews 7:55-64.

MYLROIE J.E., MYLROIE J.R. (2009) Caves as sea level and uplift indi-
cators, Kangaroo Island, South Australia. Journal of Cave and Karst
Studies 71(1):32-47.

ROVERE A.W. &9 others. (2016) The analysis of Last Interglacial MIS5e)
relative sea-levelindicators: Reconstructing sea-level in a warmer world.
Earth-Science Reviews 159:404-427.

SALVONA J. (1983) Diary of an itinerant Scottish caver. Grampian Spe-
leological Group Bulletin 4(2):28-30.

SHTOBER-ZISU N., AMASHA H., FRUMKIN A. (2015) Inland notches: impli-
cations for subaerial formation of karstic landforms - An example from
the carbonate slopes of Mt. Carmel, Israel. Geomorphology 229:45-59.

SISSONS J.B., DAWSON A.G. (1981) Former sea-levels and ice limits in
part of Wester Ross, northwest Scotland. Proceedings of the Geologists’
Association 92(2):115-124.

STONE J., LAMBECK K., FIFIELD L.K., EVANS J.M., CRESSWELL R.G.
(1996) A Lateglacial age for the Main Rock Platform, western Scotland.
Geology 24(8):707-710.

TILLSON J. (1974) A visit to Lismore Island. Grampian Speleological
Group Bulletin 1(1): p. 37.

THORP P.W. (1986) The mountain icefield of Loch Lomond Stadial age,
W Grampians, Scotland. Boreas 15: 83-97.

WATERSTRAT W.J., MYLROIE J.E., OWEN A.M., MYLROIE J.R. (2010) Coastal
cavesin Bahamian eolian calcarenites: Differentiating between sea caves
and flank margin caves. Cave and Karst Studies 72(2):61-74.



19 International Congress of Speleology and 38° Congresso Brasileiro de Espeleologia - Belo Horizonte 2025 - Vol. Il

Piping e dolinas na génese

da Caverna do Pinheiro Torto,
Passo Fundo/RS: processos
geomorfoldgicos e implicagdes

Luis Paulo Fragomeni (1), Vagner Perondi (2), Juliana Soares (3) Cristiane Voltolini (4),
Ismael Voltolini (5), Maricélio de Medeiros Guimaraes (6) Marcus Paulo Alves Oliveira (7)

1) gedlogo, Universidade de Passo Fundo e Fundagdo Casa de Cultura de Maraba,|pfragomeni@gmail.com
2) arquiteto, Universidade de Passo Fundo e Fundagdo Casa de Cultura de Marabd,cumeprojetoeconstrucao@gmail.com
3) arquedloga, cume.arqueologia@gmail.com

(1)

(2)

@)

(4) bidloga, crisguep@yahoo.com.br

(5) médico, cem_voltis@yahoo.com.br

(6) bidlogo, Fundagdo Casa da Cultura de Maraba, trilhas.virtuais@gmail.com
(7)

7) bidlogo, BioEspeleo Consultoria Ambiental,marcus@bioespeleo.com.br

Resumo

O presente trabalho apresenta caracteristicas de uma cavidade em Passo Fundo/RS, cujo registro no ICMBio/Cecav indica tratar-se de uma
paleotoca. Dados coletados em campo, avaliagdo do entorno e consulta a bibliografia indicaram que a cavidade pode ter sua génese vincula-
da com processos de eroséo subterrdnea denominados de piping, ndo se tratando propriamente de um icnoféssil. 0 embasamento da regido
esta associado aos arenitos da Formagdo Tupanciretd, cujo solo arenoso é suscetivel a erosdo possibilitando a ocorréncia de tais fendmenos.

Abstract

The present paper presents characteristics of a cavity in Passo Fundo/RS, registered with ICMBio/Cecav as a paleoburrow. Field data, environ-
mental evaluation and literature review indicated that the cavity’s genesis might be linked to underground erosion processes known as piping,
rather than being a true ichnofossil. The region’s bedrock is associated to sandstones from the Tupanciretd Formation, whose sandy soil is
susceptible to erosion, allowing for the occurrence of such phenomena.

1. Introducao

A Caverna do Pinheiro Torto é uma cavidade natural que ocorre na
area do Parque Natural Municipal do Pinheiro Torto - PNMPT, em zona
urbana de Passo Fundo, RS. O PNMPT é uma Unidade de Conservagéo
(UC) criada pelo Decreto Municipal 43/2011, com &drea de 31,88 ha
inserida em zona urbana de Passo Fundo. O gestor do Parque Natural
Municipal do Pinheiro Torto é a Secretaria do Meio Ambiente da Prefei-
tura Municipal de Passo Fundo. O Parque Natural Municipal do Pinheiro
Torto tem o objetivo de preservar os ambientes naturais ali existentes,
realizar pesquisas, atividades de educagao e recreagdo em contato com
a natureza. O Plano de Manejo foi aprovado no ano 2016. O Quadro 1
apresenta a Ficha Técnica da Unidade de Conservacdo Municipal (BUDKE
et alii, 2016). Neste artigo, apresentamos discussdo sobre a génese da
cavidade considerando dados observados em recente visita técnica de
campo realizada em agosto de 2024.

Figure 1: Location of the Parque do Pinheiro Torto in southern Brazil.
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Figure 3: Location of the Caverna do Pinheiro Torto, area of the conservation unit (park), buffer zone and water resources present in the area.

2. Discussao

formato retilineo e altura que pode chegar a trés metros, e mais um
desenvolvimento ndo medido formado por duto de pequeno didmetro
e formato irregular, que ndo permite o acesso.

N&o sdo conhecidas cavernas naregido de Passo Fundo e nas areas
dos municipios do entorno, o que justifica a sua classificagdo como de
isolamento geografico. Mesmo sendo globalmente conhecidos proces-
sos de piping em varios tipos de solos e variados ambientes climéticos,

Discussdes sobre a génese da cavidade

Embora a Caverna do Pinheiro Torto esteja registrada no Cadastro
Nacional de Informacdes Espeleoldgicas - CANIE/CECAV como paleotoca,
com o nimero 019688.00001.43.14100, apontamos que algumas de
suas caracteristicas ndo suportam esta classificagdo, sendo que que sua
génese esta vinculada a processos de erosdo subterranea denominados
de piping. A caverna soma 17,00 m de comprimento acessivel, com
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existe pouca informacdo disponivel sobre erosdo subterranea (BERNA-
TEK-JAKIEL et alii, 2018), o que torna esta ocorréncia rara. De acordo
com o regramento expresso no Decreto da Presidéncia da Republica n°
6.640/2008, a Caverna do Pinheiro Torto é classificada com o grau de
relevancia Maximo, em funcdo de ser uma ocorréncia Unica/rara e por
seu isolamento geografico.

A Caverna do Pinheiro Torto esta registrada no CANIE/CECAV como
uma paleotoca porque os seus primeiros 17 metros de comprimento
realmente se assemelham a uma escavagao executada por animais da
megafauna extinta, sendo que seu desenvolvimento neste trecho é de
formato retilineo, ovalado, com média de 2 m de largura e 3 m de altura.
A continuidade da caverna a partir deste trecho inicial, se mostra bem
diferente e remete a ocorréncia de processos erosivos. Paleotocas sdo
escavagdes na forma de tdneis produzidas por vertebrados extintos
para habitagdo, reflgio ou estivacdo, constituindo um registro indi-
reto da presenca de grupos taxondmicos onde fésseis corpdreos sdo
inexistentes (RUCHKYS et alii, 2014). Uma paleotoca se constitui de um
grande icnofdssil e a descrigdo dos tragos fésseis que se encontram em
seu interior ajudam a identificar o agente escavador. Os icnofésseis sdo
produzidos em sedimento ainda inconsolidado e em diversos tipos de
rocha (como siltitos, arenitos e basaltos alterados) e permitem que
sejam feitas algumas inferéncias sobre a morfologia do animal bem
como sobre o0 seu modo de vida (SCHNEIDER et alii, 2014).

A Caverna do Pinheiro Torto apresenta em seus metros iniciais
o aspecto de uma paleotoca, mas apresenta, em sua continuidade,
feicdes que sdo indicativas de um processo dinamico de piping,
com desenvolvimento formado por um duto com formato irregular
e quebras bruscas de dire¢do, com menos de 0,50 m de largura e
2,00 de altura, em solo hidromérfico da Formacg&do Tupancireta. Ha
um curso de dgua que corre no seu piso e que é responsavel pelo
processo de exumacgdo dindmica que ocorre atualmente, aprofun-
dando o nivel de base. Observa-se varios locais da caverna com
sinais de abatimento do teto e, no terreno do entorno, algumas
dolinasvinculadas a processos semelhantes e ndo necessariamente
associadas a ela. A ocorréncia de alguns dutos pequenos em conexdo
com o duto principal da caverna, com extensao variando de poucos
centimetros a mais de dois metros de comprimento, de desenvol-
vimento irregular e quebras bruscas de direcdo, sdo evidéncias de
processos de erosdo subterranea.

0 embasamento rochoso no local onde esté localizada a Caverna do
Pinheiro Torto é classificado como de arenitos da Formacg&o Tupancireta.
Embora ndo haja afloramento rochoso no interior da caverna, no entorno
sdo encontrados afloramentos no fundo de drenagens e cortes de terreno.
Os sedimentos da Formagdo Tupanciretd encontram-se discordantemente
assentes sobre as efusivas da Formagdo Serra Geral. O pacote litolégico
que constitui essa formagdo é composto por arenitos conglomeraticos,
conglomerados basais e finas camadas de argilas, sendo que a litologia
predominante é representada pelos arenitos. Sdo, geralmente, de cor
avermelhada, as vezes amarelo-esverdeados, com granulagdo variavel
de fina a média, mal classificados, eventualmente conglomeraticos e
constituidos essencialmente de quartzo e, subordinadamente, feldspato
alterado a caulinita. Apresentam-se, de modo geral, muito fridveis e, as
vezes, endurecidos por silicificagdo epigénica, sendo o cimento mais
comum o 6xido de ferro. Sdo geralmente macigos, podendo, entretanto,
exibir estratificacdo plano-paralela e cruzada do tipo fluvial. E de ocor-
réncia restrita ao estado do Rio Grande do Sul, embora correlacionavel
a Formac&o Bauru em S&o Paulo.
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Constatou-se que os maiores problemas de erosdo acelerada, tanto
em expressao como em extensao, encontrados na Unidade Geomorfo-
l6gica Planalto de Santo Angelo - onde se insere a regido da Caverna do
Pinheiro Torto, estdo associadas aos arenitos da Formacao Tupancireta,
cuja alteragdo resulta em solo arenoso, mais suscetivel a erosdo. Verifi-
cou-se, generalizadamente, a ocorréncia de sulcos, ravinas e vogorocas
nasvertentes suaves das colinas, por vezes transpondo-as. Geralmente
desenvolvem-se préximo aos canais fluviais, sendo que alguns até ja
se interligam com a rede de drenagem organizada, dando origem a
novos bracos fluviais, procedendo a ampliagdo dela. Os fendmenos de
erosdo acelerada nos arenitos da Formagdo Tupancireta sdo por vezes
tdo violentos que chegam a desenvolver imensas vogorocas, com a
abertura de extensos e profundos anfiteatros de erosdo, em meio a areas
de campo com criagdo de gado. Essa ocorréncia de intensos problemas
de erosao acelerada ndo tem termo de comparagdo com nenhuma das
outras unidades geomorfoldgicas mapeadas no estado do Rio Grande
do Sul (IBGE, 1986).

CULSHAW et alii, 2005, expressam que, embora a vasta maioria dos
processos erosivos tipo pipes e dolinas sejam encontrados em rochas
solUveis, tais como calcarios, dolomitos e gipsitas, estas feicdes podem
ocorrer em outros tipos de rochas. Além dos tubos de lava em basaltos,
paisagens que lembram dolinas em seus processos e morfologia tem sido
descritos em arenitos e siltitos, onde a drenagem passa por condutos
vazios ou pipes. Estas feicdes de pseudokarst diferem daquelas do karst
verdadeiro e sdo formadas por outros processos que ndo envolvem dis-
solucdo. Estruturas tipo pipes em rochas inconsolidadas, alteradas ou
pobremente consolidadas, sdo amplamente distribuidas e desenvolvem
uma forma de pseudokarst onde as dolinas que se formam sobre cavida-
des de solo instaveis podem constituir perigo significativo. A feicdo mais
comum é a de lavagem das particulas finas de solos granulares em um
processo que aumenta em escala progressivamente, e materiais mais
grosseiros sdo retirados até que a cavidade do pipe é formada. Eles se
estendem formando a partir do exutdrio, em locais onde os gradientes
hidraulicos tém declividade suficiente para iniciar o fluxo em solos
inconsolidados, e apenas alcangam tamanhos significativos quase que
exclusivamente em ambientes de clima semiarido. Em qualquer tipo de
solo em que ocorrem pipes, existe a possibilidade de colapso de soloem
sistemas de pipes ndo visualizados. Os arcos de solo formados sdo tao
frageis que é esperado colapsem naturalmente com a continuidade do
processo erosivo. Novos pipes e dolinas podem ser formados durante um
(inico evento de tempestade. Desta forma, para prevenir o aumento do
processo erosivo, é essencial controlar as dguas de superficie e assegurar
que as aguas pluviais ndo infiltrem nestes locais.

Sitios arqueoldgicos x dolinas

Na regido do Planalto Sul-brasileiro é comum a ocorréncia de sitios
arqueoldgicos identificados como casas subterraneas, que se tratam
de escavagdes no solo em formato circular que compunham parte da
moradia das populagdes indigenas Proto-Jé Meridionais no periodo
aproximado de 1.800 anos A.P., até a chegada do colonizador europeu
(Copé, 2015). Tais registros arquitetdnicos assemelham-se a fendmenos
de dolina, onde ocorre o abatimento do solo, seja por eventos lentos de
acdo da agua ou por fendmenos de colapso. Aproximadamente a 35 m
da Cavernado Pinheiro Torto encontram-se 03 estruturas circulares que
remetem a casas subterrdneas, mas, no entanto, trata-se de dolinas das
quais emerge agua e que, possivelmente, ligam-se por meio de canais
com a cavidade em estudo.
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Figure 4: 1. Surge, 2.4. Irregular duct, 3. Depositional processes of the Tupanciretd

3. Conclusao

Existe uma percepcao, disseminada por varios setores da populagdo de
Passo Fundo, de que as dolinas que ocorrem no Parque Natural Municipal
do Pinheiro Torto sdo “buracos de indios”, ou seja, vestigios de casas sub-
terrneas e, portanto, sitios arqueoldgicos. No ano de 2003 uma indUstria
(Cervejaria Colonia) foi impedida de se instalar no local para ndo haver
interferéncia nos sitios arqueoldgicos. Embora atualmente os setores da
sociedade mais esclarecidos e o Poder Publico ja tenham a informagdo
técnica de que ndo se trata de casas subterraneas, ndo sdo raros os
comentarios sobre a ocorréncia de sitios arqueoldgicos naquela regido.

Os solos da Formag&o Tupanciretd, naturalmente fridveis, a presenca
de solo hidromérfico na Caverna do Pinheiro Torto ocorréncia de am-
biente pedogenético saturado de dgua), e airregularidade dos condutos
indicam que este local ndo foi construido por animais escavadores da
megafauna para instalar sua habitacao.

Aformairregular dos condutos que ocorrem para além dos metros
iniciais a partir de sua boca, a presenca de solos

hidromérficos em embasamento rochoso da Formag&o Tupancirets,
a ocorréncia de dolinas nas proximidades e a revisdo de literatura que
apresenta diversas situacdes de erosdo subterranea em variados tipos

de solos, convergem para a indicagdo de que a génese da Caverna do
Pinheiro Torto esta ligada a mecanismos de piping.

Em observéncia ao Decreto da Presidéncia da Republica n
6.640/2008, que dispde sobre a protegao das cavidades naturais, a Caverna
do Pinheiro Torto é classificada com o grau de relevancia Maximo, em
fun¢do de seruma ocorréncia Unica/rara e por seu isolamento geografico.

o

Figure 6: 1. External area close to the mouth; 1. Topographic mapping; 3. spalling caused by roots; 4. garbage carried by water. 5.Irregular duct.
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PIPING DO PINHEIRO TORTO

Local: Pargue do Pinheiro Torto

Municipios: Passo Fundo RS

Equipe: Luiz Paulo Fragomeni, Vagner Perondi
Desenho: Vagner Perondi

Coordenadas: 28°14'01"S 52°27'13"W
Elevagdo: 633m
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Abstract

1. Introduction

At the end of 2023, Zadar Airport started the reconstruction, which
in the next six years will completely change the airportin Zemunik as we
know it today. A new passenger terminal building, an expanded tarmac,
and a runway will be rebuilt in several stages. During the excavation
works for the extension of the tarmac, two relatively small vertical
caverns were discovered and immediately explored by speleologists
and geologists. These narrow vertical shafts transition into horizontal
channels and extend northeast. Detailed engineering-geological survey
of the caverns suggests that they were developed along a set of faults
or a fault zone in Kkarstified Eocene limestones (MAJCEN et al. 1973).
There is no constant water flow in these caves. It depends highly on
the climate on the terrain surface. In most cases, water seeps into the

2. Materials and methods

Detailed speleological, engineering geological, and hydrogeological
survey of caves found under Zadar airport was conducted by the team of
expertsin February 2024. The research aimed to establish the engineering
geological and hydrogeological functions of caves that extend under
the Zadar Airport tarmac for their remediation. Since these are vertical
caves, it was necessary to use the caving equipment and techniques
intended for such exploration; ropes, descenders, and ascenders (Fig
1.). The research was carried out in the late winter period, during windy
days (Burawind) when air temperatures on the surface spanned between
+8°C to +15°C, while in the deeper parts of the cavern, between 9.3°C
and 9.5°C. Aweak airflow was measured using the digital anemometer.
It should be mentioned that before the beginning of construction work
at the Zadar Airport, there were no known caves in this area.

219

During the works for the extension of the tarmac at Zadar Airport, two caverns were discovered. Since this is a karst area, it was important to
conduct speleological research of these caves. The goal of the research was to determine the hydrogeological function and other geological
factors that could affect the stability of the aforementioned tarmac. Since the caverns were discovered just 2 months before the deadline for
completion of the works, it was extremely important to conduct the research quickly and thoroughly. After the speleological research, the best
solutions for remediation of these caves were proposed and accepted and the construction works were completed on time.

underground through joints and faults. The depth of the weathering
zone in these caves is estimated at 100 to 200 meters, which spreads
well under the sea level. The zone of vertical circulation varies from 40
to 60 metres. Horizontal circulation brings fresh water to the submarine
springs (Vruljas) in the Adriatic Sea. The explored caves showed signs
of gravitational karstification and in their lower parts also the traces of
regressive karstification i.e. aggressive weathering towards the surface
(GARASIC, 1989, 1991, 1995). Since the foraminiferal Eocene limestones
are, in a hydrogeological sense, water permeable due to their intense
secondary porosity, it is expected that in the continuation of this fault
zone several other similar caves might appear.

Figure 1: Entrance to the northern cave at Zadar Airport

Detailed engineering-geological maps of both newly discovered
caves were created, which served as the basis for finding the best reha-
bilitation solution. The entrances to the caves K-1 (northern cavern) and
K-2 (southern cavern) were opened during the excavation of the terrain
to the projected level (Fig 2). Cavern K-1 was discovered on February
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1, 2024, and cavern K-2 on February 3, 2024. Back then, the entrances
were small and narrow. The entrance to cavern K-1 was 0.3 x 0.5 m,
and to cavern K-2 0.3 x 0.3 m. They were later expanded for research
purposes on February 14, 2024. The entrance to the speleological
object K-1 (northern cavern) has an irregular, elliptical shape, with two
vertical pit channels that connect after 1.30 meters. It is noticeable that
the covering rock that separated the surface of the former terrain from
the cavern in the area of today’s entrance was no more than 1.5 meters
thick. To descend into the interior of the cave, the northern entrance
to the K-1 cavern was used because it was slightly larger than the sou-
thern entrance. It should be emphasized that both entrances to the K-1
cavern were extremely unstable and narrow at the time of the survey,
and that at the time of the survey, constant attention had to be paid to
this for the safety of speleologists. Since the rocks of the entrance parts
of the caverns were intensively fractured and cracked due to intensive
karstification processes and works on the tarmac construction site, it
was not possible to anchor the rope with wedges in the nearby primary
rocks. Therefore, during the described speleological research, anchoring
was done by tying to heavy construction machines. In order to be able
to meet the deadlines for the construction of the new tarmac, the time
allotted for speleological exploration work was reduced to a minimum.

Figure 2: Entrance to the southern cave at Zadar Airport

3. Results

Therocks in which the cavern was formed belong to the contact area
near the axis of the north-western wing of the sinkhole, in the bottom of
which there are Eocene foraminiferal imestones (E1,2)> which are deposited
discordantly on the Upper Cretaceous Senonian limestones (K,?). They are
characterized by a white to grey-white colour. Deposits of Fomaminiferous
limestones of Eocene age in the area of the Zadar Airport terminal are in
transgressive contact with Senonian Cretaceous limestones that form the
deeper bottom of the syncline. Their thickness can be up to 200 meters.
These are miliolid, nummulitic and alveolitic limestones, which geolo-
gically later, in other nearby localities, gradually transition into Middle
Eocene clastites. Structurally, foraminiferal limestones (EM) are partofthe
south-western wing of the syncline. The thickness of limestone layers are
decimetres to meters, and are inclined at an angle of 250 to 300 degrees
towards the northeast. Eocene deposits are relatively poorly layered in
calcareous breccias, but layering is noticeable in foraminiferal limestones.
The entire lithological-tectonic micro-unit is characterized by tangential
types of deformations, i.e. reverse faults and in connection with thrusting
and micro-flaky structures. The faults are almost perpendicular to the
Dinaric direction of the syncline, i.e. the southwest-northeast direction.
In the immediate vicinity and in the speleological facility itself, the slope
of the carbonate deposits (limestones) is between 150 and 200, and the
direction of the slope is towards the northeast (from 450 to 650). The
cracks observed in the building are up to ten centimetres wide, flat and
smooth. This is the main phase of speleogenesis (GARASIC D. 2021). In
the immediate vicinity of the cavern (on the surface), the fractures are
mostly filled with hard clay, reddish-brown in colour. In the deeper parts
of the caverns, there are some carbonated calcite binders, in crystalline or
amorphous form. Speleothems appear rarely on the rocks. They comein
the form of thin crusts. In the lower parts of caverns, there is more clay. At
the location of the caves, there are more intensive fracture and fault zones
with a width of about 2 to 3 meters, which, in addition to the lithological
and hydrogeological conditions, played a significant role in the genesis
(origin) of the main parts of the investigated caverns. No mylonitic fault
zones were observed in the caves. The assessment of this speleological
research is that this is a relatively younger, but now inactive fault or fault
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zone, as evidenced by the thin silty and clay layers that freely cover the
paraclase of the fault in the pit, without being naturally broken or defor-
med. The main fault of both caverns extends in 450 - 2250 direction, with
subvertical paraclase. The fracture system is approximately at an angle
of 600 to the main fault and has a position of 1500 - 3300 with an average
dip between 750 and 850 (slope to the northeast). The corrosion of the
surrounding rocks is very intense. Edges and small underground karrens
have very sharp edges, measuring 1 to 2 cm. In the engineering-geologi-
cal sense, we are talking about limestones whose uniaxial compressive
strength of the substrate (limestones at the level of the pit) is estimated at
80-120 MPa, RQD varies, but is mostly above 40%, the distance between
discontinuities is on average about 30 cm, in the upper parts with clay
filling. Fracture systems are over 10 meters long, with an average length
of 5to 10 meters. Their width varies from 1 to 10 cm, they are rough, wavy
and smooth in the upper parts, and smooth in the lower parts of the cave.

A cave survey at the construction site of the Zadar Airport tarmac
provided data on the location, dimensions, and morphology of the caves.
These are vertical caves, simple to knee-shaped morphological types
(GARASIC, M., 2021). The depth of both caverns is over 10 meters and it
most likely extends deeper (Fig. 3).

Figure 3: Vertical shaft in the southern cave at Zadar Airport
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However, the exact depth remains unknown due to the narrow pas-
sages that prevented further exploration. Caverns are about 15 meters
apart and are not connected. Their shape and morphology are very
similar since both cavers extend along the fault lines from the same set,
meaning the same dip direction and angle. No permanent active water
flows were observed in the caves, but drip water is present in some
places, creating small speleothems. The possible occasional water flow,
which could be somewhat more abundant in the rainy season, belongs
to the Adriatic catchment area and transports groundwater vertically
to the permanent groundwater level at approximately 25 m/asl. In
the geological past, underground water acted aggressively on rocks
through erosion and corrosion. Caves are generally developed in the
southwest-northeast direction, corresponding to the fault set’s spatial
orientation, which plays a significant role in their genesis (GARASIC D.,
2021). As a result of speleological research, an engineering-geological
map of both caverns was made, which served as a basis for finding an
adequate solution for their remediation (Fig 4.).

Figure 4: Profile and floor plan of the cavern K-1.

4, Discussion

Speleological and engineering geological research of karst caves
always poses a problem and danger for researchers. One of the biggest
challenges for speleologists is the instability of the rock mass at the very
entrance to the cave. The instability is caused by the intensive work that
led to the discovery of the cave, whether it was mechanical digging or
blasting. Experience has shown that a longer stay of speleologists in such
unstable caves can lead to further instability that can be fatal for resear-
chers. For this reason, research must be carried out quickly. Since speed
is of utmost importance, some other factors fall into the background.
Figure 1 shows a rope rubbing against the rock. In ideal conditions, this

5. Conclusion

The mentioned caves extended under the construction site of the
Zadar Airport tarmac and represented a problem in the stability of the
rock masses. Due to the importance of the location and the short time
frame, research and remediation plans needed to be fast and efficient.
Since no permanent water flows were noted in the caves, lower parts
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Abstract

1. Introduction

Base level change is one of the major controls in the evolution of a
karst system (Ford, 1971; Ford and Williams, 1989). Tectonic and climatic
dynamics can influence base level fluctuations, so cave passages may
record aggradation and erosion trends as they search equilibrium with
a new established base level (Farrant and Smart, 2011; Calvet et al.,
2024). Thus, erosion and deposition features in cave conduits allow the
interpretation of past environmental conditions associated with aquifer
and landscape evolution (Palmer, 1987, 2007).

Most karst systems in Brazil develop in limestone rocks deposited
during the Neoproterozoic in a cratonic environment. The stable tec-
tonic conditions imply in slow rates of uplift, denudation and regional
groundwater lowering. This favors the development of single level, wide,
and low gradient cave passages. Deposition and erosion records in cave
passages tend to be superimposed at the same elevation, giving rise to
acomplex cave stratigraphy, characteristic of the tropical karst in stable
terrains (Audra and Palmer, 2015).

In the S80 Desidério karst area (Figure 1), northeastern Brazil, large
limestone cave systems develop at the margins of a sandstone covered
plateau and preserve sedimentary records that indicate successive
base level fluctuations. The causes associated with those changes in
base level are not well understood, so careful study of cave geology,
karst geomorphology and hydrogeology may help to connect local and
regional aspects of the karst system evolution.

The aim of this research was to recognize major stages of evolution in
the Sdo Desidério karst system, taking into account modern groundwater
recharge and discharge landscape features, cave passage morphology,
and geochronological analysis of cave deposits.

system: NE Brazil
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Large cave systems in northeastern Brazil record ancient and modern karstification events associated to different tectonic uplift and subsiden-
ce cycles. Low uplift and denudation rates in the craton environment allowed multiple base level fluctuation events to rework cave passage
levels at approximately the same elevation. Paleokarst landscape and interstratal karstification were recognized as early phases of dissolution
since the Paleozoic and the Paleogene to Neogene transition (i.e. before and after burial of the major limestone unit by sandstone rocks). The
analysis of modern karst landscape features, cave passage morphology and geology, lithostratigraphic relations, hydrochemical analysis of
karst waters and geochronological analysis of cave deposits (cosmogenic Al and 1°Be, OSL and U-Th dating) were applied in this study. This
allowed to reconstruct a complex evolution history of the major phase of karst development since the Pliocene, after the second evidenced
limestone exposure cycle. Multiple episodes of local base level fall and rise interpreted from cave erosion and deposition features suggest
climate change control on surface river power increase (incision trends) and vegetation cover weakening (aggradation trends).
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Figure 1: Collapse sinkholes with limestone cliffs, aligned in the ENE-WSW
direction, parallel to a major cave system. The low gradient landscape
that surrounds the sinkholes is covered by sandstone. The major axis
of the sinkhole in the foreground is 180 m, and its depth is 90 m. Photo:
Gabriel Lourenco.
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2. Materials and methods

Open access satellite images, topographic maps and digital ele-
vation models (SRTM - USGS, BDGEX - Brazil) where used to delineate
topographic divides and drainage basin geometry in an area of approxi-
mately 600 km?2. From this, surface recharge karst features were define,
and morphometric parameters of enclosed depressions were defined
(Williams, 1972).

Springinventory was carried out in the field in order to identify aquifer
discharge pointsin this area (Feitosa and Feitosa, 2008). Hydrochemistry
analysis of karst waters (springs, drippings, and cave rivers) was conducted
to investigate the origin of the acidity responsible for cave enlargement.
Geological map analysis (SBG - Brazil) and the survey of 8 cross sections
inthe field (rock exposures and pumping well data), ranging from 1 to 60

3. Results

Geological cross sections revealed that the erosive contact surface
between the Bambui Group limestones (Neoproterozoic, lower unit) and
the Urucuia Group sandstones (Cretaceous, upper unit) is characterized
by a paleovalley morphology. Sinkholes developed on the sandstone
are ubiquitous in the covered karst zone, indicating that subjacent li-
mestone caves drag large volumes of quartz sands to the underground
limestone conduit system.

The limestone rock is exposed to the surface near the base and mid
hillslope elevations of the Sdo Desidério River valley (local base level).
Allogenic recharge from the sandstone drainages form blind valleys at the
contact with the limestone. Authogenic recharge through sinkholes is wides-
pread when the limestone rock is exposed to the surface. Spring inventory
showed that 21 intermittent and 22 perennial springs are responsible to
thedischarge of the limestone karst and the insoluble sandstone aquifers.

Mapping of surface karst depressions and springs showed that the
longest cave systemin the area (named Jodo Rodrigues) has its recharge
on surface coming from the Tamandua River watershed (sandstone co-
vered karst zone), while the discharge spring drains to a different surface
watershed, at the margins of the S&o Desidério River.

Cave morphology is characterized by wide, low gradient phreatic pas-
sages (cave levels) oriented parallel to the intersection between the strike
ofthe limestone bedding planes (NE-SW to NW-SE) and prominent normal
faults (ENE) (Figure 2). The limestone beds are folded and show average
dip angle equals to 21°, as a consequence of the Brasiliano Orogeny that
affected the borders of the Sdo Francisco Craton during the Neoproterzoic.

Figure 2: Upper cave passage level in the Sopradeira cave. Fluvial bars
covered by calcite (to the right), wall notches (to the left), remnants of quartz
sand deposits in the walls (top left), and ceiling channels (at the top) indicate
fluvial aggradation reworking of the passage (base level rise) after phreatic
passage development and subsequent vadose incision (base level fall).

Two major cave levels where recognized: the lower at 525 m.a.s.l.
and the upper at 555 m.a.s.l. Those are connected by vadose canyon
passages that follow the dip direction of the limestone strata.
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km in extension, where used to characterize the lithostratigraphy, typify
karst recharge styles and recognize paleokarst features.

Survey data (Bambui and GGEO caving clubs) from representative
caves were used to analyze 6.8 km of passage morphology. Cave geology
research (Palmer, 1987, 2007) in the field was carefully performed in
order to identify erosion and deposition conduit features that indicate
base level fluctuation.

Finally, 40 samples for geochronological analysis (cosmogenic Al
and°Be, OSL and U-Th) were sampled from quartzrich clastic sediments
and calcite speleothems in the caves (Granger, 2006; Rhodes, 2011; Ri-
chards and Dorale, 2003). Major stages of evolution of the karst system
was interpreted from this multiple method approach.

Plan view morphology of the cave systems is characterized by aden-
dritic pattern, locally superimposed by network or anastomosing flood
maze passages, depending on the dip of the strata and the occurrence
of prominent vertical angle fault zones.

Hydrochemical analysis of karst waters showed that Ca** and HCO.-
represents 60-80% of the ionic species in solution, while SO,* usually
constitutes <20% of dissolved species. Average Ca*" concentrations in
the karst waters was 80 mg/l. Linear regression analysis of the Ca?,
Mg** and HCO,- concentrations show a good correlation (r=0,93). High
concentrations of SO,> (20 mg/l) occur in the deep phreatic zone (~ 60
m depth in pumping wells) and some cave drippings. Saturation index
analyses showed that karst springs are saturated all over the water year,
except during major flooding events.

The burial ages of clastic cave deposits vary from 3.03 + 0.19 My
(*Aland *°Be) to 1.8 + 0.1 ky (OSL). Minimum ages of cave formation in
three different cave systems gets progressively youngerin the upstream
direction of the surface river (base level). Cave deposits at the top (2.15
+0.18 My, °Al and '°Be age) and bottom (1.16 + 0.18 My, %Al and **Be
age) of a major vadose canyon with vertical amplitude of 30 m mark the
timing of a major base level drop.

Calcite flowstone speleothems that cover fluvial river bars in the
upper passage level shows a wide range of crystallization ages (337.9+ 15.6
ky, 228.2 +3.5ky, 85.8 £ 6.2 ky, U-Th age). Subaquatic speleothems with
stromatolitic lamination (speleomicrobialites) locally form thick crusts (=
10-30 cm) on the sinkhole cliffs and all-around collapsed cave passage
walls and ceiling (Figure 3). The subaquatic speleothems occur up to 40
m above the modern cave river level and they consist of interchanged
vadose (soda straw) and phreatic (stromatolitic lamination) facies. Ages
of deposition vary from 4.3 + 0.052 ky to 2.2 + 0.248 ky.

Figure 3: Speleomicrobialites preserved on the cliff of a large collapsed
sinkhole (the same as in the background of Figure 1). Major axis of the larger
speleothems on the top left corner of the picture are approximately 4 m long.
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4, Discussion

The older karstification event corresponds to the Paleokarst formed
between the erosive contact of the Bambui Group and the Urucuia Group.
This karstification phase is characterized by the paleovalley morpho-
logy, and its formation is associated to the erosive hiatus between the
Ediacaran and the upper Cretaceous (a gap of approximately 400 My).

After the deposition of the Urucuia Group, continental uplift took
placeintheinterior of the South American Platform (Almeida et al., 2000),
giving rise to a regional plateau landscape in the Cenozoic (Valaddo,
2009). Interstratal karstification was triggered by the new established
hydraulic gradient of the plateau escarpment (= 1,000 m relief). The
evidences of the interstratal karstification are the sandstone sinkholes
in the covered karst zone.

Limestone exposure occurred during the incision of the Sdo Desidério
River valley. Carbonic acid dissolution was dominant to cave passage
enlargementin the phreatic and vadose zones. Punctual pyrite oxidation
ininterlayered mudstone and limestone successionsisinterpreted to have
influenced dissolution by sulfuric acid in the vadose zone, as indicated
by higher SO,* concentrations in cave drippings and pumping wells.

The saturation index from karst springs suggests that cave enlarge-
ment by dissolution is active only during major floods. During most of
the water year, waters are saturated chemical with calcite and corrosion
is predominantly inactive.

The extension of the longest underground cave system flow route
and the average dip of the limestone strata were used to estimate the
maximum depth of groundwater flow in conduits between 150-270 m
from the surface, following the equation proposed by Worthington (2001).

Acidic water infiltration in the sandstone to limestone contact along
the Tamandua River created an alternative underground flow path and
head gradient to the Sdo Desidério River. Due to the large catchment
area of the Tamandua River (long watershed axis = 100 km), the Jodo
Rodrigues cave system developed large underground galleries and
eventually pirated the Tamandud River flow to the Sdo Desidério River.
The time constrain for this stage is indicated by the minimum age of

5. Conclusion

The S30 Desidério karst system was formed during different phases
of exposure and burial of the Bambui Group limestones. The earlier
phase of evolution is related to the erosive unconformity between the
Bambui Group limestone and the Urucuia Group sandstone (Paleozoic
to Mesozoic hiatus), where a paleokarst is evidenced by a buried paleo-
valley landscape. Interstratal dissolution followed after the uplift of the
continental crust and the formation of a regional plateau, probably in
the Paleogene to the Neogene transition. The most prominent phase
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Abstract

1. Introduction

Globally, the majority of large springs discharge from karst groun-
dwater systems and karst springs provide the base flow to many rivers
and form important sources of potable supply, including to some large
cities. Springs with lower discharges may also be important because
of their aesthetic, cultural, ecological, economic, historic or scientific
values. Some lists have been published showing the largest springs (for
example, FORD & WILLIAMS 1989, Table 5.6 and 2007, Table 5.9) but there
is no consensus on which springs are the most important. Hence, the
aim of the MIKAS (Most Important Karst Aquifer’s Springs) project is to
identify, and provide a list of, the most important karst springs at the
global, but also at the national level (Nationally Important Karst Aquifer’s
Spring ;NIKAS). Subsequently, it is intended that a Code of Practice for
the utilisation and protection of these springs will be drawn up and the
springs will be promoted by labelling them in-situ and publicising them
on the Internet. The project was launched in June 2022 at the annual
meeting of the International Association of Hydrogeologists (IAH) Karst
Commission (KC). The MIKAS project team leader is Zoran Stevanovic¢
and the Project Advisory Board (PAB) consists of the team leader, five

2. The Survey Form

Initially, it was planned to have as much information about the
proposed springs as possible. However, the PAB recognised that the
amount of information available varies widely from country to country
and decided to simplify the Survey Form to facilitate the work of national
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The MIKAS (Most Important Karst Aquifer’s Springs) project was launched by the Karst Commission of the International Association of Hydro-
geologists in 2022 and is intended to be concluded by the end of 2025. The first aim is to identify, and provide a list of, the most important
karst springs at the global, but also at the national level (NIKAS). Subsequently, it is intended that a Code of Practice for their utilisation and
protection will be drawn up and the springs will be promoted by labelling them in-situ and publicising them on the Internet. The project has an
advisory board whose members recruited National Experts who agreed to compile information on karst springs in their country. As of January
2025, over 100 national experts had been recruited and 175 springs in 40 countries had been evaluated. This paper provides background to the
project, a summary of the results to date with examples from the four UK MIKAS, and an appeal for assistance from speleologists carrying out
exploration in remote areas where springs may be poorly documented.

regional representatives, and the three rotating chairs of the KC. These
individuals are co-authors of this paper.

During preliminary discussions, the PAB decided that the project
would best be accomplished by appointing national experts who would
be responsible for identifying the most important karst springs in the
countries for which they were responsible. It was also decided that
national experts should have the option of producing a list of Nationally
Important Karst Springs (NIKAS) although only the MIKAS are reviewed
by the Advisory Board. A set of Guidelines has been agreed that include
selection criteria for MIKAS and NIKAS together with a template for the
Spring Survey Form (discussed below). The PAB also agreed that spring
selection would be on the basis of five criteria: the cultural, ecological,
economic, historic and scientific value of the spring. However, it was
recognised that all five criteria will not be present at all springs. This
approach provides built-in flexibility allowing MIKAS and NIKAS lists
to be created based on a set of common criteria, but adapted to local
conditions, recognising that something thatisimportantin one country
does not have to be important in others.

experts. The form requests certain mandatory basicinformation for each
of the proposed springs together with other optional information. One
of the parameters that was initially thought of as being mandatory is
the spring regime. However, it has become apparent that surprisingly
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few of the springs that meet other MIKAS and NIKAS criteria have their
flow measured on a continuous basis and for some the flow has only
ever been estimated as opposed to being measured using recognised
hydrometric techniques. A case in point is Tobio in Papua New Guinea
which was listed in FORD & WILLIAMS (1989, Table 5.6 and 2007, Table
5.9) as being the world’s largest karst spring with a mean discharge of
85 - 115m3s™’. The main reference given (MAIRE, 1981) states that “the
huge Tobio emergence has been reckoned by Beck to [sic] 85 - 115 cubic
metres per second”. No reference is given but the actual source is thought
to be BECK (1975) who states that “at Tobiu something like 3000 - 4000
cusecs (85 - 113 cumecs) was thundering from an entrance 55m high by
at least 24m in width”. The lead author of the present paper was able to
contact Beck (pers. comm., 8 January 2025) who provided the following
information: “On route to Pulupare the laro River which emerges from
Tobio is crossed on a bridge about 16km upstream... our estimate of
water flow at the cave had no scientific basis, other than attempting to
gauge volume from the banking at this crossing. | would think this would
be the only safe place where a proper measurement might be attempted,
but it was beyond our remit and abilities at the time. The river could well
of course have picked up other unknown tributaries between bridge and
resurgence”. This is entirely reasonable and Beck is to be commended for
at least making an estimate but it illustrates the problems of assembling

data on world karst spring regime.

Thetemplate (Figure 1) can be downloaded from the project website
(https://mikasproject.org/), which also has more information about the
project, including the Guidelines, Instructions for completion of the
Survey Form and the list of engaged experts.

= petiae
=L
MR

Fil g
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Figure 1 : Project MIKAS Spring Survey Form

3. Results to date and a request for assistance from speleologists

As of January 2025, over110 national experts had been recruited
and 175 springs in 40 countries had been evaluated. Countries and
their MIKAS springs are presented in alphabetical order on the project
website (https://mikasproject.org/mikas-list/). Those countries for which
NIKAS have been proposed are listed on a separate website (https://
mikasproject.org/nikas-list/). The MIKAS list is preliminary and has
been created based on evaluations by the Advisory Board. A final list,
possibly containing only 200 springs, will be announced at the end of the
project and it is intended to publish a monograph with the assembled
information. The United States of America has by far the largest number
of MIKAS (26) with France second (14). In part, this is due to the excellent
historical documentation of karst springs in both countries and for the
United States this is reflected in a free-to-download book by Kresic
(2024). In contrast, there are some countries that are known to contain

spectacular karstareasin which there are large caves and springs but for
which very little information is available. For example, and as discussed
above, Tobio in Papua New Guinea is listed as the world’s largest spring
on the basis of a single estimate made on a caving expedition in 1975. The
siteis very remote and itis possible that since then it has not been visited
other than by indigenous peoples. There have been a greater number
of caving expeditions to the Nakanai Mountains, an area of spectacular
karst on the Papua New Guinea Island of New Britain (Gabriel et al., 2018)
and information from cavers (Jean-Paul Sounier, pers. comm. 2024) has
been used to compile survey forms for candidate MIKAS and NIKAS sites.
Similar information is sought from speleologists visiting remote areas
containing important karst springs that are not already listed on the
MIKAS website. Information can be sent to the corresponding author
of this paper or via the website (https://mikasproject.org/contact-us/).

4. Examples of MIKAS in the United Kingdom

The United Kingdom comprises Great Britain (England, Scotland
and Wales) and Northern Ireland and within Great Britain there is a
greater temporal range of carbonate rock outcrops per unit area than
anywhere else on earth: Quaternary freshwater carbonates (tufa); limes-
tones and dolostones of Cretaceous, Jurassic, Permian, Carboniferous,
Devonian, Silurian, Ordovician and Cambrian ages and Cambrian to
Neoproterozoic metacarbonates (marbles). Groundwater is present in
all of these carbonate rocks and there are many hundreds of springs,
most of which have a relatively small average annual flow (<1 m3) as
aconsequence of limited catchment area. Information on springs in the
different lithologies was reviewed by three National Experts (Farrant,
Gunn and Maurice) and whilst many were thought to qualify as NIKAS,
only four were proposed as MIKAS: Bath Hot Springs, Bedhampton &
Havant springs, the Castleton spring group, and Wookey Hole spring.

The Bath Hot Springs were selected on the basis of their Historic,
Economic and Scientific values. The springs were developed as a spain
Roman times and the baths gave their name to the city of Bath, which
is a UNESCO World Heritage Site, designated for its cultural values.
They were of economic value to the Romans and this continued from
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mediaeval times to the present when they are a key tourist attraction
to this day, bringing more than 1 million visitors each year to the city.
Scientifically, the Bath springs discharge from Carboniferous limestone
and are an unusual example of hot springs (44-47°C; the highest in the
UK) in a karst aquifer because the water is thought to be of Holocene
age (at least 1,000 years) with a small modern component. The springs
have been the subject of many studies, most recently summarised in
an Environment Agency (2020) report which discusses the hydrogeo-
logical settings of deep springs (fed by groundwater from >400m), and
the Bath Springs in particular, with the aim of illustrating how best to
assess their provenance.

The Bedhampton and Havant spring complex was also selected
on the basis of Historic, Economic and Scientific values. The springs
discharge from the Cretaceous Chalk and there are multiple (at least 28)
outlets with an average combined discharge of 1110 Ls* and a range of
610-1960 Ls*. Based on the average flow, they are amongst the largest
karst springs in the UK although there are many springs discharging
from the Carboniferous limestones that have higher peak flows. The
springs are an important source of potable water and currently supply
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approximately 250,000 people, the largest Chalk spring supply in Western
Europe. There are very few caves in the English Chalk and this contri-
buted to an erroneous assumption that the rock, and aquifer, are not
karstic. This has remained to the present when much hydrogeological
work and groundwater management and protection still fails to consider
karst. However, early work on karst at the Bedhampton and Havant
springs, including water tracing experiments from sinks, contributed
to the recognition and development of conceptual ideas about chalk
karst (Atkinson et al., 1974). The springs continue to be an important
site for improving understanding of chalk karst and its importance for
groundwater protection (e.g. Farrant et al., 2023; Maurice et al., 2023).

The Castleton spring group was proposed as MIKAS primarily because
of the springs scientific value but also due to their historic, aesthetic and
ecological values. There are three springs that emerge within a 100m
radius from Carboniferous limestone: Peak Cavern Rising (PCR), Slop
Moll Rising (SMR) and Russet Well (RW). They drain an extensive (>16km)
vadose - phreatic cave system of Quaternary age that has intersected
large hypogenic voids of putative Carboniferous age. Over 50 sumps
(water-filled conduits) have been explored by cave divers, the deepest
descending over 70m with a complex profile. Under low to average flows
RW and SMR, the 2 lower elevation springs, discharge mixed-allogenic/
autogenic recharge and PCR discharges only autogenic recharge. As
flow increases the capacity of the conduits feeding RW and SMR is
exceeded and PCR becomes dominant. RW and SMR display complex
periodicities related to siphons and flow switching between conduits
at a range of flows but PCR only displays such complex behaviour at
times of high flow. The rhythmic and episodic changes in discharge at
RW and SM (and at PCR during high flow) are more complex thanin any
other spring globally. They are largely due to variations in flow from two
phreatic conduits (Main Rising (MR) and Whirlpool Rising (WR)) that
enter, and pass through, Speedwell Cavern en route to the springs. The
short-term temporal variability in water depths at both MR and WR is
greater than any documented in previous studies. This is attributed to
conduit bedrock geometry and changes in conduit permeability due to
sediment accumulation in phreatic loops, which together influence the
response to recharge (Gunn & Bradley, 2023). Within the catchmentand
at the springs there has also been research into bacterial water quality,
clastic sediment dynamics and geochemistry.

Peveril Castle was established directly above PCR soon after the
Norman Conquest of 1066. The Domesday Book (1086) mentions ‘William
Peveril’s castle of Pechesers’ (‘Peak’s Arse’) and by medieval times the
cave was known as “The Devil’s Arse” because the gurgling sound made
by a siphon inside the cave was likened to the Devil breaking wind. It is
the largest cave entrance in the British Isles, 100m long, 20m high and
35m wide, and contains the remains of a village used from 1642 to 1880
by rope makers, who supplied rope for the lead mining industry around
Castleton. The cave has been visited by tourists for over 400 years and
was described by Martel following a visit in 1897. The aesthetic value
lies in PCR emerging at the foot of an impressive gorge (Figure 2) and
the ecological value relates to observations of depigmented fish in
the springs by cave divers and by this being one of only a few springs
systems in UK in which there have been detailed studies of the aquatic
invertebrate community.

Wookey Hole spring, the final UK MIKAS, was nominated for its
Aesthetic (Figure 3), Historic, Economic and Scientific values. Unlike the
other three sites, the discharge is through a single outlet developed in
Triassic calcareous breccias, although some water has been traced to
a second spring 1 km downstream of the main outlet. The first part of
the cave behind the spring has also developed in breccia but the inner
passages and most of the catchment are in Carboniferous limestones.
The cave has been developed for tourism and contains material with
prehistoric archaeological significance. Water from the spring was used
by a mill that dates from the 1600s, and the spring itself is of historical
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significance for cave diving. It was the site of the first cave dive in the UK
(1935) and was instrumental in the development of deep cave diving,
with the deepest explored sump in the UK (c. -90m). Globally important
studies of karst hydrogeology have been conducted at the spring, most
notably the widely cited work of Atkinson (1977).

Figure 2: Peak Cavern Gorge. Slop Moll Rising is at bottom right. Path
on right leads to entrance of tourist cave “The Devil’s Arse”. Peak Cavern
Rising is mid-left. Photo by John Gunn.

Figure 3: Wookey Hole Resurgence in context (photo by Andrew Farrant).
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5. Conclusion

The MIKAS projectect provides an opportunity for the global cave
and karst community to recognise and protect globally, and nationally,
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Abstract

The Cheve Karst System (CKS) is one of the deepest known karst systems in the world. The most recent exploration reached a depth of -1530
m; however, the elevation difference between the highest cave passages and the resurgence in the Santo Domingo River is greater than 2600
m. If connected by exploration this would currently be the deepest in the world. The current explored extent of Sistema Cheve lies in the region
between Concepcion Papalo and San Miguel Santa Flor (SMSF) in southern Mexico. The preferential conduit orientation is NW-SE, the same
as nearby J2 and Charco caves. The complex geological-structural configuration in this region led to the development of the CKS in a series of
folded and faulted sandy limestone, dolomite and mylonitized limestone beds. These rocks are cut by NNW-SSE regional normal faults with
inclination to the SW, related to the normal fault of Oaxaca, and by local strike-slip faults with NW-SE and SE-NW orientations. Here, we com-
pare the results of surface geological mapping focused in the SMSF area with structural and geological mapping in Jornada de Trabajo Cave, a
new entrance to Sistema Cheve. The main results show that Jornada de Trabajo developed in a NW-SE orientation corresponding to tensional
T faults that cut the carbonate beds, generating small vadose galleries that connect with the larger main passages of Cheve. The passages in
Cheve near the current terminus are developed in mylonitized limestone affected by the normal fault plane that coincides with the Oaxaca
cortical normal fault. Statistical fracture analysis, and its comparison with the mapped conduits shows that the preferential development of
the CKS may continue to the north in small passages interconnected by R, R” and T faults.

Resumen

El Sistema de la Cueva Cheve (SCC) es uno de los sistemas mas profundos del Hemisferio Occidental, y las exploraciones mas recientes han
alcanzado una profundidad de -1530 m. Sin embargo, el gradiente hidraulico muestra una diferencia de nivel de alrededor de 2600 m desde la
entrada hasta el nivel base del rio Santo Domingo, lo que haria de esta cueva una de las mas profundas del mundo. El SCC se desarrolla entre
Concepcidn Papalo y la zona de San Miguel Santa Flor (SMSF) en el sur de México. La orientacion preferencial de los conductos es NW-SE, la
misma que las cuevas J2 y Charco. La compleja configuracion geoldgico-estructural de esta region genera que el SCC se desarrolle en una serie
de capas de roca caliza arenosa, dolomita y caliza milonitizada plegadas y con corrimiento capa a capa, que son cortadas por fallas normales
regionales NNW-SSE con inclinacidn hacia el SW, pertenecientes a la falla normal de Oaxaca, y fallas latérales locales con orientaciones NW-SE
y SE-NW. Este trabajo presenta un andlisis multiescalar mediante el mapeo geoldgico superficial enfocado en la zona de SMSF y su compara-
cién con el mapeo estructural y geoldgico de la cueva Jornada de Trabajo, una nueva entrada del SCC. Los principales resultados muestran
que la cueva Jornada de Trabajo se desarrollé en direccion NW-SE correspondiente a fallas tensionales T que cortan las capas carbonatadas,
generando pequefias galerias vadosas que se conectan con el conducto principal del SCC, desarrollado en caliza minoritaria afectada por
el plano de falla normal que coincide con la falla cortical normal de Oaxaca. El analisis estadistico de fracturas y su comparacién con los
conductos desarrollados muestra que el desarrollo preferencial del SCC puede continuar hacia el norte en una seccién de pasajes pequefios
interconectados por fallasR,R" y T.

1. Introduction

The Cheve Karst System is one of the deepest known karst hydrologi-
cal systemsin the world. The hydrological connection between Sistema
Cheve and the resurgence, Cueva de la Mano, was proven by dye tracing
(SMITH, 1991). There s an elevation difference of over 2600 m between the
highest and lowest known cave passages within the cave system (STONE
etal., 2023). Despite the global significance of the Cheve Karst System,
relatively little is known about its geological context and speleogenesis.
Abriefdescription is provided by SMITH (2002), though the main focus of
that study was Sistema Huautla. A few observations were also reported
by HOSE (1995). Further exploration in the region over the past 20 years
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has led to the discovery of many additional kilometers of cave passa-
ges, including several other deep caves and a substantial extension to
the end of Cheve itself (STONE et al., 2023). A high-resolution geologic
quadrangle was also recently produced for the area (SGM, 2014). Here
we provide a preliminary report of an ongoing project to understand the
speleogenesis and tectonic context of Sistema Cheve. We focus on the
region near the current terminus of the cave, where complexinteracting
faults have influenced the development of the system.
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2. Geologic framework

Cheve Cave System is located in southern Mexico in the Sierra de
Judrezin the state of Oaxaca. The cave is developed in a calcareous rock
sequence that belongs to the Zongolica basin near the boundary between
the basin and the Sierra de Judrez Metamorphic Complex (SJMC). The
SJMCis a polymetamorphic crystalline basement block that hosts rocks
from the Precambrian to the Mesozoic, which outcropsin a 15 km wide
and 60 km long belt oriented NNW-SSE. (Alaniz-Alvarez et al., 1994,
Espejo-Bautista et al., 2022). This belt is mostly composed of mylonitic
rocks with different protoliths such as pelitic gneiss with abundant bio-
tite, orthogneiss with blue quartz, marble, meta-anorthosite, and mafic
orthogneiss. In addition, metagranites, migmatites, metagabbros, and
metavolcanic rocks have been described as part of the complex (Ange-
les-Moreno, 2006; Espejo-Bautista et al., 2022). The western boundary
of the SIMC block is the Oaxaca Fault, a major lithospheric structure,
while the eastern boundary is the Siempre Viva Fault (Centeno-Garcia,
1988; Alaniz-Alvarez et al., 1996).

The Zongolica basin stratigraphy includes the Tepexilotla, Xona-
manca, Tamaulipas Inferior, Calpolucan, Tamaulipas Superior, Orizaba,
Maltrata, Tecamalucan, and Guzmantla formations (Ortufio-Arzate et al.,

3. Materials and methods

This study conducted detailed fieldwork on well-exposed outcrops
to update the geologic map, focusing on the distribution of rock assem-
blages, geological contacts, and structures such as faults and folds.
Structural measurements were taken on the surface and within the
cave, collecting data for bedding (S0), foliations (S1 and S2), fractures,
and faults. Dominant structural patterns were identified by comparing

4, Results

4.1. Description of the Local Geology

The Cheve Karst System is located in southern Mexico (Figure 1a). In
this region, a fold and thrust belt forms the Sierra Mazateca, extending
northwestward to the Sierra Negra in Puebla and the Sierra de Zongolica
in Veracruz. Its main characteristic is the generation of highly deformed
zones that create folds bounded by thrusts that transport the hanging wall
to the east, supported by lateral fault systems, which are transfer faults
that dislocate blocks at various scales. This same region is affected by
the Oaxaca Fault, oriented NNW-SSE, which has a complex deformation
history of strike-slip faulting with a major reactivation of normal faulting
that influences a zone several tens of kilometers.

The surface projection of the Cheve Cave system expresses a trend
of 20° NW for 8 km, with a maximum width of up to 2.5 km. This same
orientation is seen in J2 and Charco caves, located just 1 km to the NE
of Cheve (Figure 1b). Data from geological mapping in the San Miguel
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2003). The Upper Jurassic-Upper Cretaceous marine sedimentary se-
quenceis composed principally of limestone, calcareous shale, dolomite,
shale, siltstone, and tuffs exposed in the Sierra de Zongolica and Sierra
de Judrez (Ortufio-Arzate et al., 2003). These units grade laterally into
reef facies toward the Cordoba platform (Nieto-Samaniego et al., 2006).

The Berriasian-Valanginian Xonamanca Formation, which according
to the Servicio Geoldgico Mexicano constitutes the principal host rock
of the Cheve Karst System (SGM, 2014, Figure 1), is mainly composed
of limestones, clayey limestone, calcareous sandstone, and calcareous
shale. The reported thickness of this unit varies between 250 to 1400
m (PEMEX, 1988; Ortega-Gonzalez and Lambarria-Silva, 1991), and the
sedimentary environment has been interpreted as shallow marine
(Gonzalez-Ramos et al., 1997).

The sedimentary rocks of the study area belong to the southern part
of the Mexican Orogen (Fitz-Diaz et al., 2018), a fold-thrust belt developed
during the Late Cretaceous to Early Paleogene. The deformation was
transferred from the Zongolica Basin to the Cordoba Platform and ulti-
mately to the Veracruz Basin in the Paleogene (Ortufio-Arzate et al., 2003).

the orientations of major and minor geological structures with the cave
conduit orientation. Structural data were processed in Stereonet software.
Cave surveying followed standard mapping techniques. Data were
collected using a DistoX2 device and the TopoDroid app (Android). Data
reduction and plotting were performed in Walls v2 B8 software.

Santa Flor area shows a little over 50% of the rocks where these caves
are developed to be massive limestone with 1 to 4-meter-thick strata,
showing evidentintra-formation shear zones. In the northern sector, these
rocks display intercalations of dolomitized and mylonitized limestone
layers at the base. In western of the study sector these rocks are overlaid
by a sequence of clayey limestone, with a thrust vergence to the east,
generating frictional layer-by-layer sliding in the strata.

These rocks are further overlaid by calcareous sandstone and
calcareous silt through thrust faults. From the perspective of brittle
deformation, there are three main fault systems. The first is a normal
fault system with N-S orientation, which brings clayey limestone into
contact with limestone. In the SMSF locality, this fault is cut by the
Agua Ceniza fault with dextral kinematics with NE-SW orientation,
showing the same contact relationships. In the northern sector, there
is a smaller system of lateral faults-oriented NW-SE that also produce
lateral contacts.
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Figure 1: a) Tectonic setting of Mexico and the study area locations, b) surface projection of Cheve Cave System and its relationship with J2 and Char-
co Caves. C) geologic map of San Miguel Santa Flor area and d) thrust faults that shows the transport of haging wall to the E.

4.2. Structural observationsin Jornada de
Trabajo Cave

The main entrance of Cheve isin the SE of the study area. However,
there are several entrances to the system, including Jornada de Trabajo
(Allin a Day’s Work Cave), which is located in the village of San Miguel
Santa Flor near the current end of exploration in Cheve (Figure 1c).

Jornada de Trabajo is developed within a structural geological
profile which helps us understand the geological configuration of the
Cheve System.

Jornada de Trabajo features vertical shafts and narrow canyon
passages along a NW-SE orientation. The internal

geology reveals four main lithologies. From the entrance to the
upper SE passage, this cave has developed along the contact between
massive limestone (on the ceiling) and clayey limestone (on the floor).

5. Discussion

We conducted a multiscale analysis of the main faults and fractures
on the surface and compared them to structural observations and passage
orientationsin Jornada de Trabajo and the deepest portion of the Cheve
Cave System.No To compare structures with cave passages, we consider
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The thickness of the clayey limestone ranges from 30 to 50 meters,
with thin and slightly folded limestone layers, mostly inclined to the
NW. Below the clayey limestone, the cave cuts through 200 meters of
dolomitized limestone with strata between 1 and 3 meters thick, forming
tight, closed folds with vergence to the E. In the lower part of the cave,
these dolomitized limestones begin to show isoclinal folding and intense
deformation that generates mylonitization, which dominates down to
-1530 m, where the terminal sump of the Cheve Cave system is found.

Here, the stratification remains with dips to the NW (Figures 2 a, b,
c). Fracture measurements within Jornada de Trabajoshow three main
families. The most dominantis E-W oriented, followed by NNW-SSE and
NW-SE orientations (Figure 2d).

Furthermore, the analysis of faults reveals a dominance of normal
faults-oriented NNW-SSE, with left-lateral kinematics and normal reac-
tivation. These faults are cross-cut by a dextral fault system-oriented
NE-SW and E-S (Figures 2e and f).

the shear fracture arrangement proposed by PETIT (1987), oriented 20°
to the NW (which coincides with the Oaxaca Fault plane) and applied to
a left-lateral fault system showing the development of synthetic R and
P faults, antithetic R’ and P’ faults, and tensional T faults (Figure 3a).
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The fracture data taken from the surface in the western sector show
a dominance of synthetic and antithetic fractures (P, P’, R, and R’). In
contrast, the central and northern sectors have dominantly tensional

6. Conclusions

The Cheve Cave System developed in an area with a complex geo-
logical-structural arrangement where folds and thrusts converge with
shear zones that reach a degree of mylonitization. Subsequently, the
rocks were later affected by normal fault systems-oriented NNW-SSE,
NE, SW, and E-W.

The multiscale structural analysis of faults and fractures helped
to define the characteristics of the deepest portion of the Cheve Cave
System, which matches the surface geological map arrangements.
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Abstract

Cave to Boiling Spring in Perry County, Tennessee in 2024.

1. Introduction

A practical reason to develop a better understanding of dispersion
in groundwater in karst areas is to aid in the design of tracer tests that
avoid high concentrations of fluorescent dyes or other tracers at springs
used for water supply. Although tracer tests are commonly used to study
karstic flow régimes, dispersion in groundwater in karst environments has
been less studied than dispersion in surface streams or in porous media.
With a few exceptions (DEWAIDE et al., 2016) tracer recovery data are
available only at springs or other points where groundwater discharges
to the surface. Even the channel geometry and velocity distribution are
usually unknown over much of the flow path. Consequently, there is less
information available to quantify the relative importance of processes
responsible for dispersion and to study the spatial distribution of para-
meters used to describe dispersion quantitatively.

Some studies have nevertheless provided a basis for understanding
solute transport processes affecting dispersion in groundwater in karst
environments. Dispersion in karst conduits was described and analyzed
in work by MULL et al. (1988). Quantitative tracer tests from the same
sinking stream to a spring were repeated under different hydrologic
conditions, and the authors observed that the coefficient of dispersion
and normalized peak dye load increased with discharge, while the nor-
malized peak concentration decreased with discharge.

More recent studies have provided a framework for understanding
the effects of tracer hold-up in the source, in pools, or in zones of relati-
vely stagnant water adjacent to active flow zones. To better account for
skewed tracer recovery curves, models incorporating transient storage of
solute in zones of relatively stagnant water were introduced by FIELD &
PINSKY (2000). More recently, GOEPPERT & GOLDSCHEIDER (2019) have
studied dispersion of particles during transportin a karst setting. JONES
(2013) pointed out that minimal holdup of tracer in pools or in wells at
the source of tracer injection can potentially change the characteristics
of recovery curves when groundwater velocities are very rapid.

—a bit too late

Sid Jones (1)

Groundwater tracing studies are fundamental to karst hydrology, but the type of information that might be used to better understand subsur-
face mass transfer processes in karst settings is usually collected only at springs. Tracer recovery data at springs can often be fit reasonably
well to analytical solutions of the advection dispersion equation or to transient storage models, but there is usually little opportunity to check
the degree to which assumptions inherent in such models are valid. Dispersion coefficients derived from fitting tracer recovery curves to these
models depend on many parameters, including the scale of the test. Dispersion may be less than anticipated when groundwater velocities
are unexpectedly high, when mass transfer between flowing water and stagnant zones is minimal, and when tracer is released directly into a
cave stream or in other situations where hold-up and loss of tracer mass during the injection is negligible. In such cases, peak concentrations
of tracer at points of groundwater discharge may be higher than desirable, as happened during a dye study with fluorescein from Helm’s Deep

The equations for nonequilibrium solute transportin porous media
are essentially identical to those for tracer migration in karst flow systems
with transient storage zones (FIELD & PINSKY, 2000), so time constants
defined for transport in porous media are applicable in the analogous
karst flow regime. Thus, the characteristic time for advection (convec-
tion), T, is x/v, where x is the distance from the point where tracer is
introduced, and vis the velocity of the flowing water. The characteristic
time for dispersion, T, is D/v*> where D is the coefficient of dispersion.
Note that this time constant for dispersion is related to the time constant
for advection by T, =T /P where P is the dimensionless Peclet number,
vx/D. The Peclet number is a ratio of the parameter controlling the rate of
advection (v) to parameters controlling the magnitude of dispersion (D/x).

SARDIN et al. (1991) compare the relative effects due to mass transfer
of solute migrating into adjacent stagnant water to those due to convec-
tive and dispersive processes in flow through porous media. They show
that transient storage becomes the dominant process for broadening
the residence time distribution of a tracer when a characteristic time
constant for exchange between mobile and immobile regions exceeds T,.

JEANNIN & MARECHAL (1997) discuss the effects of pools on tailing
of dye recovery curves. JONES (2013) showed that holdup in an area
where traceris introduced may contribute significantly to the subsequent
spread when the residence time at this source, T, becomes greater
than t,. This should be anticipated since at a distance x when T, =T,
tracer has migrated far enough for the Peclet number to reach unity,
corresponding to the time when driving forces for advective transport
should, in theory, become the dominant mass transfer process. When the
residence time in the source s less than the time constant for dispersion,
dispersive processes spread the tracer more than the delay in release
from the source. As holdup time in the source becomes larger than td,
the delayed release from the source contributes relatively more to the
spread of the advected tracer than dispersive processes.

2. Peclet numbers and the effects of scale

The studies cited above are primarily theoretical in nature, presenting
only afew data sets to demonstrate applications of the theory. While they

provide insightinto processes that may contribute to dispersion, they do
not provide adequate data to assess the effects of scale on dispersion in
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avariety of karst environments. Some generalizations may be possible,
however, using the limited data from many tracer tests performed over
a wide range of distances and times. When holdup in regions with very
large residence times or exchange with stagnant zones does not signifi-
cantly alter the characteristics of tracer dispersion, the unidimensional
advection-dispersion equation (ADE) may provide an adequate approxi-
mation for modeling the transport of solute. Assuming an instantaneous
injection of a conservative tracer into a flow field with constant velocity
vand no transient storage or permanent losses, a convenient form of the
solution to the advection dispersion equation is given by:

Clx,t) _vexp [—ﬁ (x — vt)z]
Mo 20(xDt) 2

Equation 1

Equation 1 is in the form of the solution where C (x, t) is given as
the tracer concentration in the resident fluid as defined by KREFT &
ZUBER (1978), modified only by using the ratio of the discharge to the
mean fluid velocity, Q/v, for the cross-sectional area of the flow field. It
is worth noting that others GOEPPERT & GOLDSCHEIDER (2008) used a
form of the solution to the ADE based on concentration as measured in
the fluid flux for both injection and detection. Given the various methods
used for tracer introduction into groundwater used in karst studies and
the possibility of significant mixing in springs prior to sampling, there
would not appear to be an obvious preferred choice among the various
equations presented by KREFT & ZUBER. Fortunately, for tracer transport
dominated by advection, as is typical in karst conduits, the differences
between models should not usually result in significant differences in
the calculation of the dispersion coefficient.

Equation (1) was used by HAUNS et al. (2001) to estimate dispersion
coefficients from recovery curves collected at several locationsin a cave
stream for over 1 kilometer downstream of the point where tracer was
introduced. In their study, dispersion coefficients increase with distance
traveled downstream by the tracer, as would be anticipated from what s
known about solute transport in streams. JEANNIN & MARECHAL (1997)
presented a larger data set from studies in the same cave stream and
showed that dispersivity, defined as the dispersion coefficient divided
by the velocity, also increases with distance traveled. However, any
dependence of the Peclet number on either distance traveled or average
velocity of the stream was less obvious.

WORTHINGTON & SMART (2016) published empirical equations
based on over two hundred tests for predicting the ratio of the injected

mass of tracer to the peak concentration of tracer. They find the form
of the equation with the best fit to the data for traces from sinking
streams to springs is:

= -76(Qtpeak).99

Equation 2

C

peak

Here Cpeak is the peak concentration and b is the elapsed time
corresponding to the peak concentration. Note that the exponent in
Equation 2 is almost unity, so

Cp eak

= 1.3(Qtpear). ™  Equation3

When the approximation te =T = x/v is valid, the exponential in
Equation 1 reduces to unity. As pointed out long ago by LEVENSPIEL &
SMITH (1957),

tpeak = Ta (1=P71+ 3 P72+ 0(P™)) Equationd

sot

sea < T, When Pis large, and

C,

peak

M

v

1
1.3( ) Equation 5
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Then since ton ™ x/v for large Peclet numbers, this equation yields
P ~22. While this approximation is crude, it is based on much more data
thanindividual Peclet numbers published in studies that analyze results
from a single trace or a few traces. The result suggests that the dispersion
coefficient scales linearly with distance and with the mean flow velocity.
Peclet numbers calculated from the results given by MULL et al. (1988)
show no clear trend with hydrologic conditions, but all exceed 100 and
vary by over afactor of two. Results from eight traces with lithium injected
under different hydrologic conditions in two swallow holes draining to
well-developed karst systems and discharging at single springs yield Pe-
clet numbers that average about 65 but vary over an order of magnitude
(MORALES et al., 2010). Plots of the data used for regression analysis by
WORTHINGTON & SMART (2016) confirm two orders of magnitude in the
relative efficacy of dispersion processes during solute transport in karst
groundwater might be anticipated, even when tracer is introduced only
into sinking streams and recovered at springs.

20(Dt,00r) 2

3. Possible reasons for variation in dispersion in tracer tests in karst

Asdiscussed in the previous section, dispersion coefficients in karst
apparently depend on the scale of the test and vary with hydrologic
conditions. Peak tracer concentrations at a point of groundwater dis-
charge may be unexpectedly high when transit times are shorter than
expected and/or the tracer disperses less than anticipated. This is most
likely to occur when the tracer is introduced directly into a sinking or
subsurface stream that contributes a significant percentage of the water
at the point of discharge. Depending on the number of results included
in the computation, Peclet numbers taken from the various studies ci-
ted above where tracer was introduced under such conditions average
between 150 and 200, an order of magnitude larger than the Peclet
number deduced from the data used for predicting peak concentration.
Moreover, most of these Peclet numbers were computed based on the
straight-line distance between the point of tracer introduction and the
point of tracer recovery. If the actual path is more tortuous, the Peclet
number based on the true distance travelled by the tracer will be larger
by a factor of the path tortuosity squared.

Given the large Peclet numbers that seem to characterize tracer
transport through the major conduits of a karst aquifer, the corres-
ponding time constant for dispersion, T, in these conduits would be
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two orders of magnitude less than the travel time to reach the peak
concentration. If t_or (SN from a day to a week, as might be expected
for traces on the scale of one to ten kilometers, td would be expected to
be a few minutes to an hour. At these high Peclet numbers, the hold-up
of tracer in a source might be expected to noticeably affect the shape
of the recovery curve when the residence time in the source reaches
about five times 1, (JONES, 2013). If t is a day or two, a delay of an
hour or two in reaching a major conduit due to migration through the
vadose zone could be sufficient to add to the spread of tracer, increasing
the apparent value of the dispersion coefficient, even when tracer was
introduced into a sinking stream.

Unless informationis available to allow detailed characterization of
the flow path, it may be optimistic to characterize dispersive contributions
to solute transportin karst settings for even an individual tracer test with
asingle dispersion coefficient. The use of advection-dispersion models or
nonequilibrium models that assume instantaneous injection at the source
may not be appropriate except when tracer is introduced directly into a
cave stream or into a sinking stream that conveys most of the tracerto a
major stream conduit within times that are small compared to the time
to peak concentration. Empirical equations for estimating tracer mass



19t International Congress of Speleology and 38° Congresso Brasileiro de Espeleologia - Belo Horizonte 2025 - Vol. II

that are developed using results from tests where tracer must migrate
for some time before reaching a master conduit may overestimate the
mass needed to produce the desired peak concentration when tracer
is injected directly into a cave stream.

There are additional reasons why dispersion might be lower in some
cases than would be predicted from equations derived from a large data
set. Fora given travel time, peak concentration normalized by the mass
of injected tracer in surface streams appears to increase with discharge

4. Examples

In the experience of the author and anecdotally from the stories
of others, most examples where peak tracer concentrations at a spring
were much lower than anticipated have been when there was significant
tracer hold-up at the source or somewhere along the flow path. Peak
concentrations significantly higher than those predicted by empirical
equations such as equation 12 of WORTHINGTON & SMART have been
observed when there was no indication of significant tracer hold-up
during injection and when groundwater velocities were unexpectedly
high. Sometimes rapid velocities might have been anticipated becau-
se gradients along potential flow paths from the injection point were
steep. In some cases, however, it seems that the tracer may be migrating
through conduits that are more hydraulically efficient, resulting in rapid
velocities under lower gradients. Dye recovery curves at two springs in
Tennessee where the tracer migrated with little dispersion are presen-
ted in Figures 1 and 2. Here, the gradient inferred from estimates of the
elevation change between the dye injection points and the springs is
low. Both springs discharge under artesian pressure, as implied by the
names given to them locally, the Boils in Jackson County and Boiling
Spring in Perry County. Discharge at the Boils was about 4 cubic meters
per second and discharge at Boiling Spring was about 0.5 cubic meters
per second during dye recovery. The Boils is a single large rise pool with
an average discharge of about 2.5 cubic meters per second and is one of
Tennessee’s largest springs. Tracing at the Boils took place in October of
2015 shortly after a rain event, with about 300 grams of fluorescein dye
introduced into a swallow hole 1.5 kilometers upstream on Roaring River.

14
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10

.......l.................l..
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Elapsed time since dye released (hours)

Fluorescein concentration (parts per billion)

Figure 1 : Dye released at swallow hole on Roaring River, recovered at
the Boils, Jackson County, Tennessee.
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(JOBSON, 1996). The results of MORALES et al. (2010) indicate that Peclet
numbers in karst groundwater increase with the mean groundwater
velocity. Higher discharge should correspond to less tracer mass lost
in stagnant regions of the flow field in most cases. One might expect if
the velocity along the flow path remains consistently high and very little
exchange with transient storage zones takes place, dispersive processes
may be relatively smaller when compared with advective transport.

® Normalized concentration
——Modeled concentration

Normalized concentration of fluorescein

0 20 40 60 80 100

Elapsed time since dye release (hr)

Figure 2 : Dye released in Helm’s Deep Cave stream, recovered at Boiling
Spring, Perry County, Tennessee.

Peak concentration of fluorescein at the Boils was 13 ppb as oppo-
sed to 3 ppb predicted using equation 12 of WORTHINGTON & SMART
(2016). However, much of this discrepancy was apparently due to a rapid
groundwater velocity of about 0.12 meters per second. The empirical
equation based on travel time rather than distance (equation 13) of the
same publication predicted peak concentration to be 8 ppb.

In contrast, equation 12 predicted 0.15 ppm and equation 13 pre-
dicted 0.08 ppm for a dye trace through the Bangor Limestone on the
Cumberland Plateau escarpment in Van Buren County, Tennessee.
Reported peak concentrations were about 1.1 ppm, an order of magni-
tude greater than those predicted by either equation (EPA, 2003). The
ratio of the mass of dye released (115 grams) to peak concentration (1.1
ppm) for the discharge measured at two adjacent springs where dye
emerged, the distance traveled by the tracer, and the elapsed time to the
peak concentration lies further below the empirical fits than any of the
nearly 200 data points used by the authors for the regression analysis.

Atracing study with fluorescein dye at Boiling Spring was conducted
during low flow conditions in October of 2024, and the inability to predict
peak dye concentration impacted residents using the spring as a source
of drinking water. The predicted peak concentration given by both empi-
rical equations was about 30 ppb. However, the dye dispersed very little
during transit to the spring, and the chosen sampling interval was too
large to determine the peak concentration with accuracy. In addition,
Boiling Spring has multiple orifices, and dye concentrations may not
have been identical in all outlets. The overall peak concentration was
clearly over 1 part per million based on visual observations of Hurricane
Creek, which at the time of the dye trace, was fed exclusively by Boiling
Spring. Unfortunately, several residents using the water that discharged
from Boiling Spring as a source of drinking water discovered green color
in their water supply, as shown in Figure 3. They discontinued use of
water until the dye cloud had passed and explanations were offered.

To adequately fit the sparse data on the recovery curve in Figure
2 to Equation 1, it was necessary to assume a Peclet number of about
500, but the mean velocity based on the time constant for advection
was only about 0.03 meters per second. It appears that the 5-kilometer
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flow path from the cave stream to the spring provided little opportunity
for dispersion even though the average groundwater velocity was not
significantly higher than was anticipated.

Figure 3 : Visible fluorescein in Hurricane Creek.

5. Conclusion

Dispersion in groundwater in karst environments is a function of
many variables, complicating the design of tracer tests. In general, the
groundwater flow paths cannot be anticipated, and except in the rare
case where tracing occurs in an accessible cave stream, the geometry
of the flow field is unknown. Such constraints on information limit the
use of physically based models for planning tracer studies. Empirical
equations have been developed from past tracing studies that can provide
guidance on one critical aspect of the design, the mass of tracer. However,
they should be used with caution in situations where concentrations
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Abstract

1. Introduction

Karst aquifers of the Highland Rim of Tennessee are thought to be
products of epigene speleogenesis, where acidic meteoric water, fortified
with soil CO,, acts as the dissolutional agent in the self-organization of
permeability structures. Classic karst features, such as sinking/losing
streams, sinkholes, caves, and springs, are abundant in this region. The
morphological characteristics of local caves suggest sinking stream and
sinkhole recharge, with carbonic acid dissolution occurring along frac-
tures and bedding planes. However, in the southwest Highland Rim, the
surface karstis not as well developed as its spatial counterparts (MORAN
1980). Karst features are subtle, and the overall landscape exhibits a
fluvial nature, though some caves are present.

Figure 1: Physiographic map of Tennessee with red star showing the
location of Helms Deep

2. Site and Setting descriptions

To investigate the polygenetic development of Helms Deep, a com-
bination of geological mapping, mineralogical analysis, cave surveying,
hydrogeological monitoring, and dye tracing were employed.

Site Description : Helms Deep is located in Perry County, Tennessee
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The Highland Rim of Tennessee hosts karst aquifers traditionally attributed to epigene speleogenesis, where acidic meteoric water drives dis-
solution and permeability development. However, recent explorations in the Helms Deep cave system in Perry County, Tennessee have revea-
led a polygenetic karst system with both hypogene and epigene characteristics. Over 120 km of cave passages have been mapped, including
a dense relict maze in the lower Fort Payne Formation and an active conduit in underlying Silurian strata. Geological mapping, mineralogical
analyses, and hydrological studies indicate hypogene speleogenesis in the maze system, characterized by the presence of diadochite, jarosite,
natrojarosite, and gypsum—suggesting subsurface acidity influences. In contrast, the active stream conduit exhibits linear morphology with no
in-feeding side conduits, indicating epigene formation via sinking streams. The combination of these features challenges traditional models of
karst development as strictly hypogene or epigene and instead supports a polygenetic model.

Abreakthrough and new surveysin a previously known cave, Helms
Deep (Figure 1), revealed a relict maze of extensive proportions (120 km
mapped so far), formed in the lower reaches of the Fort Payne Formation.
Directly underlying the maze by 25 meters, and connected by collapsein
only two sections, is an active conduit formed in upper Silurian strata.
Results from cave surveys, geological mapping, mineralogical analyses,
karst feature mapping, and dye tracing indicate that the maze exhibits
characteristics of hypogene development (sensu stricto PALMER 2017),
while the conduit is definitively epigene in origin. This combination of
hypogene and epigene features challenges the traditional model of
homogeneous karstic processes as either hypogene or epigene end-
-membersin speleogenesis and instead suggests that karstification can
be a polygenetic process.

which is in the southwest portion of the Western Highland Rim physio-
graphic province of Tennessee (BRADLEY 2021) (Figure 1). The difference
in number of mega-kilometer caves on the Cumberland Plateau vs Perry
County caves is likely due to the absence of the cave-rich upper Missis-
sippian-age carbonate sequences common to other Tennessee karst
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areas. In the southwest Highland Rim, the lower Mississippian-age Fort
Payne Formation is exposed at the surface and karstification typically
extends from the lower Fort Payne Formation down through Devonian
to Silurian age strata (BURCHETT 1977).

Helms Deep has been known since the middle seventies and con-
sists of a steep breakdown-strewn entrance slope formed in the Fort
Payne Formation leading to a kilometer of stream passage formed in
Silurian limestone. In 2020 a breakout at the unconformity separating
the Mississippian from Siliurian strata revealed a dense anastomotic
maze formed in the lower Fort Payne Formation. Over 120 km of cave
passages have been discovered and mapped since 2020 with a vertical
extent of 56 meters.

Geological Setting : Helms Deep is formed in two distinct chronos-
tratigraphic sections. The Fort Payne Formation of lower Mississippian
age is exposed at the cave entrance. However, noncomformities at the
base of the Fort Payne Formation make it a challenge to determine the
transition from the lower Mississippian to the Silurian strata (Figure 2).
The maze section occurs within this transition zone. The maze appears
to have three distinct levels: an upper “level” shale, middle level li-
mestone, and a lower level of limestone/shale. The Chattanooga Shale
which is ubiquitous in most of Tennessee appears to be missing locally
but the Maury Shale is present. The stream level is formed in upper
Silurian limestones.

Mineralogy: Mineralogical analyses of sediments from the maze
section showed the presence of jarosite and natrojarosite (jaronite-
-alunite supergroup). These minerals form under acidic conditions
where pyrite or other sulfides oxidize, leaving sulfuric acid that leads to
local sulfuric acid speleogenesis (SAS) (EGEMEIER 1981, PALMER 1991,
POLYAK & PROVENCIO 2001). Diadochite, was also detected. Though not
a major speleogenetic driver, it can contribute to localized dissolution
of carbonate rocks by producing sulfuric and phosphoric acids when
reacting with water (HILL 1997. PALMER 2000). Gypsum is present in
all levels of the maze and is associated with the oxidation of pyrite and
the formation of hydrogen sulfide. Large gypsum crystals found within
the muds of the lowest maze level (Mirkwood) likely formed as a result
of oxidation of sulfides by calcium-rich ground water. The Fort Payne is
known to contain pyrite which might contribute to local SAS.
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Figure 2: Silurian Stratigraphy of Helms Deep.
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Hydrogeology: Maze section : The upper and middle maze sections
of Helms Deep are relict in that they are no longer hydrogeologically
active. The lowest maze level does appear to be active though points of
hydrologic input are difficult to discern through the mud-coated floor.
Morphologically the maze is anastomoticin pattern which is indicative of
confined (phreatic) conditions where water is under pressure and dissol-
ves limestone uniformly across a large area. Widespread dissolution forms
multiple passages that grow at similar rates creating a dense complex
of interconnected passages. (PALMER 1991, Gabrovsek, & Perne 2015).

Stream passage : The stream passage is a kilometer of linear conduit
with no infeeders - a configuration characteristic of bedding-plane
controlled conduit recharged by sinking or loosing streams (PALMER
2007). The conduit, formed in Silurian carbonates, is situated 25 meters
directly below the maze complex. It is connected to the maze in only two
placesvia breakdown. The stream rises in the floor of the passage, flows
for almost a kilometer and then sinks. In 2024 dye was injected in the
stream passage and was detected within 24 hours at spring resurgences
located 3 km west of the cave. The recharge area is likely a series of
losing streams located 5-6 km from the cave. Time series data from a
logger installed in the stream shows the stream to quickly respond to
precipitation events.

Plan view

Helms Deep

Perry County, Tennessee

Length: 116km
Vertical Extent: 57 m

Plotted by depth
Profile: 2x vertical exaggeration

Cave passage marphoiogy SUGgESts tHo
‘episodes of cave development
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trunance

Y s . Mazc

Stieam passage

Figure 3: Map of Helms Deep. Data from Helms Deep Project
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3. Results

The results of field and in-cave mapping, surface karst feature in-
ventory, mineralogical analyses of sediments, morphometric analysis of
passage morphology, and dye tracing, and stream monitoring suggest
polygenetic (epigene and hypogene) aquifer development based on
the following :

Hypogene characteristics:

a. Mineralogical occurrence of diadochite, jarosite, natrojarosite,
and gypsum are all indicators of SAS acidity generated from
subsurface strata. (Fort Payne Formation)

No obvious connection between maze level and current surface
hydrology.

Connection to stream level by upper passage collapse in only
two places

4. Discussion

To relate the findings of this study to karst aquifer evolution, we
focus on the polygenetic development of karst aquifers and how both
hypogene and epigene processes contribute to their formation over time.
Following are key points to establish this connection.

Karst Aquifer Evolution Framework

Karst aquifers evolve through various stages influenced by geolo-
gical, hydrological, and geochemical factors. The traditional models
categorize karst developmentinto epigene (surface-driven) or hypogene
(geochemistry driven) processes (KLIMCHOUK 2017, PALMER 2011). This
study challenges this binary classification by demonstrating polygenetic
evolution, where both processes are active in different time frames and
depths within the Helms Deep system. diadochite,

Hypogene Contributions to Evolution

The presence of jarosite, natrojarosite, Diadochite, and gypsum
suggest past episodes of hypogene speleogenesis due to sulfuric acid.
The anastomotic maze morphology, found at the unconformity between
the Fort Payne Formation and Silurian strata, suggests that dissolution
occurred in a confined phreatic environment with limited direct connec-
tion to surface waters. The lack of an apparent connection between the
maze and modern hydrology suggests phases of isolated karstification
before later integration into an epigene system.

Epigene Contributions to Evolution

The active stream passage formed in Silurian carbonates represents
an ongoing epigene process, where surface-derived waters infiltrate,
dissolve limestone, and contribute to aquifer recharge. The linear conduit
morphology with no infeeding tributaries indicates that losing surface
streams recharge the cave system, a key characteristic of epigene karst

5. Conclusion

This study highlights the polygenetic nature of speleogenesis within
the Helms Deep karst system, demonstrating the interplay between
hypogene and epigene processes in karst aquifer evolution. Mineralo-
gical and hydrological analyses confirm that hypogene speleogenesis,
driven by sulfuric acid dissolution, contributed to the formation of an
extensive anastomotic maze, while later epigene processes facilitated
the development of an active stream conduit through surface water in-
filtration. The findings challenge traditional models that categorize karst
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d. Anastomotic maze pattern indicative of confined phreatic hy-
drologic conditions

Epigene characteristics:

a. Distinct connection to the surface via loosing streams

b. Linear morphology of active stream conduit displaying no in-

-feeding side conduits
Anastomotic
Loosing surface streams are likely source of in-cave stream rise.

Discharge from spring resurgences commensurate with discharge
measured in cave stream. Dye trace results pending

Preliminary water chemistry indicates very low conductivity -
similar to that of local surface stream.

evolution. The dynamic hydrological responses, including precipita-
tion-driven flow changes, suggest that modern karst development is
driven by meteoric water.

Evolutionary Model for Helms Deep
Our study supports a multi-phase evolution model for karst aquifer
development:

« Hypogene Stage: Speleogenesis was initiated by interstitial sul-
furic acid-rich fluids that mixed with confined phreatic waters
to dissolve limestone and form an anastomotic maze. Mineralo-
gical evidence (diadochite, jarosite, natrojarosite) indicate past

episodes of closed system karstification.

Transition Stage (Breakdown & Collapse): Over time, tectonic
adjustments and stratigraphic changes destabilized the hypo-
gene system, leading to partial collapse and connection with
shallower formations.

Epigene Stage (Surface Connection & Active Flow): Karstification
processes reshaped the landscape establishing losing streams
that formed a single conduit system recharged by sinking and
losing streams with spring resurgences that drain the system.

Implications for Karst Aquifer Evolution

Our findings reinforce that karst systems are not static but evolve
through multiple speleogenetic pathways. The interaction between
hypogene and epigene speleogenesis creates complex aquifer archi-
tecture, affecting groundwater storage, flow paths, and contaminant
transport. Understanding this polygenetic evolution is crucial for groun-
dwater management, resource exploitation, and predicting hydrological
behavior in karst regions.

development as either exclusively hypogene or epigene, emphasizing
instead a dynamic, multi-phase evolution. This research enhances the
understanding of karst hydrology, with implications for groundwater
resource management, aquifer behavior prediction, and further inves-
tigations into complex karst systems.
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Abstract

1. Introduction

The Rudice Sinkhole - By¢i skéla cave system (the RS-BSC system)
isthe second largest cave system in the Czech Republic, with a length of
13 km. The Jedovnice stream flows through the whole system. It sinks
through a ca. 110 m deep cascade system into the cave. Its groundwater
tributaries are the Tipecek stream (water source for the Rudice village),
Stard Feka stream, and Zegrov stream. These waters mix with other
inflows and proceed to flow to the Byci skala cave, after which they
spring into the Krtiny valley. Basic karst processes are reflected in the
composition of the water, based on which the complex protection of the
karst areasis designed. Karst is a sensitive area because of its geological
and hydrogeological features. When researching an anthropogenic in-

2. Materials and Methods

Site description

The Moravian karst is the largest karst area in the Czech Republic,
covering an area of almost 92 km2, 3-6 km wide and 25 km long. It is
located NE of Brno in a part of the Drahany Highlands (Balak et al.,
2020). It varies between 250-550 m asl. Moravian Karst is formed by mi-
ddle Devonian to lower Mississippian limestones (Carboniferous strata),
overlaying Brunovistulian basement (Kadomian). The limestones were
formed in two formations. Macocha formation formed by shallow-water
carbonate sediments is characterized by more than 1000 m of cyclic reef
and lagoonal limestone (Vilémovice and Lazanky Lms.) (Hladil, 1983). The
transition from carbonate sedimentation to siliciclastic sedimentation
is recorded by the younger LiSeri Fm. It comprises calciturbidites of the
Hady-Ri¢ka Lms. and more shallow-water Kftiny Lms. (Musil, 1993).
This sequence is overthrust by a Variscan flysch stack (Culmian facies)
represented by Visedn Rozstani nad Myslejovice Fms. The sedimentary
cover originated during the Mesozoic (Jurassic), Tertiary, and Quarter-
nary Era (Gregor, 2015).
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The Rudice Sinkhole - Byci skala cave system is the second largest cave system in the Czech Republic. The environmental impact of pollutants is
a well known problem in and nearby the system. This paper is oriented on seasonal and hydrological influence on the chemical composition of
Jedovnice stream. Results show a difference between vegetative and nonvegetative seasons. The highest concentration of nitrates is observed
during dry periods with a low flow rate of Jedovnice stream and an increased proportion of groundwater. Phosphate concentrations are eleva-
ted near the wastewater treatment plant (WWTP), indicating anthropogenic influence. The surface sampling sites have more variable chemical
composition as parameters such as agricultural activities and pollution, different hydrological conditions, and pond waters enter the system.
The chemical composition of water within the karst system is more stable, with the lowest nitrate concentrations recorded in drip water, em-
phasizing the filtration potential of the epikarst. This study highlights the importance of an integrated approach to managing water resources in
karst areas and underscores the need for further research into the impact of individual inflows on the overall chemistry of the system.

fluence on karst, we have to look not only at its own area but also at the
area outside of karst, where most of the water flowing into the karst is
infiltrated. The anthropogenicimpactin the area of interest is significant
(Baldik et al. 2020) and was the topic of many investigations. Extensive
water sampling confirmed the presence of nitrates, phosphates and
organic contaminants, let alone modern pesticides, which were not a
part of this research. Alarmingly, the water quality in the drainage area
of the RS-BSC system was found to be worse than in the Rudice Sinkhole
streams entering the system. This finding required a detailed evaluation
of allinflows into the system to identify the source of the contamination.

The Moravian Karst is hydrologically divided into three parts - Nor-
th, Central, and South. The area of interest, the Rudice Sinkhole - By¢i
skala cave system, lies in the central part as a part of the Rudice Plateau
(Fig. 1). The area was shaped during tropical weathering in the Lower
Cretaceous and throughout subsequent karst cycles (Musil et al., 2020).
The Plateau contains various karst forms and phenomena. Recent karst
drainage is related to an underground erosional base 300-340 m above
sea level. From thisinformation, the significant thickness of the karstified
limestones is evident, which allowed for the formation of deep karst
depressions, massive sinkholes with underground waterfalls, and exten-
sive cave systems with enormous chambers and tall chimneys (Baldik
et al., 2021). The Jedovnicky stream forms the outflow of the Ol3ovec
pond, which probably lies on a Neogene basin. It then flows through
Devonian limestones on the eastern edge of the Moravian Karst. The
hydrogeological dynamics of Jedovnice Creek are notably influenced
by upstream ponds.

Without an increase of mineralization, the hydrochemical water
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type flowing into the Rudice Sinkhole (CaNa-HCO3S04Cl) changes into near Byci Skéla cave entrance, suggesting that the Jedovnicky stream
simple Ca-HCO3 water type at the outflow from Jedovnice Stream Spring has significant underground inflow (Baldik et al. 2021).

fo g
BELARUS

UKRAINE

=

e
ey oy,

e

BLACK\S

y = <ipedey [l
) ‘ +
\
~~
/
!
4 \
U Hakera \ ¥

\‘

o

Figure 2: Sampling in Velkd sin Chamber in By¢i Skdla cave. Figure 3: Sampling of the Jedovnice Stream Spring at the end of the cave
system near Byci Skdla cave entrance.

Methods network connects the whole system from the Rudice Sinkhole to the
The presented results are based on a preliminary analysis of a 2-year Jedovnice Stream Spring, including tributaries inside the cave system
monitoring campaign. A basic network of 13 sampling points was esta- (Fig. 4). Sampling was conducted monthly with a broader quarterly
blished. Each site represents a specific part of the cave system, including sampling (a total of 12 sampling events). The water samples were sent
more distant areas (such as Svazna studna cave) and samples from the to laboratories for comprehensive physical-chemical analysis. Water
direct outflow from the Jedovnice Wastewater Treatment Plant. The samples from the outflow of the Jedovnice wastewater treatment plant
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were subjected to microbiological analysis. The samples were plotted
using Excel and Aquachem charts, focusing on nitrates and phosphates,
which are key indicators of pollution and environmental impact on the
karst system. To better interpret the data, the samples were categorized
into vegetative and non-vegetative seasons, with their concentrations
analyzed in relation to rainfall and flow rates.

Figure 4: Scheme of the sampling points.

3. Results

During the non-vegetative period, an increase in nitrate concentra-
tions was observed, with extreme values recorded primarily after periods
of low flow. The highest value was recorded upstream of the wastewater
treatment plant (56.8 mg/l), and the lowest in Jedovnicky stream before
the Rudice Sinkhole (< 3.0 mg/l). During the vegetative period, nitrate
concentrations were generally lower, with maximum values (22.0 mg/l)
mainly at the system’s outlet (MKV 102, MKV 103 - Fig.2, Fig. 3) and the
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lowest before the Rudice Sinkhole (MKV 064, MKV 106). The variability of
concentrations differed significantly across sampling stations. Surface
flow stations (MKV064, MKV106) exhibited substantially greater variability
than stations monitoring groundwater (e.g., MKV102). This difference
highlights the fluctuating dynamics of nitrate concentrations based on
surface and groundwater flow (Fig. 5).
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Figure 5: Concentration of nitrates during vegetative (a) and non-vegetative (b) season.
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Figure 6: Concentration of phosphates during vegetative (a) and non-vegetative (b) season

The analysis of phosphates revealed elevated concentrations at the
point where waters enter the karst system from the WWTP. Phosphate
concentrations showed the most significant variability during the vegeta-
tive period (maximum 1.09 mg/l at sampling site MKV 106 and minimum
0.14 mg/l at sampling site MKV064). During the non-vegetative period,
the highest phosphate concentration (1.75 mg/|) was recorded after a
period of low flows, indicating the influence of hydrological conditions
on phosphorus transport (Fig. 6). To better understand the chemical
composition of the stream within the cave system, inflows of Jedovnicky
stream (Fig. 4) and drip waters (Prsavy

4, Discussion

The results demonstrate the influence of seasonal factors and hy-
drological conditions on nitrate and phosphate concentration changes.
During the cold months (non-vegetative period), nitrate concentrations
increased, driven primarily by low flows, rainfall, and subsequent nitrate
accumulation. Nitrate concentrations are also dependent on soil nitro-
gen uptake by plants, which is significantly lower during cold periods.
Annual drainage of Jedovnice ponds plays a significant role in this trend,
as increased flow rates dilute nitrate concentrations. Simultaneously,
higher levels of microbiological contamination enter the karst system
during this period.

During the vegetative period, nitrate concentrations are generally
lower, with the highest concentrations measured in the system’s termi-
nal parts (Velkd sif Chamber and the spring). Graphs show that waters
within the karst system are more stable, whereas surface waters exhibit
greater variability in nitrate concentrations. Phosphate analysis revea-
led elevated concentrations, mainly in the stream before the Rudice
Sinkhole, attributed to WWTP discharges. The excessive loads during
the summer, which is also the peak tourism season, might result from
anincreased equivalent population (EP) in the Jedovnice area exceeding
the capacity of the WWTP.

To better understand water chemistry in the karst system, it is es-
sential to consider inflows that chemically influence the main stream.
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chimney - MKV 101, and V&&ny dést drip - MKV 111) were included in
the graphs. The lowest nitrate value in MKV 101 was < 3.0 mg/l, while the
highest was 4.90 mg/l during the vegetative period, risingto 4.70 mg/lin
February of the non-vegetative period. Phosphate concentrations never
exceeded <0.05 mg/l. Among the inflows, Stara feka stream exhibited
the highest nitrate values (68.5 mg/l), which did not fall below 50 mg/lin
any of the measurements. Inflows from Svézna studna cave contribute
certain amounts of nitrates to the RS-BSC system, though they do not
exceed 41.6 mg/lin surface water samples near Svazna studna cave.

Drip water from Pr3avy Chimney and the TipecCek water source exhibited
the lowest nitrate concentrations. Surface waters showed relatively high
variability in concentrations, influenced by several factors, including
seasonal fertilizer application, pond drainage, and WWTP discharges.
Waters from Svazna studna cave, contributing to the Stard feka stream
inflow, demonstrated less variability in nitrate concentrations, except
for surface samples strongly affected by anthropogenic agricultural ac-
tivities. Stard feka stream’s and Zegrowss inflows are distinctly different
from other sampling sites.

Additionalinflows contribute further along the RS-BSC system (be-
tween MKV 110 and MKV 102), which are more challenging to access but
are assumed to impact the overall chemistry of the Jedovnice Stream’s
waters. These relationships will be part of the future research.
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5. Conclusion

The analysis results demonstrate significant seasonal and hydrologi-
calinfluences on the chemical composition of Jedovnice Stream and the
karst system. Elevated nitrate concentrations during the non-vegetative
period indicate accumulation caused by low flows and the presumed
higher proportion of groundwater. The annual drainage of Jedovnice
ponds highlights the importance of hydrological regulationininfluencing
water quality, particularly through nitrate dilution. Conversely, it seems
that nitrate concentrations are lower during the vegetative season due
to increased biological activity.

Phosphates exhibit higher concentrations near the WWTP, signaling
theinfluence of anthropogenic sources. The variability in phosphate and
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Abstract

Visual Abstract

This study investigates the influence of bat guano on the development of Chariton Cave, the largest known hypogenic cave in the Levant. We
examine the cave morphology, sediments, and moisture sources to understand post-speleogenetic processes in a vadose environment. Cave
passages with keyhole cross-sections suggest secondary incision, where apatite deposits, formed through the interaction of guano leachates
with bedrock, indicate a guano-related weathering area, which enables us to estimate the weathering volume attributed to this process as
approximately 30% of the entire cave volume. This significant weathering occurs in semi-arid conditions, with limited infiltration of meteoric
water from the surface. However, this moisture recycled within the cave, activating condensation corrosion weathering of the cave walls and
ceiling, and also provides the moisture required for weathering associated with guano. U-Pb dating of calcite, which was deposited on secon-
dary apatite, indicates bat activity in the cave since at least 5.19+0.85 Ma. This age also enables the calculation of guano-related incision rates
of ~0.05 to ~0.07 mm/ka, and subaerial incision rates of 19.2 mm/ka. 14C dating of guano shows bat activity and guano accumulation 3360-
3620 years ago, which continues to the present. This research highlights the importance of biogenic processes in reshaping hypogenic caves
after their disconnection from formative environments, contributing to our understanding of karst evolution.

From Hypogenic to Biogenic Speleogenesis in Semi-Arid Climate:
Bat Guano-Driven Carbonate Weathering and Cave Modification in Chariton Cave, Israel
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+ Guano-related incision rate: ~0.05 to ~0.07 mm/ka
« Surface incision rate: 19.2 mm/Ka
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1. Introduction

Hypogene caves have received significant study in the last three de-
cades, especially during the last decade (Klimchouk et al.,2017). Previous
research has primarily focused on the processes forming these caves, the
relationship between hypogenic karst and large hydrological systems,
characteristic morphologies, and characteristic sediments (Klimchouk
et al., 2017). Researchers have given less attention to processes of ex-
pansion and development of hypogenic spaces after disconnecting from
the environment of their formation and moving into the vadose zone.

Study Site

Chariton Cave is the longest known limestone cave in Israel and the
largest known hypogenic cave in the southern Levant (Langford et al.,
2013; Frumkin et al., 2017). Its length and depth are 4185 m and 20.6 m
respectively while its volume is 4019 m3.

The cave has a structure of a mostly 2D maze, with additional
levels locally making it a 3D maze (Fig. 1). The width and height of the
maze passages are tens of cm up to 3m. In addition, several chambers
developed at passages intersections. The chamber structure is normally

Chariton Cave
Shaded plan

N

—_—

20m

(o]

rounded, sometimes elongated. So-called phreatic morphology, mainly
includingelliptical cross-sections and smooth dissolution surfaces, has
been preserved along all passages. The chambers present a similar
phreatic morphology of smooth walls and rounded pockets, but boul-
ders and collapsed material are common, indicating later modifications.
Other morphologies related to late modifications of the cave spaces are
cupolas, smoothing of the collapse boulders, collapse wall marks, and
a passage keyhole cross-section.

The cave is structurally situated at the eastern flank of the Hebron
monocline, which developed in the Upper Cretaceous. According to
previous research, the cave was formed during the Oligocene - Early
Miocene and uplifted above the groundwater during the Miocene (Frumkin
etal., 2017). Dead Sea Rift, led to the exposure of the cave as it was cut
by incision of the nearby canyon. The cave entrance includes three
horizontal openings that are exposed on the west bank of the Chariton
canyon, 570 m AMSL. The cave openings are located ~100 m below the
local water-divide and similar elevation above the canyon stream bed.

Jordan

Figure 1: Chariton Cave plan (horizontal projections, modified after Langford and Frumkin, (2013)). Chamber numbers in white within the plan or in
black next to it. Cave entrance at the panel lower part, next to E. Right small panel : Cave location.

2. Materials and methods

Field Measurements

Cave measurements were conducted using a Leica Laser Distance
Meter X-310, converted to DistoX for paperless mapping. Cave length
was calculated by summing all galleries and chambers, with volume
determined using 3D modeling in Therion software.

Climate Monitoring

Continuous temperature and relative humidity monitoring was
performed using HOBO® data loggers at four strategic pointsin the cave.
Loggers were placed in chambers 1, 6, 44, and 49, (chamber location
in: Fig 1) configured to record measurements hourly over 12 months.
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Analytical Techniques
Several analytical methods were employed:

« U-Pb chronology using Laser Ablation-Inductively Coupled
Plasma Mass Spectrometry (LA-ICPMS)

+ 14Cdating of bat guano

+ Stable isotope analysis (oxygen and carbon)
« X-ray Diffraction (XRD)

+ X-ray Fluorescence (XRF)

+ Scanning Electron Microscope (SEM)
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3. Results

Temperature and Relative Humidity

There is a notable spatial variations in the cave atmosphere. Tem-
perature near the cave opening was 19°C with 34% relative humidity
(RH). Upon entering, temperature stabilized at 22-23°C with RH rapidly
increasing to ~80% at chamber 6. Ininner parts of the cave, temperature
reached up to 24.4°C and RH up to 93%.

Continuous monitoring at chamber 1 showed temperature variations
from 19.7°Ct0 22.3°C and RH from 55.3% to 84%. Inner chambers (6, 44,
and 49) exhibited stable conditions around 21°C with 100% RH.

Moisture Sources
Multiple moisture sources were identified:

Humid air in chambers beyond chamber 6
Water condensation on chamber walls
Moist sediments

Small water pools in chambers 30 and 49

Condensation droplet pH ranged between 6.5 and 7, while guano-
-rich sediment pH was acidic at 3.5. Isotopic analysis of available water
sources showed consistent §'®0 values.

Guano Deposits

Bat guano deposits were found throughout the cave (Fig 2 A+C),
with varying characteristics:

Compressed in accessible areas
Layered sediment with distinct horizons
Thickness varying laterally

Acidic pH of 3.5-4

Apatite Deposition
Prominent mineral deposits were observed along cave walls (Fig
2), characterized by:

Thickness up to few centimeters
Layered structure
Mineralogy comprising hydroxyl-apatite

Associated with guano deposits

Chronology

U-Pb dating of calcite deposits overlying guano-related apatite
indicated bat activity since at least 5.19+0.85 Ma.

“C dating of guano revealed activity between 3360-3580 years ago.

Figure 2: Bats and indications for their presence (quano and urea) in Chariton Cave. A: passage in chamber 43 (see location in Fig. 1). Red arrows
point on brown surface, associated with urea on the ceiling, concentrated in shallow domes. Red line marks apatite cover at the bottom. B: Marks
related to bats activity on the cave walls. AG - Apatite and Gypsum, K - Karren, BS - Brown Surface. C: guano cover on the cave floor. Fresh guano is
marked with a red line. D: insectivorous bats. From left to right: Myotis Nattereri, Plecotus, Rhinolophus blasii.

4, Discussion

U-Pb dating of calcite deposited on apatite yielded an age of 5.19+0.85
Ma for the earliest deposition, indicating bat activity and guano-related
weathering prior to this time. Subsequent calcite units were dated to
1.42+0.28 Ma and 1.08+0.31 Ma. These dates align with regional drainage
system development and canyon incision patterns occurring after 6 Ma
(Chaldekas et al., 2021). The cave documented bat occupation history
extendsinto the Bronze Age, as evidenced by *C dating of guano deposits
from 3360-3580 years BP.

Volumetric analysis of cave cross-sections reveals that guano-indu-
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ced weathering accounts for ~30% of the current cave volume, primarily
affecting the lower portions of passages. This estimate represents a
minimum value, as it excludes additional volume modifications from
condensation corrosion enhanced by guano-derived volatile compou-
nds (Dandurand et al., 2019). Weathering rates calculated from dated
cross-section indicate floor retreat of 29 cm over 5.19+0.85 Ma, yielding
rates of ~0.05 to ~0.07 mm/ka.

Cave entrance elevation is 570 m AMSL, and it is located ~100 m
below the local water divide and about the same distance above the
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canyon bed. The dating results here indicate that by ~5.2 Ma, at least
half of the local relief was already existing, allowing bats to enter the
breached cave, while the remaining incision occurred during the last
5.2 Ma. This data indicate incision rates of ca. 19.2 mm/Ka, consistent
with Ryb et al., (2014) who measured weathering rates of 19+1 mm/Ka
in a similar climatic and lithological location.

Cave moisture derives from multiple sources, with isotopic analysis
(8%0) of available water sources showing values between -4.4 to -4.9%o,
consistent with local rainfall patterns (Goldsmith et al., 2017). While
direct water infiltration is not evident, condensation processes maintain
100% relative humidity in inner chambers, creating active dripping and
shallow pools. The moisture system demonstrates pH variations, with

neutral condensation water (pH 6.5) becoming acidic (pH 3.5) upon
contact with guano before returning to neutral conditions through
bedrock interaction (Fig. 3).

Mineralogical analyses reveal hydroxylapatite as the primary com-
ponent of guano-derived deposits, with varying laminar structures
exhibiting different hardness levels. The formation mechanism involves
calcite-apatite replacement, where dissolution and crystallization rates
control the process (Xia et al., 2009). XRF scanning showed higher con-
centrations of P and Zn with lower Ca content in harder layers compared
to softer ones, while stable isotope analysis indicated that softer laminae
retain partial carbonate signatures.

Cip i
2. Water droplets (pH 6.5) *
drops on the cave bottom |

1. Cave-air vapor
condensates on
5 the cave walls

3. pH decrease
during percolation in
the guano (pH 3.5)

e

4. Contact with the
surrounding carbonate
rock and pH neutralization

Figure 3: Schematic representation of humidity path in the cave shown in chamber 49.

5. Conclusion

This study demonstrates the significantimpact of bat guano on the
post-speleogenetic development of Chariton Cave, a hypogenic cave
in a semi-arid environment. Our findings reveal that guano-related
weathering has substantially modified the cave, accounting for at least
30% of its current volume. This process began at least 5.19+0.85 Ma
and continues to the present day. The interaction between bat guano
and the limestone bedrock has led to the formation of distinctive
features such as keyhole cross-sections and apatite deposits. Despite
the semi-arid surface conditions, high humidity levels are maintained
in the cave, with a condensation-evaporation cycle. Interaction of
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Abstract

1. Introduction

Cave systems offer a unique environment for sediment transport,
deposition and preservation. Because cave sediments are protected from
weathering and bioturbation, caves often act as sediment repositories
that may provide records of geomorphic events even where no river
terraces can be found in the surface. Although there has been progress
in understanding sediment transport through karst aquifer systems
(Herman et al., 2012) there is still an enormous gap when compared to
knowledge about clastic deposition in surface alluvial systems (Miall,2006;

2. Materials and methods

The Chapada Diamantina is an elevated region in the central Bahia
state (Brazil) at the drainage divide separating waters flowing toward
the S&o Francisco River from those flowing direct toward the South
Atlantic Ocean. The region comprises a set of ranges and plateaus
mainly formed on folded Proterozoic sedimentary rocks. The study area
is located where Neoproterozoic rocks from Una Group and Mesoprote-
rozoic sequences from Espinhago Supergroup are folded into a narrow
synform (CPRM, 1999).

Thestudy areaisdrained to a local base level controlled by the Santo
Antonio river and its main tributaries, which include intermittent and
ephemeral streams as well as karst springs. The Santo Antonioisin turn
tributary to the ocean-ward flowing Paraguacu river. The Santo Antonio
river flows out of the study area as a superposed drainage cutting toward
the east through the siliciclastic rocks. Local streams include the Agua
de Rega and Almas creeks, which sink into the west flank of the synform
to form blind valleys. Although they behave at present as ephemeral
streams, they were in the past major suppliers of sediment to the cave
systems. Most of the drainage is confined to canyons with a flat alluvial
floor. Despite the absence of a floodplain and terraces these streams
store large amounts of sediments in the valley floor, especially when
cutting through carbonate rocks.

Lapa Doce cave system is one of the most visited caves in Brazil.
The whole system contains 25.8 km of surveyed galleries with multiple
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This study characterizes an extensive sedimentary record occurring in Lapa Doce and Torrinha caves, NE Brazil. With more than 40 km of
surveyed passages, these caves integrate a distributary cave system fed by allogenic recharge from the surrounding sandstone plateaus. Sedi-
ment petrography together with descriptions of depositional facies and architectural elements shows four depositional units related to fluvial
and standing water environments. These include, from bottom to top: (1) a channel unit including lateral bars deposited during an ordinary
flood regime; (2) a sandy flood unit including minor channel and scour fills derived from bank-full equivalent flood events; (3) mud caps de-
posited in standing water that often reach the ceiling; and (4) intraclast breccias associated with collapse of the mud caps under saturated
conditions. Long term alluviation of the cave system seems to be important in forming passages, determining their configuration, and setting
up a general distributary pattern evident in passage morphology and sedimentary sequences.

Bridge and Demicco, 2008).

In this study we characterize an extensive sedimentary record occur-
ringin Lapa Doce and Torrinha caves, NE Brazil. Sediment petrography,
facies descriptions and architectural elements of the deposits are pre-
sented. This work contributes to an understanding of clastic sediment
transport and deposition within karst aquifers, especially those fed by
surface fluvial systems.

entrances associated with collapse dolines. It is characterized by a
sinuous trunk passage and distributary branches generally associated
with network maze sectors (Cruz JR, 1998; Auler, 1999). Scallops on the
passage walls confirm a signature of divergent flow. The downstream
decrease in trunk passage dimensions and increase in branching density
is analogous to surface distributary rivers (Nichols and Fisher, 2007).

In both caves the profiles of trunk galleries often have a planar roof
that cuts across carbonate bedding planes suggesting dissolution under
a high water table in the past (Auler, 1999). The cross-sectional shape
varies over those caves but remarkable wall notches can be observed
as a result of lateral dissolution atop a sedimentary fill (Farrant and
Smart, 2011). Some trunk galleries still contain a ceiling half-tube right
above a sediment fill. Distributary branch arms and associated network
sectors usually share the same flat sediment floor, but their ceilings are
always lower than the ceiling of the adjacent trunk conduits. They are
preferentially narrow passages not wider than a few meters. Pendants,
cupolas, anastomosed half tubes and wall grooves are common features
of these passages.

Six stepped trenches were excavated to expose the original sedimen-
tary fill, where descriptions and sampling were preferentially performed.
Five of them were located in trunk passages trying to follow general flow
direction. Yet, in Torrinha cave, another excavation was made to cha-
racterize sediments in a minor passage that cuts across both trunk and
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mazes passages. Sedimentary successions were synthesized by stacking
descriptive facies (Anderton, 1985) recognized over all vertical risers. In
addition, exposures on the sides of the trenches were used to constrain
theinternal geometry and unconformities. Facies nomenclature and the
hierarchy of erosional boundary surfaces were adapted from Miall
(2006). Sand samples were impregnated with resin for further analysis
under a petrographic microscope. Fine sediment grain size was analyzed
by low angle laser diffraction using a Malvern Mastersizer S facility and
mineral content was determined using total sample X-ray diffraction.

Figure 1: A-Step trench digged in Lapa Doce Il, Sifdo de Areia, where sedi-
ment were partially removed. B - Flood facies : 3rd order erosional surfaces
showing lateral accretion of channel cutting structures within scours fill

Circumscribed numbers are related to hierarchy of bounding surfaces.

3. Results

The bulk sedimentary data allows the identification of four distinct
depositional units bounded by 4th order (or higher) erosional surfaces.
Two of them are assumed to be the result of sedimentation under fluvial
conditions while the others are related to standing water deposition
within conduits under phreatic to epiphreatic conditions (Figure 2).

Those derived from fluvial processes can only be distinguished in
terms of architectural elements. Standing water depositional units are
single descriptive facies successions located at the top of the sedimen-
tary column, often reaching the ceiling of the passages and sometimes
blocking them.

Channel deposits are present at the bottom of all trunk galleries;
the basal contact with bedrock was recorded in both caves, and it is not
much deeper than the general sandy, flat cave floors. From bottom to top,
channel facies begin with one or more fining upward cycles or co-sets
of cross-bedded sand, both followed by laminated silt. Where exposed
along the cave wall, which is rare, this basal part of channel deposits
hasinternal erosional surfaces suggesting downstream accretion. At the
location of the cross-section, third order surfaces propagate from basal
sand beds into superposed laminated silt, showing that they are part of
a common macroform, in this case, a lateral bar. Internal fourth order
erosional surfaces in upper laminated silt package reveal that the river
channel has abandoned and reoccupied the same passage, leading to
a superposition of two successive bars.

Flood depositional units comprise sand beds that were recognized
inthe middle of the sediment piles in trunk galleries of both caves and at
the bottom of minor passages in Torrinha . Horizontal, plane laminated
centimeter scale sand beds accumulated over climbing ripples often
showing a high angle of climbing. Fine sand with horizontal lamination is
presentaswell as massive sand. They are represented by approximately
3 m-thick rippled and massive sand showing an abundance of internal
erosional surfaces. The cross-section views of these two sites reveal
concave up 4th order erosional surfaces derived from successive minor

ephemeral channels (Figure 1). However, these sediments are strictly
composed of channel related bedforms. Descriptive facies succession and
three-dimensional arrays of erosional surfaces suggest deposition related
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to minor channels or scours that filled during bank-full flood events.
This would lead to deposition over active channel bars and galleries
previously abandoned from the main river channel. This interpretation
is also supported by another important distinctive element: a topmost
flat surface developed independent of conduit morphology, level or size.
Top flat surfaces usually derive from deposition in floodplains in surface
fluvial systems (Bridge and Demicco, 2008) and although one should not
expect to observe a floodplain in cave passage containing a stream; a
flat surface would be the result of recurrent and successive flood events
occurring in laterally displaced but interconnected passages. In the
study caves, this top flat surface is also concordant with wall notches
in some trunk galleries, and the general ceiling elevation of adjacent
single or maze conduits.

Massive to finely laminated well-sorted mud caps occur upon fluvial
deposits, sometimes reaching >4 m thick. They systematically lay over
the top flat surface of flood deposits with an abrupt contact, although
in Torrinha successive interbedding of rip-pled fine sand and massive
mud suggests a gradual transition. Except for light brown discontinuous
lamination, the red to dark brown mud package does not preserve sig-
nificant syn-sedimentary structures, and is otherwise intensely cracked.
Clods are often covered by post-depositional iron/manganese precipitates
and show remarkable gypsum crystal growth in between. Unlike fluvial
deposits, mud packages may regularly be observed interbedded and
superposed by calcite crusts, or even showing diverse erosional rela-
tionships with flowstones and speleothems. This is important because
itindicates that the mud caps are not derived from a single depositional
event. Nevertheless, these events should be longer than the flood events
previously described. There must be sufficient time for base level to rise
and stand, sustaining the caves in phreatic or epiphreatic conditions. This
facies often fills passages near to the ceiling and is closely associated
with paragenetic features such as ceiling half-tubes and anastomoses.

Ungraded, matrix-supported intraclast breccias are found on the
top of all 3 sections from Lapa Doce (Fig. 3). Away from the trenches,
this facies transitions laterally to mud caps and it is a clear result of
gravitational reworking of the mud caps. It may reach 2 m in thickness
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and is quite different from gravitational diamictons described elsewhere
(Gillieson, 1986; Bosch and White, 2007). This sediment is interpreted
to be derived from slide or fall events that disrupted the original mud
caps. Clast shape and fabric point to limited displacement and the
presence of unsorted muddy matrix indicates water availability. The

detachment of saturated muddy sediments could be triggered by rapid
water table lowering or ceiling breakdown, but it clearly demonstrates
that sediment piles were higher than at present and there was available
space in aggraded conduits for sediment migration.

Depositional unit Depositional environment Distinctive elements

Interpretation

Channel Fluvial system Accretion of channel mesoform (dunes)
and macroform (bars)

Flood Accretion of scour and minor channel fills;
overbank top flat surface

Mud caps Standing waters Absence of bedload deposits

Intraclast Breccia

Ungraded angular intraclasts breccia

Migration of channel and lateral bars during ordinary floods in
active river passages.

High sediment load influx during episodic bank full flood events
affecting the whole cave system.

Suspended load deposition on epiphreatic conduits, May experience
moments of aerial exposure,

Slide or fall of saturated cracked mud packages due to slope
instability or breakdown.

Figure 2 : Distinctive elements and interpratation for recognized depositional units.

4. Discussion

Therole of sediments in speleogenesis has been reviewed by Farrant
and Smart (2011) who recognized two main processes: paragenesis and
alluviation. The first is a phenomenon relevant to phreatic conduits
where sediments restrict their cross-sections, forcing upward dissolu-
tion (Renault, 1968). The second is derived from alluviation of passages
in a vadose environment, where enhanced lateral corrosion sculpts
wall notches. Paragenesis and alluviation processes may also develop
simultaneously in a given evolving cave system. An example could be
the sediment fill of loops within phreatic zone and the development of
a bypass passage at upper vadose zone (Ford and Ewers, 1978). Both
paragenesis (ceiling half tubes, pendants and cupolas) and alluviation
(wall notches and bypass passages) derived features can be recognized
inthe studied caves, but the timescale and ordering of processes cannot
be solved without an understanding of clastic deposition.

Together, the downstream decrease in trunk passage dimensions, the
increase in branching density, the distributary flow signature recorded
by scallopsin cave walls, and the sedimentary record group to represent
the medial to distal zones of a subterranean fluvial distributary system
(Nichols and Fisher, 2007).

Cosmogenic burial dating fo these deposits (Laureano et al., 2016)

5. Conclusion

Fluvial deposits can be distinguished in two units: the first is rela-
ted to channel meso and macroforms deposited during base flow, the
second is associated with scours and minor channel fills deposited in
bank-full flow conditions. This long-term alluviation of cave systems is
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Abstract

The complex geological processes driving flow and retention of water in the upper vadose zone of Alpine karst aquifers are yet to be understood
to a sufficient level. To gather a deeper understanding into these systems, a structural geology approach was combined with electrical resistivity
tomography to find a link between brittle deformation structures and recharged water into karst systems. The investigated Hirschgruben cave is
located in the central Hochschwab massif at an elevation of 1896 m a.s.l. and shows horizontal character in its studied passages. Electrical resistivity
tomography data and discharge of cave drip water was gathered during snowmelt and summer precipitation events. Examined areas were grouped
into different classes of fracture spacing, ranging from massive rock to finely fractured rock in the vicinity of brittle faults. These records fit existing
models of deformation stages in the Eastern Alps. Inhomogeneities in water infiltration along existing fracture zones were observed to some extent
and appear to depend on both, the fracture density in the host rock as well as rate of water infiltration. These results help to understand the beha-
viour of water in the upper vadose zone and subsequently provide valuable information for the supply of karst water as a source of drinking water.

Résumé

Les processus géologiques complexes qui déterminent 'écoulement et la rétention d’eau dans la zone vadose supérieure des aquiféres karsti-
ques alpins doivent encore &tre compris a un niveau suffisant. Pour mieux comprendre ces systemes, une approche de géologie structurale a été
combinée a une tomographie par résistivité électrique pour trouver un lien entre les structures de déformation fragiles et l'eau rechargée dans les
systemes karstiques. La grotte Hirschgruben étudiée est située dans le massif central du Hochschwab a une altitude de 1896 m et montre un ca-
ractére horizontal dans ses passages étudiés. Des données de tomographie de résistivité électrique et le débit des eaux d’égouttement des grottes
ont été recueillies lors des événements de fonte des neiges et de précipitations estivales. Les zones examinées ont été regroupées en différentes
classes d’espacement des fractures, allant de la roche massive a la roche finement fracturée a proximité de failles fragiles. Ces enregistrements
correspondent aux modeéles existants des étapes de déformation du Cénozoique. Des inhomogénéités dans l'infiltration de 'eau le long des zones
de fracture existantes ont été observées dans une certaine mesure et semblent dépendre a la fois de la densité de fracture dans la roche encais-
sante ainsi que du taux d’infiltration de l'eau. Ces résultats aident a comprendre le comportement de l'eau dans la zone vadose supérieure et
fournissent par la suite des informations précieuses pour Uapprovisionnement en eau karstique comme source d’eau potable.

Resumen

Os complexos processos geoldgicos que impulsionam o fluxo e a retencdo de agua na zona vadosa superior dos aquiferos carsticos alpinos ain-
da ndo foram compreendidos a um nivel suficiente. Para obter uma compreensdo mais profunda destes sistemas, uma abordagem de geologia
estrutural foi combinada com tomografia de resistividade elétrica para encontrar uma ligacdo entre estruturas de deformacéo frageis e dgua
recarregada em sistemas carsticos. A caverna Hirschgruben pesquisada esta localizada no macico central de Hochschwab, a uma altitude de
1896 m e mostra carater horizontal em suas passagens estudadas. Dados de tomografia de resistividade elétrica e descarga de dgua gotejante
de cavernas foram coletados durante eventos de degelo e precipitacdo de verdo. As areas examinadas foram agrupadas em diferentes classes
de espagamento de fraturas, variando de rochas macigas a rochas finamente fraturadas nas proximidades de falhas frageis. Esses registros
se ajustam aos modelos existentes de estagios de deformagdo do Cenozdico. Inomogeneidades na infiltragdo de dgua ao longo das zonas de
fratura existentes foram observadas até certo ponto e parecem depender tanto da densidade de fratura na rocha hospedeira quanto da taxa de
infiltracdo de agua. Estes resultados ajudam a compreender o comportamento da agua na zona vadosa superior e posteriormente fornecem
informagdes valiosas para o abastecimento de dgua carstica como fonte de dgua potavel.
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1. Introduction

The Hochschwab karst massif in the northern part of the Austrian
province of Styria plays a key role in the freshwater supply of two major
cities, Vienna and Graz respectively. The Hochschwab is part of the
Northern Calcareous Alps consisting primarily of Triassic carbonate
rocks and is overprinted by a multitude of brittle deformation struc-
tures, generated by the continent-continent collision of the Adriatic
microplate with the Eurasian plate, causing a multi-stage deformation
(e.g. RATSCHBACHER et al. 1991). Previous work suggested five distinct
stages of brittle deformation at the Hochschwab, of which stage three,
east striking sinistral strike-slip faults, created by lateral extrusion of the
Eastern Alps in the Lower to Middle Miocene, is the most important set
of structuresin relation to the observed hydrological situation (DECKER
& REITER 2001).

More than 1000 caves have been documented at the Hochschwab so
far (PLAN 2016). Most caves are vadose canyon shaft systems but there
are also some fossil phreatic caves as well. Almost all cave sections are
controlled by faults as bedding planes are insignificant as initial fissures.
With 5.5 km of surveyed passages the Hirschgruben cave is the longest
in the central Hochschwab (PLAN et al. 2019). It is mainly of phreatic
origin and an age of about 5 Ma is assumed from burial age dating. In
the entrance near parts, the host rock is limestone of the Upper Triassic
Dachstein formation and dolomite of the Waxeneck formation.

This study aims to establish the relationship between brittle faulting
processes and the potential for surface water permeability and retention
in the uppervadose karst zone. Previous work conducted in the shallow
parts of Hirschgruben cave suggests, that the retention potential of the
soiland epikarstis much greater than previously assumed and is related
to the degree of glacial overprint, with paleo-landscapes exhibiting
significantly greater water storage potential (ZEMANN 2024; EXEL et al.
2016). This can be partly explained by the considerable number of faults
and associated damage zones in the cave. The recorded faults fit into
existing models for Eastern Alpine deformation stages (DECKER & REITER
2001). Different responses to recharge events were found for drip water
and fluctuations of water saturation in the upper vadose zone (KAMINSKY
et al. submitted). How the brittle deformation and the fault rocks relate
to the water flow behaviour in the cave has not yet been investigated.

2. Methods

Fracture densities and fault zones were analysed along the shallow
parts of the Hirschgruben cave. The Fracture densities of the rocks were
classified ranging from Fracture Density Class (FDC) 1 to 4 (BAUER et
al. 2016). FDC 1 corresponds to little to moderately fractured rock with
estimated fracture densities less than 30 m2/m3, FDC 2, closely fractured
rock (30-100 m2/m3), FDC 3, very closely fractured rock (100-300 m2/m3)
and FDC 4, extremely fractured rock (>300 m2/m3). For fault rock, the
general classification of SIBSON (1977) and the more detailed approach
for cataclastic rock of WOODCOCK & MORT (2008) were used. Fault rock
with a matrix content <10% was classified as brecciated rock and those
with matrix content>10% as cataclastic rock. Cataclastic rock was further
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Figure 1: ANW-SE-striking, steeply NE-dipping fault (F4) in Hirschgruben
cave, partially filled with clay-rich gouge. Photo: Eva Kaminsky

subdivided into proto-cataclasite (0-50% matrix), cataclasite (50-90%
matrix) to ultra-cataclasite (>90% matrix). Faults were measured and
plotted as equal-area stereo projections using the program Stereonet.
The cave profiles were measured using a DistoX laser distance meter.
Electrical resistivity tomography (ERT) monitoring, utilizing 96 electrodes
between the cave ceiling and the surface, resolved 2D images along 74
time-lapses revealing saturation changes in response to infiltration
events (KAMINSKY et al. submitted). A measuring weir was installed
underneath a chimney with drip water at the end of the ERT cable (Fig.
2), and water through flow, electrical resistivity, and temperature were
measured every 10 minutes.
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Figure 2: Recorded brittle faults in the shallow parts of Hirschgruben cave correlated with analysed fracture density classes (FDC) of the host rock.
Faults generally show NW-SE or NE-SW striking. The yellow and green dots in the cave map represent the locations of ERT electrodes (green = surface,
yellow = cave). In addition to fault bound increase of fracture density, there are parts of the cave which suggest frost weathering induced fracturing.

3. Results

Different FDCs and faults are found in the horizontal cave passages
from the entrance of Hirschgruben cave to the weir (Fig. 1). Classification
of fracture densities showed areas of little fractured rock (FDC 1) in parts
far from fault zones, with the exception of areas where a greater influence
of frost weathering is likely to have resulted in FDC 2 and 3. Near fault
zones, fracture densities generally increased to FDC 3 and in one case to
FDC 4, followed by the fault core of proto- to ultra-cataclasites (Fig. 2).
FDC 4 was only recorded in one location adjacent to fault F3 and could
also be classified as brecciated rock according to SIBSON (1977). The
cataclastic rock in fault F1 consisted of a 10-20 cm wide fault centre of
ultra-cataclasite followed by at least 1 m of cataclasite. Beyond this, the
cave wall was altered, making it difficult to see detailed rock features.
Fault F2 had similar characteristics, but with cataclastic rock reaching
lateral dimensions of over three metres where two, probably conjugate,
faults converged. Faults F3, F4, F5 and F6 did not exhibit as pronounced
cataclastic features. F3 was highly altered and therefore could not be defi-
nitively classified as a cataclastic fault. Fault F4 showed minor cataclastic
rockembedded in clay-rich fault gouge. Faults F5 and F6 appeared to be
a pair of conjugate faults, both showing only minor cataclastic features,
mostly due to alteration of the cave walls. Faults F1, F2 and, to a lesser
extent, F3 showed a pronounced damage zone outside the main fault
rock zone, with FDC 3 followed by FDC 2 further out.

The stereoplots in Figure 2 indicate a major strike orientation for the
faults, NW-SE, with minor orientations N-S and NE-SW. These orientations
coincide with known faults on the Hochschwab surface. ERT images
show the resistivity of the rock as a 2D cross section (Fig. 3). The ERT
images are divided into three separate zones, the surface zone above
the green line in the profile, the cave zone below the red line and the
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bedrock zonein between. FDCs and faults were located at the cave ceiling
and interpolated to the cave zone on the ERT images. Correlation of the
structural measurements with the ERT shows a relationship between
rock fragmentation in zones of brittle deformation and increased water
permeability of the host rock. Dry conditions in winter and summer
show consistent differences in resistivity along the cave ceiling. These
differences may also be the result of different rock properties with
lower resistivity at faults. Images from both events discussed tend to
show central parts of faults, i.e. cataclasites or clay gouges, acting as
aquitards, whereas highly fractured fault rocks adjacent to fault cores
appear to have a higher degree of permeability and retention potential.
These characteristics are most pronounced in the cave zone and lower
bedrock zone under dry conditions, but are much less pronounced
under wet conditions. As water saturation increases due to recharge
events (snowmelt and precipitation), few spatial pattern differences are
observed in the cave zone. Meanwhile, resistivity images from summer
monitoring differ from data obtained during snowmelt monitoringin the
epikarst and bedrock zones. Slow and constant water inflow, as occurs
during snowmelt, appears to result in a more homogeneous saturation
of the epikarst with less susceptibility to interaction with fault zones.
Meanwhile during summer rainfall events a significant proportion of
the precipitation acts as quick and point recharge and subsequently
does not participate in the immediate infiltration. This is supported by
the quick and high discharge response at the weir (e.g. 35 ml/s Fig. 3b
bottom). ERT images indicate a much more uneven saturation profile as
compared to snowmelt monitoring. Areas of rock surrounded by zones
of brittle deformation exhibit higher permeability to fast flowing waters.
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Figure 3: ERT images of the surveyed parts of Hirschgruben cave showing the resistivity of the rock during two distinct events of surface water influx.

The left-hand side displays slow infiltration of water during snowmelt in spring, while the images on the right side show various stages of saturation

during dry conditions and individual rain events. The black bars show the positions and dipping angles of recorded faults marked from F1 to F6 and
matching the faults in Figure 2.

4, Discussion

The measurement of brittle faults in cave passages is a straight-
forward and simple procedure, as many cave passages are developed
alongorintersected by fault zones. Their classification in terms of fracture
density distribution adjacent to fault cores is not easily done, as large
amounts of damaged rock have been dissolved or eroded during cave
formation and in alpine caves frost cycles, leaving only corridors of less
fractured rock walls. Significant portions of the cave walls are covered
with flowstone, making it impossible to classify the fractured host rock

5. Conclusion

From the analysis of the data provided, it can be concluded that
brittle deformation structures are of significant importance not only
for cave formation but also for the recent flow behaviour of infiltrated
waters in vadose karst systems. Damage zones in the rock adjacent to
faults tend to offer a greater retention potential in dry conditions and
provide increased permeability in wet conditions. Their influence on the
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in some cave passages. In some parts of the cave, existing fractures are
recemented, essentially sealing the rock and prohibiting water flow.
Correlation of the structures with the closest position of their respective
electrodes provides reasonably accurate localisation within the 2D images.
Non-negligible inaccuraciesin the exact orientations and the dip angles
of faults within the images are possible due to the ERT images being 2D
projections of a non-perfectly linear placement of the ERT cable in the
non-linear cave passages.

latter appears to depend on the rate of water inflow. Cataclastic rock at
the centre of some of the recorded faults seems to act as an aquitard,
as observable in the ERT images. The conducted studies provide a
better understanding of the influence of brittle deformation processes
on karst water permeability and retention, thus contributing to ensure
quality of drinking water.



19t International Congress of Speleology and 38° Congresso Brasileiro de Espeleologia - Belo Horizonte 2025 - Vol. II

Acknowledgments

The authors thank the support by the Austrian Science Fund (FWF):
P36065-N. The team would like to thank Dieter Sulzbacher and Thomas
Exel for the installation of the measuring weir and meteorological station.

References

ALLMENDINGER, R. W., CARDOZO, N. C., FISHER, D. (2013) Structural
Geology Algorithms: Vectors & Tensors: Cambridge, England, Cambridge
University Press, 289 pp.

BAUER, H., SCHROCKENFUCHS, T. C., DECKER, K. (2016). Hydrogeological
properties of fault zones in a karstified carbonate aquifer (Northern
Calcareous Alps, Austria). Hydrogeology Journal 24(5): 1147.

CARDOZO, N., ALLMENDINGER, R. W. (2013) Spherical projections with
OSX Stereonet. Computers and Geosciences 51: 193 - 205.

DECKER, K. & REITER, F. (2001) Strukturgeologische Methoden zur
Charakterisierung von Karstgrundwasserleitern im Hochschwabmas-
siv. - In Mand|, G. (Ed.) Geologische Bundesanstalt Arbeitstagung 2001.
Geologische Bundesanstalt, Wien: 206-212.

EXEL, T., STADLER, H., OTTNER, F., WRIESSNIG, K., PLAN, L. (2016) Un-
tersuchungen zum oberflachennahen Wasserspeichervermdgen am
Hochschwab-Karstplateau. Die Hohle 67: 77-87.

263

Michael Nagland Lina Rummler are thanked for the supportin the field.
For scientific discussions, thanks to Pauline Oberender.

PLAN, L. (2016): Hochschwab. In: Spétl, C., Plan, L. & Christian, E. (Eds.):
Hoéhlen und Karst in Osterreich. 00-Landesmuseum, Linz: 645-660.

PLAN, L., SPOTL, C. & BRYDA, G. (2019): Speldologie und Geologie der
Hirschgrubenhdhle am Hochschwab (Steiermark). Die Hohle 70: 79-93.

RATSCHBACHER, L., FRISCH, W., LINZER, H. G., MERLE, O. (1991) Lateral
extrusion in the Eastern Alps, part 2: structural analysis. Tectonics 10(2):
257-271.

SIBSON, R. H. (1977) Fault rocks and fault mechanism. J Geological
Society of London, 133: 191-213.

WOODCOCK, N. & MORT, K. (2008) Classification of fault breccias and
related fault rocks. Geological Magazine, 145: 435-440.

ZEMANN, P. (2024) Characterization of the Hochschwab karst aquifer flow
regime using a water stable isotope approach (Austria). Unpublished
Master Thesis, Univ. Vienna.



19t International Congress of Speleology and 38° Congresso Brasileiro de Espeleologia - Belo Horizonte 2025 - Vol. II

Sulfur on Salitre Formation,
Bahia Karst: Origin, microbiology,
speleogenesis and mineral

deposits

Tom Dias Motta Morita (1), lvo Karmann (2) Renato Gamba Romano (2),Rebeca Lizarraga (2),
Lucas Padoan de Sa Godinho (3), Vivian Pellizari (2)

(1) Instituto de Geociéncias da Universidade de Sao Paulo, 562 Lago Street Sdo Paulo, SP, 05508-080, Brazil, tomdmmorita@gmail.com

(2) Instituto Oceanogréafico da Universidade de S&o Paulo, 191 Oceanografico Square, S&o Paulo, SP, 05508-120, Brazil

(3) Instituto de Geociéncias da Universidade Federal de Minas Gerais, Av. Pres. Antonio Carlos, 6627 - Pampulha, Belo Horizonte - MG, 31270-901

Abstract

influences on sulfuric acid production.

1. Introduction

Sulfuric acid speleogenesis (SAS) in karst aquifers, compared to epi-
genic karst systems, involves a more intricate hydrochemical framework
requiring a known sulfur source for completeness. In Brazil, studies on
SAS are limited to a few regions where sulfur primarily derives from the
oxidation of sulfides, especially pyrite, due to the scarce evidence of
evaporite or hydrocarbon deposits in or beneath the host rock of these
caves. The prevailing theory posits that sulfuric acid formation via sul-
fide oxidation is driven and facilitated by microbial activity. This study
seeks to expand our understanding of microbial roles in speleogenesis
by examining the karst system in the Una Group, located in the southern
part of the Irecé Basin in central Bahia, Northeastern Brazil. This region is
recognized for its high sulfate concentrations in groundwater, documen-
ted over several decades (e.g., GUERRA, 1986; VALLE, 2004), and for the
extensive diversity and size of gypsum speleothems in Iraquara’s caves.

SAS has been proposed by AULER (1999) as a potential hypogenic
initiation mechanism before epigenic and paragenetic processesin these
caves. VALLE (2004) attempted to identify connections between major
cations and anions, noting a strong correlation between SO42- and (Ca2+
+ Mg2+), indicating that the chemical dynamics likely involve another

2. Materials and methods

Field works were carried out in the southern region of the Irecé Basin
in January/February 2021 (rainy season) and, August and October 2021
(dry season) enabling seasonal comparison. It was dedicated for water
sampling from wells and caves for hydro-chemical and microbiological
analysis and rock and speleothem sampling to chemical, mineralogical
and isotope analysis.
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In recent decades, research has increased on hypogenic caves and karst aquifers formed by sulfuric acid, which are estimated to comprise
a quarter of the world’s caves. This paper focuses on the role of sulfuric acid in shaping karst aquifers in Brazil, specifically through the ge-
neration of H2SO4 within the Irecé Basin. This area is noted for its diverse gypsum speleothems and unique groundwater chemistry, hosted
by the Neoproterozoic limestones of the Salitre Formation. The study employs chemical groundwater analysis, and metagenomengene
sequencing. Findings indicate a significant variation in SO42- levels (2.1 to 1542.1 mg/L) and a stronger correlation with major cations Ca2+
and Mg2+ than with HCO3-, suggesting H2S04 as the main corrosive agent in limestone dissolution. The analysis also categorizes sampling
points into different hydrochemical facies and identifies a slight depletion of the 34S isotope in deep aquifer waters, pointing to pyrite oxi-
dation as a significant sulfate source. Taxonomic analysis reveals diverse microorganisms involved in sulfur oxidation, indicating biogenic

corrosive agent in addition to epigenic carbonic acid, namely sulfuric
acid. Based on the detection of sulfur cycle bacteria, such as the Thio-
bacillus genus, VALLE (2004) suggested a biogenic origin for this acid.

The karst in question forms part of the Neoproterozoic limestones
of the Salitre Formation, which overlies the Mesoproterozoic pelites
and conglomerates of the Bebedouro Formation, both components of
the Una Group. The limestones, due to the region’s general synclinal
structure with a north-south axis, are flanked (east, west, and south) by
the quartzite and conglomerate hills of the Chapada Diamantina Group
(Fig. 1), which are stratigraphically beneath the Una Group (MAGALHAES
et al., 2016). Notably, the limestones of the Salitre Formation contain
sulfide occurrences, such as galena, pyrite, and chalcopyrite (MISI &
SOUTO, 1975).

The geomorphological configuration of the area affects the type of
water recharge in the karst system. In the southern region, where rainfall
is more abundant, allogeneic recharge from the hills predominates. In
contrast, the northern part of the study area, bounded by the Jacaré
River and characterized by lower rainfall, comprises extensive carbonate
terrains with primarily autochthonous recharge further from the hills.

Physicochemical parameters were determined in situ using multipa-
rameter probes while ion contents were obtained by various analytical
techniques as shown in figure 1. The hydrochemical data was then sta-
tistically processed using the Aquachem, Origin and PHREEQC softwares.
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Figure 1: Hydrochemical analytical methods.

SIAGAS database (CPRM, 2020), known caves and previous researches
conducted by VALLE (2004) and MORITA (2018) were used as a base for
choosing the sampling sites (Fig. 2) for new and accurate hydrogeoche-
mical microbiological data.

The microbiology sampling process involved collecting 15 liters of

3. Results

The distribution of wells with sulfate concentration data (extracted
from the SIAGAS platform CPRM 2020) along the study area is shown on
figure 2. The boreholes were compared by its depth, sulfate content and
geographical location, indicating an increase of sulfate content heading
to the northern portion of the karst aquifer.

The analytical results show a wide range of contents in major ca-
tions and anions, and based on the piper diagram plot a predominance
of calcium bicarbonated and calcium sulfated waters were identified.
Both display calcium as the major cation, provided by the host rock,
meanwhile the anions, HCO3- or SO42-, could be provided by the
corrosive agent of the system, carbonic or sulfuric acid, respectively.
Sulfate concentrations, if generally observed, covering all samples, vary
between 2 and 1542 mg/L, with an average of 391 mg/L, median of 131
mg/L and a non-normal distribution

Comparing both of these anions individually with the sum of the
Ca2+and Mg2+ (Fig. 3), we identified that, within a wide overview of all
the samples collected, that sulfate presents a correlation R2=0.91 while
bicarbonate presents a much lower value of R2=0.17. Furthermore, the
plot of Figure 3, shows that there are different groups of samples that
must be identified and studies separately.

Samples groups were divided according to hydrochemical faciesinto
phreatic cave lakes, boreholes (deep-seated aquifer), karst springs, and
vadose cave water. It was observed that the deep-seated aquifer water
samples collected from boreholes tend to present higher concentrations of
ions related to the dissolution of the rock. This factor may also be related to
the geographic location, since not many cavities are known in the northern
region, thus the northern region samples were collected from boreholes,
with the exception of a vadose cave sample in Lapa do Sumidouro.

The results of the chemical analyses align with the tubular well
database available on the SIAGAS platform (CPRM, 2020 - Figure 4.1)
and obtained during the pre-field phase. As depicted in Figure 4.9,
the lower concentrations of the main ions related to the dissolution of
the host rock (S04, HCO3-, Ca2+, and Mg2+) are primarily found in the
southern region of the Irecé Basin, where precipitation is more intense
and the karst aquifer is more influenced by allogenic recharge from the
quartzites of the Espinhago Supergroup.

It is interesting to note the relationship established by Worthing-
ton and Ford (1995) between bicarbonate and sulfate anions in karst
springs, and how this can be applied to understand the origin of the
main cations and anions in karst aquifers (figure 4). According to these
authors, the tendency for high sulfate concentrations in the water from
deeper aquifer levels, accessed via tubular wells in this case, suggests
the possibility of factors other than carbonic acid action contributing to
rock dissolution. This includes the action of sulfuric acid, which may be
linked to the presence of evaporitic minerals or sulfides interspersed in
the limestones, as mentioned by the authors.
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water in a pre-sterilized container, followed by filtering through 0.22
um Sterivex membranes, retaining particulate material and microor-
ganisms. Samples were then preserved with RNAlater™ to prevent
genetic degradation and stored frozen for transport to the University
of Sdo Paulo’s Microbial Ecology Lab. DNA extraction used the DNeasy
PowerWater Kit and manufacturer’s protocol, modified for RNAlater
use. DNA integrity was checked via gel electrophoresis, and quantified
with the Qubit dsDNA HS assay. Sequencing of the 16S rRNA gene V4
and V5 regions was conducted using [llumina MiSeq, providing detailed
phylogeneticinformation. Data processing and statistical analysis were
performed with QIIME2 and DADA2 plugins, with taxonomic classification
through the Silva v. 138 database. The FAPROTAX tool was used to infer
metabolic activities of the identified microorganisms, linking them to
specific biochemical functions.
All cave samples are authorized by ICMBio n° 76989-1.
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In the chemical system of karst, it is crucial not only to understand
the chemical reactions involved in the dissolution of the host rock and
the precipitation of secondary minerals but also to assess whether these
reactions are in equilibrium. The Saturation Index (Sl) of minerals serves
as a vital indicator of this equilibrium. Based on the physicochemical
parameters of water, the Sl helps determine whether aqueous solutions
are undersaturated, saturated, or supersaturated concerning specific
minerals. Negative Sl values indicate undersaturation, suggesting a
tendency for the mineral to dissolve from the host rock. In contrast, zero
values suggest saturation and likely equilibrium, while positive values
indicate supersaturation and a propensity for chemical deposition.
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Figure 4: Correlation on a monologarithmic scale between the anions
HCO3- and SO42-. The X-axis indicates the bicarbonate content, and the
Y-axis (in logarithmic scale) indicates the sulfate content. Both concen-
trations are presented in mg/L.

Analytical and physicochemical data were used to calculate the sa-
turation indices for key minerals such as calcite, aragonite, and gypsum.
These calculations employed water samples from shallow aquifers and
tubular wells, chosen for the larger number of samples available. The
shallow aquifer showed Sl values close to zero, ranging from 0.05 to
0.45 with an average of 0.23 for calcite, and from -2.49 to -1.47 with an
average of -2.03 for gypsum. Tubular well samples exhibited a broader
range of Slvalues, from -1.58 to 1.59 with an average of 0.01 for calcite. For
gypsum, the indices ranged from -3.70 to -1.11 with an average of -0.20.

To expand the hydrogeochemistry of sulfur in the system, X-ray
diffraction analyses were conducted on rock samples and chemical
deposits to identify potential sulfur-bearing minerals and enhance
understanding of the diversity and dimensions of sulfate speleothems
in the Iraquara caves.

Samples of speleothems identified in the field as gypsum, or similarly
habituated and locally identified as gypsum by guides, were collected
for verification. Analyses included speleothems from Gruta do Didi,
Gruta Torrinha, Lapa da Umburana, Lapa Doce, a mineral observed in
the rock at Lapa Doce, and two crusts precipitated in irrigation wells.

For the analysis of microbial diversity in the samples, data were
filtered to display only groups involved in the sulfur cycle. Proteo-
bacteria, known for reducing sulfur compounds such as thiosulfate,

4, Discussion

The hydrochemical results indicate that the northern region of the
study area tends to exhibit the highest levels of sulfates in groundwater
when compared to the southern region. These values when compared
to the HCO3- contents, in which no correlations were found, is an indica-
tive that, under the SAS hypothesis for the Irecé Basin, the bicarbonate
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elemental sulfur, and DMSO (Fukuyama et al., 2020), includes species
like Sulfurospirillum carboxydovorans MV. Previous studies identified
related organisms such as Thiobacillus and Thiothrix, linked to sulfuric
acid speleogenesis and geospeleology (Hill, 1985; Auler and Smart,
2003; Valle, 2004; Engel et al., 2010). Crenarchaeota members breathe
elemental sulfur, with the Sulfolobales order utilizing it as an energy
source (Leight & Whitman, 2001; Liu et al., 2021). Planctomycetota can
use elemental sulfur as an electron acceptor in anaerobic conditions
(Kaboré et al., 2020). Bacteroidota are noted for their sulfur-reducing
ability, producing sulfur sulfide (Hahn et al., 2022). Campilobacterota
members oxidize sulfur compounds, coupled with nitrate reduction or
molecular oxygen use (Xiao et al., 2023). FAPROTAX is a bioinformatics
tool used to infer bacterial metabolic functions from 16S rRNA gene se-
quencing, predicting functional groups based on literature data. Figure
Sillustrates the metabolic functions associated with microorganismsin
the samples, indicating their role in sulfur compound respiration and
oxidation under aphotic conditions. The samples from Lagoa Preta and
Poco do Luisao show high metabolic intensities related to sulfur and its
compound’s respiration and oxidation in dark environments.
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Figure 4: Relative abundance of dominant families (>1%) by station. Each
column represents a sample, and the Y-axis indicates the proportion of
each family (denoted by colors) for the analyzed samples.
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Figure 5: Relative abundance of the predicted functional groups for the
communities present at each station. The size of the circles represents
the percentage of relative abundance, ranging from 1% to 100%. The
circles are distributed in the figure according to the sample (X-axis) and
metabolic function (Y-axis).

present in the water does not come exclusively as a product of H2CO3
carbonate rock dissolution. Towards south, the sulfate content decreases,
indicating greater epigenic activity, as evidenced by greater cave density
(Fig. 1) as well as morphological and sedimentological characteristics
of the caves. Considering the speleogenetic model suggested by AULER
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(1999) and the predominance of epigenic karst over hypogenic according
to the denudation rate and annual rainfall (AULER & SMART, 2003), it is
understood that the hypogenic features, responsible for the initial stage
of speleogenesis, are superimposed by epigenetic features.

The southern region of the Irecé Basin has higher rainfalland higher
allogenic recharge, which enables the exposure and development of
caves closer to the surface and less sulfated groundwater. On the other
hand, the northern region represents an earlier stage of karst develop-
ment at greater depth and a more significant performance of H2S04 as
a corrosive agent, originated in the host rock itself.

The microbial diversity results highlight the significant presence
of various microorganism groups linked to the sulfur cycle in the Irecé
Basin’s karst aquifer. Despite a low sample size due to research limitations
and the non-retrieval of genetic material in several samples, interesting
observations can still be made. Notably, only the sample from Gruta Azul
was collected during the first field campaign, but this did not significantly
alter the microbial community compared to the hydrochemical results.
lonic contents remained consistent across field campaigns, likely due to
unusual drought conditions during the supposed rainy season of late 2020
and early 2021. Thus, temporal variations are considered less crucial than

Lagoa Preta (P¢ 2)
Poco do Luisao
Coché do Malheiros

Gruta Azul

hydrochemical facies for differentiating hydrochemical environments.

Particularly, the microbial diversity of the sample from Fazenda Lagoa
Preta stands out, evidenced by the relative abundance of 20 taxonomic
families associated with the sulfur cycle. This distinction aligns with hy-
drochemical results (Figure 6)) where high sulfate levels are highlighted,
making it the most sulfated sample among the four analyzed.

The likely link between hydrochemical and microbiological results
is due to the primary sulfur source in the geochemical system, typically
metallic sulfides, mainly pyrites. The microbial activity highlighted by the
presence of microorganisms related to the sulfur cycle facilitates the oxi-
dation of these sulfides, releasing sulfur species in aquatic environments.

Additionally, the other samples also showed the same metabolic
functions related to sulfur. Notably, the Poco do Luisdo sample, located in
the Quixaba settlement, also exhibited significant sulfate levels, though
not as prominent as those in the Lagoa Preta sample. This variation is
likely due to the geographic locations of the sampling points, as indicated
by the hydrochemical results, with the southern region of the study area
having higher rainfall and greater influence from allogenic recharge from
the quartzites bordering the Irecé Basin to the west, south, and east.

Amostra/Local |T(°C)|pH| CE Eh [OD(%)| 504 |HCO3|Ca+Mg
Gruta Azul,
BI-002| Pov.Santa | 25,6 |7,6| 513,0 |286,6( 58,2 | 14,5 |222,3| 73,1
Rita
Poco do
BI-026| Luisao, Pov. | 24,3 |7,0(1598,0|-28,6| 7,6 | 276,0286,7| 217,6
de Quixaba
Poco do Pov.
BI-027|de Cochodo| 25,3 |6,9| 269,4 |115,9| 234 | 29 | 828 | 279
Malheiros
Poco Fz.
BIl-030|Lagoa Preta-| 24,4 |6,8|3013,0|257,6( 34,3 |1406,7|317,8| 579,4
Novo (2)
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Figure 6: Piper diagram and simplified table of physical-chemical parameters and analytical results for the samples presented in the microbiology results.

5. Conclusion

Although important data are still lacking for the consolidation of
the SAS hypothesis in the karst system of the Irecé Basin and mainly to
the biogenic production of this acid, the sulfate presentin groundwater
are in notable concentrations among Brazilian karst.
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Abstract

More than 130 water wells in France lead downto caves with no other entrance. There are probably more and obviously many of them remain
to be identified in other countries. Gathering information on the matter is rather difficult because it is usually scarcely published and mainly
available in local speleological magazines. Data gathering over the years enabled the author to build a database as complete as possible.
Statistical data processing allowed him to evaluate cave depths, height and width, cave lengths, type of water bodies or lack of water. Studied
wells have been dug out in limestone formations ranging from Cambrian to Miocene. The location of the wells on the passages shows common
eccentricity. Water rises in a part of the wells may explain how their location was selected, but the majority of the wells are not related to any
surface manifestation of water. The paper details and discusses quantitatively many of these aspects and it proposes ways forward.

Résumé

Puits artificiels ayant recoupé des grottes, approche statistique. Plus de 130 puits d’eau ont rencontré des grottes qui n’étaient pas connues
au préalable. La base de données constituée par 'auteur sur la France a permis une analyse statistique détaillée de ces grottes et de ces puits
et surlafagon dontils s’interceptent. Leau recherchée n‘est pas toujours présente. Des remontées de celle-ci dans certains puits se produisent
lors d’épisodes pluvieux. Diverses régions et des intervalles stratigraphiques appropriés ont été pris en compte dans cette étude. Larticle dé-
taille quantitativement ces aspects et propose des voies de progres dans cette approche nouvelle de la connaissance des milieux karstiques.

1. Introduction

More than 130 caves in France are accessible only through a well
especially dug for water finding (Fig. 1). Water level may fluctuate
throughout time, when it is present. Water has been encountered as
pools, streams or water table, the latter being encountered confined in
several cases. Water wells considered in this paper were in most cases
dug from a supposedly dry ground surface, for instance dry valleys,
slopes or plateaus.

All cave characteristics (length, width, etc.) are analysed on a
statistical basis.

The study of such caves and wells seems to be made here for the
first time. i

MAN-DUGSPACE =i

water table in Upper Cretaceous chalk (from A. VIRE & A. PIEDALLU, (1909).
Grotte et souterrain-refuge de la Bosse, commune de Morée (Loir-et-Cher).
Bulletin du muséum d’histoire naturelle, 1909, n°4, p. 202-206)

|

|

|
Figure 1: A 34 m deep well through a man-dug passage, a cave and the . ; |

.'

WATER TABLE?:

2. Data availability and quality control

The more than 130 caves in the dataset mainly come from author’s be complete. Due to difficulty in finding bulletins, little by little, only
compilation of a variety of speleological bulletins and regional studies cases from France have been used. There is no doubt that similar facts
not focused on his target. Data gathering took many years and cannot exist in other countries.
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For a given cave or a given well, all parameters are rarely available
together. In some cases, gaps can befilled using additional information
from regional maps, general publications, phone calls or else. Whenever
a cave had been mapped by different persons, maps and sections were
compared and numerical values could be either averaged (equal map
quality) or weighted using a stronger coefficient for better quality map
or even rejected. Numerical values were often measured on maps and

3. Concerned regions

All regions with caves in wells show elevations between 25 and 450
m a.s.l., with a majority below 260 m (Fig. 2). They are mostly located
in Liassic to Miocene series in Paris and Aquitaine Basins, though two
cases are in Paleozoic limestone, one in Massif armoricain and one in
Ardennes. Cavesin Liassic sediments are mainly located along the edge
of Aquitaine Basin. Some caves in wells through Dogger, Malm and or

sections. They are as precise as possible, but often they cannot be perfect.

“Nugget effects” in the dataset relate to numerical values by far
greater than other values. For instance, there is a 16 000 m long cave, a
12.2 m width for a void, a 75 m deep composite shaft which is the only
one reached by a water well (it is usually dry, though occasional water
rise occurs in the bottom part after very heavy rain periods).

rarely Lower Cretaceous are located in Paris Basin (Niévre and Yonne
Districts mainly) and in Aquitaine Basin (Poitou and Quercy mainly),
as well as in Jura Mountains (Ain). Upper Cretaceous is largely found in
Paris Basin (Normandie, Yonne, Touraine...). Paleogene and Miocene
are mainly present in the central part of Paris Basin and in the broader
Bordeaux area in Aquitaine.

LENGTHS (m) MNb of values | Min MMedian Iiean Max MMean 2*
MIOCENE 2 10 20 152 20D 327
PALEQGENE 2 3 113 583 2100 1153
UPPER CRETACEOUS a6 1 77 231 1530 444
DOGEGER, MALM, L. CR. 27 3 22 B33 [250) 16000 [2000) 1683 (501)
LIASSIC 5 10 30 236 250 561
PALEQZOIC 2 100 365 365 B30 B30
ALL DATA Bl 1 20 426 [262) 16000 [2000) 228 (505)

Table 1: Cave lengths distribution. * Mean 2 is the mean of all values greater than the median of 96 values. Bracketed figures do not include the

nugget value of 16 000 m.
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Figure 2: 91 ranked wellhead elevations at ground level (m ASL), split per
geological periods.

4. Cave lengths

:
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Figure 4: Logarithmic distribution of 96 cave lengths (m).
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Figure 3: Geological split of 127 caves reached through a water well, dry
ornot. Geological periods have been selected in order to group limestone
units with nearly similar petrophysical properties: broadly, the younger,
the more porous.

Thereis alow median (80 m, all dataincluded) and a variable mean
value (262 m with nugget effect discarded, Table 1). 1 cave reaches
16000 m; 6 exceed 1000 m; 18 are longer than 500 m, 40 over 100 m and
56 over 50 m (Fig. 4). The mean values of caves longer than the median
value is of 828 m.
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5. Cave widths and heights

Widths (Table 2, Fig. 5) are perpendicular to cave passage at well
intersection. They are exceptionally greater than 8 m and usually average
between 1 and 2.5 m.

WIDTHS (m) | Nbvalues MIN MEAN MAK
MIOCENE 2 4 81 122
PALEOGEME 4 [1X:3 205 63
UPPER CRET. 20 0.1 25 75
DOGGER.. 20 0.4 21 7
LIASSIC 0.55 27 65
PALEOZOIC 2 0.6 1.05 15
ALL DATA 52 0.1 2.55 12.2

Table 2: Widths of 52 cave passages at well intersection.

14
=8=MIOCENE
12 3
==PALEOGENE
10
T —&—UPPER CRETACEOUS
£
a —4—DOGGER, MALM, L.
= CRET
== 185510
== PALEOZOIC

=t=ALL DATA

20 40
52 RANKED WIDTHS

Figure 5: Widths (m) at well intersection.

6. Well ages, diameters and depths

From Year 1800 to Year 2000 AD, 47 wells out of 50 with age data
were regularly dug outin order to find water. 3 wells were dug between
Years 1200 and 1400 in castle and abbeys: their scarcity may be due to
lack of data or to further collapse or plugging. However, traces of very
old wells are not seen in presently accessible caves. Hypothetically, many
peasants were perhaps not rich enough to finance well digging before
French Revolution in 1789.

The beginning of geophysics and borehole drilling did not stop well
diggers to elaborate new wells.

Well diameters (Fig. 7) are very imperfectly known. We have tried
to use the outer diameter, behind masonry, i.e. the original well size,
reading diameters on cave maps or depth sections. It is not an accurate
matter: we obtain a magnitude. Most of the wells are smaller than 2 m
and several more are between 2 and 3 m. Larger wells are due to specific
causes. A 4.5 m large well in Normandie was dug out by German Army
during WWII. A 5.9 m large well beyond a choked spring was designed
to collect water from a karst drain beyond. Three wells with a 0.25 m
diameter were drilled and encountered a void close to the expected
depth. Mean value is 1.4 m and median 1.2 m.

: I
ES s
£ 4
e, |
F
o2

1

0 67 RANKED WELL DIAMETERS

1 4 7 10131619222528 3134 374043 4649525558 616467

Figure 7: Well diameters (in m), 67 values.
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Heights (Table3, Fig. 6) are obtained from cave long sections or
(rarely) cross-sections under the same conditions as for widths. Heights
are greater than 3.5 min 7 % of cases only.

HEIGHTS (m) | Nbvalues | MIN MEAN I A
MIOCENE 4 18 225 26
PALEQOGENE 5 04 18 55
UPPER CRET. 21 0.4 17 5
DOGGER... 18 0.2 155 ]
LIASSIC 4 0.8 14 23
PALEQZOIC 2 16 18 2
ALL DATA 54 0.2 17 B (75)

Table 3: Heights of 54 passages at well bottom (1 nugget value of 75 m
not included).
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Figure 6: Heights (m) at well intersection, per geological period. The 75
m nugget value is not included, for clarity.

Documented well depths reach up to 103 m below ground level
(Fig. 8).

Though mostly located at well bottom, caves may be located at a
smaller depth. A single well may encounter two levels of caves or voids
and even the water table further deep.

On Figure 10, all dots along the limiting straight line between dots 0-0
and 103-103 correspond to caves encountered at well bottom. All dots to
the left of the line indicate caves shallower than well bottom: below a 40
m depth (Fig.9-10), they are mainly located in Upper Cretaceous chalk or
chalky limestone, though there is one case in Dogger limestone. Above 40
m, several caves in different formations are shallower than well bottom.
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Figure 8: 107 ranked well depths per geological period. Caves in Upper
Cretaceous chalk are partly encountered at greater depths then caves in
other formations
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7. Passage widths and heights vs depth

PASSAGE WIDTH (m) closer to ground surface, though a cave at a 103 m depth shows is twice
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Figure 9: passage width at the well vs cave bottom depth.
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Figure 10: passage height at the well vs cave bottom depth. There are as many caves higher than large as caves larger than
high, though, in average, widths are greater than heights (2.5 m vs 1.7
Figures9and 11 show no clear relation of cave width and height with m respectively). There is no significant variation with depth (Fig. 12).
depth. However, a few greater width and height values are encountered
8. How is cave size distributed from surface to depth?
PASSAGE WIDTH x HEIGHT [m?] have been either carefully measured by the author on cave maps and/
. ° 5 0 s 20 2 or long sections or collected from written indications. Values distribu-
S ** tion shows two groups: 41 smaller values from ground surface down
# - %( @ g g
20 " to 70 m and 6 larger at various depths (down to 103 m). Deeper ones
‘A wn A A‘ are located in chalk or chalky limestone. The graph suggests that many
W caves may exist with intermediate sizes. So, statistically, there are still
£ A more caves to be found.
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Figure 13: Passage pseudo-section (m?) vs depth (m). 47 values.

Figure 13 shows width x height cave pseudo-sections versus depth.
They have been computed in order to give a magnitude of cave size, due
to scarcity of published passage sections at well intersection. Values
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9. Well eccentricity

In most cases, the well reaches the cave passage near the cave
wall (Fig. 14) and rarely in the centre (Fig. 15). Eccentricity is defined as
the distance from the well central vertical axis to the centre of the cave
passage on the cave map (Fig. 16).

!

\
AN
WELL *
Shallqwer

Figure 14 (left): Examples of eccentered wells. 1: Croisy South Well (58),
p. S$10; 2: Bois-Gratton underground stream (58), p. L11. Both cases are
from Chabert, Couturaud et al, 1986.

Figure 15 (right): Centered wells. 3: Grotte de La Gorchonniére (79), CDS79,
1979, p. 40; 4: Underground River of Petit Vaudeurs (89), in Chabert et al,
1977, p. 275.

| PASSAGE AXIS, | CAVE WALL
:: HHHHHH
r—— ] Ecc=0
HHHHHH
Ecc < Width/2
A
T Ecc=Width/2
T et |
- Ecc=Width/2 + Diam/2 |-

Ecc > Width/2 + Diam/2 ||

—H% CAVE WIDTH/2 + DIAM/2

Figure 16: Quantification of eccentricity, main cases (map).

Eccentricity direction is the azimuth along which the well axis should
be moved to reach the central axis of the passage, along the perpendi-
cular cross-section at well intersection. Five main cases of eccentricity
can be considered (Fig. 16):

« Casel:Thewellis perfectly centered in the passage. Depending
on its diameter and on the passage width, it may be entirely in
the passage or excavating cave walls.

« Case 2: The well may either entirely fall in the passage if its dia-
meter is smaller than half the passage width, or to the contrary
excavate one of the cave walls.

« Case3:Thewelliscentered onthe cave wall and halfits diameter
is excavating the cave wall.

« Case 4: The well is tangential to cave wall. And out of the cave.

« Case5:Thewellisoutof the passage. It may have been connected
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toitbecause diggers heard a sound of running water through the
rock or through a rock crack. A few wells could not encounter
water (such as a karst stream) and were eventually connected
thanks to a man-dug passage in the direction of the expected
stream. Some met with no success.

Sometimes, the well to cave junction is occurring thanks to a small
tributary orside branch. In this case, eccentricity is defined by reference
eitherto the tributary or to the main passage. Itis a matter of appreciation,
based upon geometric characteristics and flow regime.
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7
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Figure 17: Ranked distribution of 51 values of distance of eccentricity (m).

Figure 17 (all data) shows a continuous range of eccentricity values,
with three outlying ones. The latter mostly correspond to oblong voids
reached at their edge or at their tip. Eccentricity is greater than 4.5 m
in only 6 % of the cases. The mean value of 51 eccentricity values is
1.65 m and the median 1.1 m. This can be compared with 52 passage
widths, their mean being of 2.6 m and their median of 1.7 m. In average
(only), well eccentricity is therefore lower than cave width. However,
eccentricity is better compared (Fig. 18) with half-width (1,3 m (mean)
and 0.85 m (median)): the well centre is commonly out of the passage.
However, its half-diameter needs to be considered, as it participates in
the contact with the passage.
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Figure 18: Eccentricity compared with cave width/2 (m)

If we add the half-diameter of the well to the half-width (Fig. 19),
it appears that several wells are not in direct contact with the passage.
However, given the uncertainty on the real well diameter (i.e. in open
hole conditions, behind masonry), few wells are really out of the passage.
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ECCENTRICITY (m) Directions of eccentricity (0 to 360 degrees, Fig. 21) show almost

o 2 4 6 8 10 no correlation with well depths. Some directions are less present (60
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Figure 21: Ranked directions of eccentricity (from 0 to 360°).

10. Water status and regime of caves

dormant or running water at some distance. Some dry wells at cave level
have been deepened and were eventually able to provide water for human
use. Some others remained dry.

JWELL STATUS Dry |Watertable| Stream TOTAL Dry (%) | Water table (%) | Stream (%)
WATER
MIOCENE 2 0 4 6 33,3 0 66,7
TABLE B 13; PALEOGENE 5 2 2 9 55,6 22,2 22,2
£ > UPPER CRET. 21 6 19 46 45,7 13 41,3
— 7%
DOGGER, MALM, L.C.| 13 9 16 38 34,2 23,7 42,1
LiAssIC 1 1 3 5 20 20 60
PALEOZOIC 2 0 0 2 100 0 0
TOTAL OF WELLS a4 18 .l 106 41,5 17 41,5

Figure 24 shows that, among 106 wells with data, 44 were found dry
(41.5 %). This latter figure is obviously lower than the actual proportion,
because a number of dry wells have probably been plugged and are now
forgotten. Several dry wells give access into caves which may show either

Table 1: Well water status (%) per geological unit (106 wells). Streams are
present in many more wells than dormant-like water table.
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Water rise related to rainy episodes helps in better knowing how
the wells were located in the field.

Water rise (m)

WATER RISE (m)
'] 10 20 30 40 50 60
o ‘ . ‘ . ‘ .
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Figure 25: Water rise vs well depths, taken at well bottom. Some wells are
deeper than cave passage.

11. Conclusion

his statistical study demonstrates that blind caves can be

revealed by water wells. The length is 262 m in average and 19 % of
the caves exceed 500 m. The mean width is 1.5 m and the mean height
1.7 m. The bulk of cave depths ranges from 0 to 50 m

It was unexpected that more than 130 caves in France could have
been revealed by water wells, mainly during the 19th and 20t Centuries.
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Figure 26: Water rise in wells vs districts (“départements”). Some districts
are deliberately not shown, for clarity. Wells with “no rise” mentioned
are not shown either. For caves not located at the well bottom, the water
rise originates from an underlying aquifer. 24: Dordogne; 27: Eure; 28:
Eure-et-Loir; 36: Indre; 37: Indre-et-Loire; 41: Loir-et-Cher; 58: Niévre; 76:
Seine-Maritime; 77:

Wells frequently reach cave passages near their wall and hydrogeological
behaviour greatly varies

Similar caves opened by water wells necessarily exist in other
countries than France and need to be documented. Systematic in situ
measurements and observations shall bring additional information.
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Abstract

year). Further sampling is necessary to refine this correlation.

1. Introduction

The Hochschwab mountain range in northern Styria (Austria), which
covers an area of 560 km?, consists mainly of a sequence of Triassic se-
diments dominated by limestones and dolostones of the Middle Triassic
Wetterstein Formation (BRYDA, 2001). The stepped plateau ranges from
an altitude of about 1500 m to the summit of the Hochschwab at 2277
m a.s.l. The whole massif is surrounded by rather deep valleys at 500
to 700 m a.s.l. The plateau is characterised by numerous karst features:
huge dolines up to several hundred meters in diameter are characteristic
of the non-glaciated areas (Pleistocene nunataks), and a high density of
smaller dolines has developed in the formerly glaciated areas, mostly
represented by cirques. More than 1200 caves have been registered so
far, but there are some areas that are still more or less speleologically
unexplored. The longest single cave is the 46 km-long Frauenmauer-Lan-
gstein-Hohlensystem, a polygenetic system of phreatic tubes overprinted
by active vadose canyons. Most of the caves, however, are vadose canyon
shafts; the deepest (Steinbockschacht) has been explored to a depth of
1127 m, without reaching the karst water.

TheKlaffer Springs (Fig. 1) rise on the northern slope of the Hochschwab
and were decisive for the routing of the 2nd Vienna Water Main (DRENNIG,
1988). With an average flow rate of around 5 m®/s and peaks that can be
ten times higher, the Klaffer Springs are the largest springs in Austria and
the Eastern Alps (BENISCHKE et al.,2016; KOPPENSTEINER & PLAN, 2019).
Only a few hundred litres per second are used for Vienna’s drinking water
supply. However, the water from the Klaffer Springs can only be used
during low and normal water levels because, unlike most other springs,
the water is turbid during flood events. This is due to sediment particles
that are mobilised due to the increased flow velocities and are suspended
in the water (PLAN et al., 2010, MUELLER et al., 2023). Although the turbi-
dity causes a problem for the water supply, it is not yet known where the
sediments come from and how much is discharged from the karst system.
Due to the enormous quantities of water, a considerable solids load is to
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The Klaffer Springs, Austria’s largest karst springs, on the northern edge of Hochschwab play a crucial role in Vienna’s water supply but are
prone to turbidity during flood events due to suspended sediment mobilization. While the dissolved load has been quantified already 20 years
ago, the suspended sediment load remained uncertain. This study aims to establish a correlation between turbidity (NTU) and total suspen-
ded solids (TSS) to quantify the solid load discharged from the karst system. Water samples were collected at different discharge conditions,
including an extreme turbidity event (48 NTU). Suspended sediments were separated by settling and drying before weighing. Hydrological
parameters such as turbidity, conductivity, temperature, and discharge are recorded at 10-minute intervals. The dissolved load was determi-
ned using a regression between calcium and magnesium hardness and electrical conductivity (R? = 0.99). Preliminary results suggest a linear
TSS-NTU relationship, with suspended sediment discharge estimated at 180 tonnes per year, significantly lower than the dissolved load (22 kt/

be expected. So far, only the dissolved load has been determined, which
amounts to around 20,000 tonnes per year, i.e. around three truckloads
(four-axle lorries) per day (PLAN, 2005). Within the spring monitoring
program different hydrological parameters are monitored automatically
in a 10-minute interval. The aim of this study is to attempt to quantify the
dissolved solids and the total suspended solids (TSS) from hydrological
parameters and water sample analysis for the Klaffer Springs over 3 years.

Figure 1: Drone photo looking diagonally down towards the south at
the Kldffer Springs, taken during the snowmelt on 9th May 2017 with a
total discharge of 14 m*/s. The water for the city of Vienna is collected
underground in a tunnel near the building in the bottom right corner. In
winter or during long periods of low discharge, (almost) none of these
surface waters are present. Width of the river in the foreground 0.25 km.
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2. Materials and methods

To get samples of the turbid water, canisters were filled with 5.5 | of
spring water at different discharges. At the same time, coarse sediment
was collected in a sediment trap, representing the suspended sediment
of the previous days or weeks. After the sediment load has settled in the
water samples, the majority of the water was decanted off and the re-

3. Results

The water samples for turbidity analysis were taken between July
and September 2024 with one sample of the highest turbidity in the
last 5 years (2020-2024; 48 Nephelometric Turbidity Unit, NTU on 7
July 2024) and five samples of lower turbidity ranging from 0.18 to
8.8 NTU. For 3 years (1 Jan. 2020 to 31 Dec. 2022), a mass balance was
calculated using hydrological and hydrochemical data from the Klaffer
Spring. Using chemical data from six water samples, a good relationship
was found between dissolved calcium and magnesium hardness and
electrical conductivity (R*=0.99; Fig. 2). The equation can be written as:
Hy =Cp - 0.786 where H is the time-dependent Ca+Mg+CO, content
in mg/land C, is the time-dependent electrical conductivity in uS/cm
(at25°C). The loss of dissolved calcium and magnesium carbonate was
then summed up over time and an average value of mass per year was
calculated. Therefore, the amount of dissolved carbonate rock is 22.1 x
106 kg/year (see also Fig. 3). Previous studies have established a linear
relationship between the mass of total suspended solids and turbidity
(NTU) (REIHWALD, 2013; WAGNER, 2020). However, to our knowledge
there are no such correlations for water from karst springs and the data
are all from rivers or lakes. It also appears that the correlations vary
from catchment to catchment. Therefore, a separate function had to be
created (Fig. 2). With the resulting correlation between NTU, mg/l and
the discharge we were able to calculate the total amount of suspended
solids over time (Fig. 3).

4. Discussion

Events with very high turbidity values are rare at the Klaffer Springs
and, despite support from Vienna Water, sampling was not easy. Althou-
gh it was possible to sample the event with the highest turbidity value
within the last five years at the peak (48 NTU), unfortunately no further
samples were taken from this event and the most of the remaining

5. Conclusion

The dissolved load in the water of the Klaffer Springs - mainly calcium
and magnesium carbonate - averages 22 kt per year. It was determined by
means of the linear correlation between electrical conductivity and discharge
values at 10-minute intervals. An attempt was made to establish a correlation

maining, small water-sediment mixtures were taken to the sedimentology
laboratory where water was removed by heating at 50 °C. The sediment
load in these samples was weighed. Data on hydrological parameters
such as electrical conductivity, nephelometric turbidity, temperature
and discharge at 10-minute intervals are provided by Vienna Water.

electrical conductivity [uS/cm]

140 180 220 260
180 I | | |
160
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120
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E
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40
20

0 10 20 30 40 50
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Figure 2: Correlation of total suspended solids [mg/l] versus turbidity
[NTU] in blue and Ca + Mg carbonate [mg/l] versus electrical conducti-
vity [uS/cm] in green measured from samples of the Kldffer Springs. The
functions and the coefficient of determination (R?) are given for the best
fitting linear regression.

suspended | dissolved car-
solids [kt] | bonates [kt]
2020 0.18 26.9
2021 0.21 19.1
2022 0.14 204
@ peryear| 0.18 22.1

Figure 3: Calculated total suspended solids and total dissolved in kt (= 10°
kg) peryearwhich were transported out of the Kldffer Spring for the years
2020 to 2022 as well as the average for this period.

sampled events had one order of magnitude lower turbidity values.
Therefore, the distribution of the samples is unfavourable and the type
of distribution (linear or exponential) can only be taken from published
data, whereitis consistently described as linear. Therefore, more samples
are necessary for a more robust correlation.

between the turbidity units and the totals suspended solid load in the water
as well. Preliminary results show that it is two orders of magnitude lower
(0.2 kt peryear), assuminga linear correlation between TSSand NTU. It also
shows that the annual variability of these two values is quite significant.
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Abstract

San Giovanni cave is a world-renown cave crossed by a seasonal river and a narrow winding hard road, once used by cars and trucks over a
length of 860 meters. Since 2020 the cave is open to visitors as a show cave, attracting an increasing number of tourists. The Consortium Natura
Viva Sardegna, which manages the site, has signed an agreement with the University of Bologna and the laser scanning company VIGEA to
study the cave and its surroundings in 2023. A laser scan survey of the main passages was carried out, in order to precisely locate geomorpholo-
gical and sedimentological markers of the different speleogenetical phases (notches, alluvial sediments). Quartz pebbles have been sampled
in the different cave levels for cosmogenic burial dating. Speleothems covering alluvial sediments have been targeted to bracket ages of sedi-
mentation and speleothem formation. Sampling and observations were also carried out in neighbouring caves. The preliminary observations
have shown the great geodiversity of the caves in the area (hydrothermal, condensation-corrosion, sulphuric acid speleogenesis), and the
long and complex evolution of the San Giovanni Cave, involving hydrothermal fluid circulation, river erosion and alluviation, antigravitative

1. Introduction

San Giovanni cave (Domusnovas, SW-Sardinia) is famous because
of the fact that it is a natural cave passage carved by a river (the Sa
Duchessa-Rio San Giovanni River), large enough to allow the passage of
vehicles the size of a truck (MAXIA, 1939). In fact, since the 19% century
itis crossed by a narrow winding hard road over a length of 860 metres,
making it among the longest underground natural tunnels in the world
(there are several long ones also in China), and surely the longest one in
Europe (NASEDDU et al., 2022). This natural passage across the moun-
tain has been crossed by prehistoric settlers, by the timber loggers and
mining companies that exploited Pb-Zn mines upstream (North) and by
private cars until the final years of the 20™ century, and is now closed to
traffic (DE WAELE &PISANO, 1998; DE WAELE, 2007).

The cave was explored and surveyed in several occasions, and

2. Materials and methods

Apreliminary analysis was carried out on the caves located in the area
close to San Giovanni Cave (at a distance of around 1 km) interrogating the
Cave cadastre managed by the Sardinian Speleological Federation. Small
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episodes, and a complex structural control, in a very slowly uplifting area.

reaches a development of almost 5 km (DERNINI, 1970; NASEDDU et
al., 1992; NASEDDU & PAPINUTO, 1996; NASEDDU, 1998). Since 2020
the cave is open to visitors as a show cave, attracting an increasing
number of tourists. Despite its magnificence, and the fact that it is a
famous attraction since many decades (DE WAELE et al., 1998; CHIARINI
etal.,2022; SANNA et al., 2023), this natural monument was never truly
studied from a speleogenetical and geomorphological point of view.

Here we report the first results of a speleogenetic study carried out
in the San Giovanni Cave and in the surrounding cavities, involving geo-
morphological observations, a new laser scan survey and morphometric
measurements, U/Th dating of speleothems, and cosmogenic dating of
quartz pebbles in different cave levels.

caves (of less than 50 metres of planimetric development) and those with
aprevalentvertical development were excluded, as our focus was on caves
that might preserve cave levels with potential quartz-rich sediments (Fig. 1).
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Alt
[ms.l.m.]
39°20'18,3" | 8°37'14,2" | 398
39°20'20,2" | 8°38' 04,0" | 460
39°20'16,8" | 8°37'34,7" | 240
39°20'09,2" | 8°38'00,9" | 265
1832 | Pozzo Della Quarzite 39°20'20,1" | 8°37'59,5" | 510
2199 | Gruttoni S 'Arcareddu | 39° 20'43,1" | 8°37'27,1" | 255
2201 | S'accorru Grazia Urracci | 39° 20' 19,7" | 8°37'57,6" | 480
81 | Grotta Di San Giovanni |39°20'13,9" | 8°37'40,2" | 188
327 | Grutta De Su Strexiu 39° 20' 34,9" | 8°37'46,3" | 300

Cat | Name Lat Long

326 [ Grutta De Su Pertusu
606 | Voragine Della Rana
1061 | Grotta Gigi Addari
1316 | Grotta Is Murvonis

Figure 1: List of the main selected caves in the study area.

Laser scanner acquisition of San Giovanni Cave (the main object
of our study) was carried out by the Virtual Geographic Agency (Reggio
Emilia) using two different laser scanners: a Leica P40 Scan Station
placed on a tripod for the larger cave passages, and a handheld Leica
BLK2GO laser scanner for the more tortuous ones. A compound 3D
model was generated from the laser scan point cloud using the open
source CloudCompare software by merging the registered point clouds
captured along the scanned passages. The final 3D model was subsam-
pled to a spatial resolution of 10 mm to reduce processing time and was
georeferenced using the pre-existent speleological topographic survey.
This model was used to extract cave level altitudes, and meso-scale
morphologies such as notches, and to exactly locate the alluvial deposits
and the sampling sites.

Quartz pebbles were sampled along the cave passages at different
altitudes (Fig. 2). These represented ancient alluvial deposits, which
dating (cosmogenic Al-Be burial dating, CNRS Aix-en-Provence) might
help in unravelling the erosional history of the in-cave stream.

Samples for U/Th dating were taken as small chips using a geologi-
cal hammer on flowstone cut by the road, or through battery-powered
drillingin less visible areas (Fig. 3). After core extraction, drillholes were
filled with coloured cement in order to mask the hole. In most cases,
flowstones were sampled sealing the ancient alluvial deposits, and were
subjected to U/Th dating at the National University of Taiwan.

3. Results

3.1. Laser scan survey

The entire river (and road) passage (Fig. 4) was scanned with the
Leica P40 scanner (Fig. 5), whereas the smaller and more tortuous side
branches were surveyed using the Leica BLK2GO scanner. Scanning
included the long Su Stampu de Pireddu side branch up to the final
sump, and the “Autostrada del Sole”, and also the upper Bobore branch
(accessible climbing up ropes).

The survey has allowed to locate in detail all samples, and to identify
and document cave wall morphologies and alluvial sediment patches at

Figure 2: Sampling alluvial sediments high along the roof with van equi-
pped with a crane (Photo Vittorio Crobu).

Atotal of 20 U/Th dates were obtained from nine samples taken in
San Giovanni Cave, four in S’Arcareddu Cave, two from Su Strexiu, and
five from Abisso della Rana.

Fourteen samples were taken for Al/Be burial dating, twelve in San
Giovanni Cave and two in S’Arcareddu Cave. Analysis are being carried
out and are expected to deliver results by the summer of 2025.

Figure 3: One of the speleothem samples taken through handheld bat-
tery-powered drilling (Photo Vittorio Crobu).

various heights above the present-day river level. Several cross sections
were used for this (Fig. 6).

3.2. U/Thdating

The 20 U/Th dates span a time interval of the last 650 ka, with four
samples being older than 600 ka. Many samples (10) appear to have grown
duringthe coldest stages of the Quaternary (Marine Isotope Stages (MIS)
2,6,10,12,and 16) with only few (5) samples related to the warmer epi-
sodes (MIS5,9, 11, and 13) and the rest during cold-to-warm transitions.
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Figure 4:

Figure 5: The Leica P40 laserscanner along the in-cave road (Photo
Vittorio Crobu).

Figure 6: Example of cross section of the laser scan survey, used to allocate
samples and identify cave morphologies.

3.3. Cosmogenic dating

Of the fourteen alluvial quartz samples, most are composed of va-
rious pebbles. The quantity of sediment after sieving, washing, grinding
and picking, was rather low in two samples (for these samples it might
be possible that no reliable cosmogenic burial dates will be obtained).
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The laser scan survey obtained merging all point clouds.

Twelve samples come from San Giovanni Cave: one sample each comes
from the upper cave level (at +22 and +42 m above current river level,
see Fig. 7), three have been taken at +8 m, three at +10 m, two at +12 m,
one at +15 m and one last at +16m). Two other samples were taken in
S’Arcareddu Cave (ataround 10 and 20 m above the present river). Burial
dates will hopefully be obtained before the summer of 2025.

3.4. Other caves

Our observations in the other caves of the area delivered some
surprising results. None of the visited caves appears to be related to the
base level lowering of the Sa Duchessa-San Giovanni River. Two of the
visited caves (Gruttoni S’Arcareddu and S’Accorru Grazia Urracci) clearly
are ancient thermal caves (with mammillary calcite deposits covering
walls and roof). A laser scan survey was carried out of the major room
of the first cave to better analyse the morphologies. The mammillary
calcite has given an age of 460 + 24 ka, whereas an old flowstone appears
to be older than 600 ka.

Abisso della Rana shows presence of gypsum and appears to be rela-
ted to a hypogenic evolution with formation of sulphuric acid. Dating of
flowstone pavements has given old ages, mostly between 400 and 530 ka.

Su Pertusu, believed to be “an ancient resurgence”, is instead carved
parallel to the wall by intense and long-lasting condensation-corrosion
processes. Some monocrystalline stalagmites, found broken on the
floor, have been sampled for dating and possible paleoclimate studies.

Is Murvonis has clear signs of hydrothermalrising fluids (even hosting
fluorite). Fluid inclusion studies on these fluorites will allow to ascertain
these ancient thermal speleogenetic conditions.
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Figure 7: Flowstone with alluvial pebbles attached on the underside,
Bobore Gallery, ca. 50 metres above the present cave river altitude (Photo
Vittorio Crobu).

4, Conclusion

Dating of San Giovanni flowstones and speleothems, and the cos-
mogenic burial dating of the quartz-containing sediments, will probably
allow to draw some preliminary conclusions about the evolution of the
valley, its entrenchment, and the creation of the different and clearly
distinguishable cave levels. Surprisingly, and unexpectedly, there are no
other major caves known near San Giovanni which would allow to date
other (higher) alluvium-filled cave levels. Most of the visited caves are
related to other (hypogenic) cave-forming processes, and are probably
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sulphuric acid and hydrothermal traces have also been observed) and
Gigi Addari Cave (a small cave filled with alluvium). Pozzo della Quar-
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Abstract

structure with its own infiltration area.

1. Introductions

Karst reservoir rocks are unusual by the fact, that their reservoir
propertiesincrease during dissolution of limestones (karstification). Even
insignificant fractures or bedding planes can become very significant
regional underground water migration pathways which drain most of the
water from adjacent areas (Ford, Williams 2007; Atkinson 1977), due to
the simple process of corrosion by flowing water, which slowly enlarge
the originalfractures. These increased reservoir propertiesincrease the
input of groundwater and increase the influence of karst reservoir rock
on its non-karst surroundings (Klimchouk et al. 2000). The slope of the
underground water level and hydraulic gradient in the karst reservoir
in controlled mainly by the geometry of fractures present in the rock
(Thraikill 1985).

Karst hydrogeology distinguishes two main ways of karst structures
water input (Ford, Williams 2007) - precipitation infiltration in the karst
area itself (autochthonous waters) and influx of groundwater from ad-
jacent non-karst areas via sinkholes or by influx of underground water
through a geological boundary (allochthonous water). Using the percen-

2. Materials and Methods

Site description

Javoricko and Mladec karst area is situated in the central Moravia. It
is a scattered assemblage of smaller patches of limestone incorporated
into the nappe stack of the Variscan flysch (so called Culmian; fig. 1 a, b,
¢,). The overall karstareais only 11 km2 and is built of several limestone
elevations and a few cave systems without active water streams (fig. 2,
3). Interconnection of individual limestone blocks is as yet unknown,
however, at least limited hydrogeological connection was proven by
tracing (Panos 1962). Only a few underground streams are known in the

voy

Javoricko and Mladec karst area with very small flow rates, mean year
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Underground water migration in karst hydrogeological system has been a subject of study of many scientific studies, however, usually just wi-
thin the boundaries of the karst area itself. In Javofi¢ko and Mladec karst areas, the volume of water leaving the drainage area is much higher,
than the volume of precipitation on the limestone covered area and dotation by known underground streams at the contact of limestones and

vrv

surrounding non-calcareous rocks. The question of the origin of the underground water in the drainage area of the Javoricko and Mladec karst
areas and especially in the strategically important water supply source of Cerlinka has been the focus of hydrogeologists for many years now,
in particular effective protection of the quality and quantity of the water used for public supply. Our recent study resulted in a new hypothesis
of indirect (remote) infiltration system, in which the karst structure represents a transit pathway for underground water from adjacent basin

tage of underground influx within allochthonous water, we can divide
hydrogeological structures to closed and opened (Kullman 1990). Closed
karst structures are separated by seal rocks all around their perimeter
and are not supplemented from nor drained by adjacent hydrogeological
structures. In opened karst structures, underground water flows freely
through the geological boundaries, usually undetected.

Karst areas of the Czech Republic are not extensive and are surrou-
nded by non-karst geological units of different age and lithology. Using
Kullman (1990) classification, they are almost always opened karst
hydrogeological structures. Numerous studies of different karst areas
confirmed over and over, that the volume of water flowing out of the
structures exceeds significantly the direct infiltration of precipitation
in situ and influx of groundwater via sinkholes on the boundaries of
respective karst area (e.g. Baldik et al. 2023, Bruthans, KryStofova eds.
2016). This proves the significance of influx of underground water throu-
gh geological boundaries from non-karst hydrogeological structures,
which should hence be regarded as infiltration areas of the karst areas.

precipitation total does not exceed 700 mm. Main drainage base is the
Morava river valley, where the limestones are overlain by Quarternary
sediments (fig. 1c). Total output of the area is: 190 |/s is pumped in JU
Cerlinka water catchment; 10-40 /s flows out via the Rimice spring (Obr. 4)
and an unknown volume is drained into the Vrapac riparian forest (fig. 5).

Javoric¢ko and Mladec karst area is adjacent to a major hydrogeolo-
gical structure in the Central Moravia - Mohelnice graben. It is a major
basin structure with over 300 m of Pliocene to Pleistocene sedimentary
fill. Over a 100 m of the overall thickness is formed from excellent, water
saturated reservoir rocks (fig. 1c).
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Figure 1: Localisation of the studied area.

Figure 2: Limestone outcrops, Branky castle, Javoricko karst.

Figure 3: Javoricko cave system.
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Figure 4: Rimice spring.

Metods

Presented study was based on archival data as well as new data.
Climatological, hydrogeological, well and underground water data were
analysed by statistical means and in ArcGIS. Great attention was given
to field work comprising geological mapping, structural analysis of

3. Results

Analysis of acquired data confirmed large volumes of underground
water in the main drainage area exceeding 250 |/s. Such high volumes
and small precipitation areas necessitate the existence of much bigger
hydrogeological structures supplementing the hydrogeological system.
The water is of excellent quality without significant anthropogenic influen-

Figure 5: Vrapac riparian forest.

ground and underground data focused on determination of the overall
geometry of individual hydrogeological structures and their relationships.
Hydrogeological mapping comprised ground and underground water
sampling and subsequent chemical analyses - trace elements, pesticides
and their metabolites, isotopes.

ce. When compared with water from adjacent areas, it is not polluted by
pesticides (fig. 6). This indicates longer residence time, deep circulation
and infiltration outside major agricultural areas. Isotopes 6180 a &§2H
indicate infiltration of water in much higher altitudes than the springs
or the main drainage level.

sinking streams

] |

ponor Sprariku

Ponikevsky ponor

Kovarovsky ponor

ponor Hradecky

Rimické vyvératky

Cerlinka

H Alachlor ESA

B AMPA

M atrazin

m atrazin-desethyl

M Bentazon

B Dimetachlor ESA

m Glyfosat

B Chloridazon - desphenyl

u Chloridazon - methyl - desphenyl
mMCPA

drainage area

1,5 2,5

3,5 45

Figure 6: Pesticides in analysed waters.

4, Discussion

Volume of underground water in the main drainage area suggests,
thatinfiltration of precipitation within the quite small area of limestones
and inflow from all known sinkholes are insufficient to generate such
volumes. Mohelnice graben has greatly reduced thickness by so called
Tresin horst right next (east) to the Mladec karst (fig. 1c). This reduction
down to ca. 5 m of viable reservoir rock is not, however, compensated by
increased flow rates in the Morava river. This strongly suggests, that the
underground water found an alternative route, which is compensating
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the decreased volume of migration path. A logical solution is, that the
Palaeozoic rocks of the Javoricko and Mladec karst serves as a transit
path for this water. This hypothesis is supported by isotopes composition
and also by the quality of the underground water, which correlates with
the mean residence time of the underground water of the Mohelnice
graben and Cerlinka water catchment.
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5. Conclusions

The hypothesis of indirect infiltration area changes the view of
the hydrogeological system of the Javoricko and Mlade¢ karst area,
which cannot be understood as a separate hydrogeological structure,
but as a part of a much bigger system composed of several individual,

interconnected hydrogeological structures. This complex assemblage
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Resumo

Este estudo investiga como os usos do solo e atividades antrdpicas impactam a qualidade da 4dgua e o habitat fisico do Ribeirdo das Lajes,
com implicagdes para a preservacao da Lapa do Grotdo, situadas em Morro do Pilar, MG, Brasil. A pesquisa foca na bacia de contribuigdo
dessas cavernas, com énfase na vegetacdo e atividades humanas que afetam o ambiente aquético. A analise mostrou que, embora a bacia de
contribuicdo hidrica das cavernas mantenha 79% de vegetacdo natural, a presenca de eucalipto nas areas de protecdo permanente (APPs) e a
densidade de propriedades rurais influenciam negativamente na habitat fisico e na qualidade da dgua, especialmente os niveis de coliformes
totais. Esses resultados destacam a importancia de praticas de manejo sustentavel e a preservagdo das areas naturais ao redor das cavernas
para proteger os ecossistemas subterraneos.

Abstract

This study investigates how land use and anthropogenic activities impact water quality and the physical habitat of Ribeirdo das Lajes, with
implications for the preservation of Lapa do Grotdo cave, located in Morro do Pilar, MG, Brazil. The research focuses on the contributing ba-
sin of these caves, emphasizing vegetation and human activities that affect the aquatic environment. The analysis revealed that, although
the cave’s influence area maintains 79% natural vegetation, the presence of eucalyptus in the permanent preservation areas (APPs) and the
density of rural properties negatively impact the physical habitat and water quality, particularly the levels of total coliforms. These results
highlight the importance of sustainable management practices and the preservation of natural areas surrounding the caves to protect

subterranean ecosystems.

1. Introducao

Cavernas se inserem em ambiente carstico compreendendo sis-
temas dindmicos em resultado de processos fisicos e bidticos. Para a
manutengdo da dindmica evolutiva, bem como da fauna cavernicola, é
fundamental se garantir a protecdo e manejos adequados da paisagem
de entorno (WILLIAMS 2008, ELEZ et al. 2013). Dentre os diversos temas
que devem ser abordados para a delimitacdo da area de entorno a ser
preservada, a bacia de contribuicdo ocupa lugar de destaque.

Agentes hidricos estdo intimamente ligados aos processos erosivos
e dissolutivos, que levam ao surgimento e alargamento das cavidades
naturais subterraneas (FORD 1999). Considerando a agua como principal
agente na génese e evolugdo das cavernas, anélises que visem a manu-
tencdo dadinamica evolutiva dessas fei¢Ges devem, porisso, garantir as

2. Materiais e Métodos

Area de estudo

Situadas no municipio de Morro do Pilar, Minas Gerais, Brasil (Fig 1),
a Lapa do Grotdo se insere entre sumidouros e surgéncias do Ribeirdo
das Lajes e soma mais de 740m em projegao linear (CARSTE 2014), ocu-
pando lugar de destaque entre as cavernas ferruginosas do Quadrilatero
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condi¢Bes hidroldgicas naturais que envolvem a presenca de drenagens
(aloctones ou autdctones), os processos deinfiltragdo e percolagdo, além
da relagdo desses com o entorno e o sistema subterraneo.

Dada aimportancia da bacia hidrica no entorno para a manutencéo
de processos naturais do ecossistema cavernicola, partimos da hipdtese
de que diferentes usos do solo alteram parametros da qualidade da
agua e a estrutura dos habitats fisicos aquaticos. Com isso, o presente
estudo tem como objetivo principal avaliar como o uso do solo, a co-
bertura vegetal e caracteristicas socioambientais da bacia de drenagem
podem alterar o habitat fisico e qualidade da agua do riacho que acessa
a Lapa do Grotdo.

Ferrifero. Com cerca de 1500 ha, sua bacia de contribuigdo hidrica foi
definida pelo 6rgdo licenciador, e abrange parte do Ribeirdo das Lages,
incluindo 29 sub-bacias, sendo inserida quase que totalmente na Unidade
Patamares da Serra do Cip6 (BIOESPELEO 2018).
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Figura 1: Bacia de contribuicéo hidrica da Lapa do Grotdo.

Procedimentos de amostragem

Realizamos as analises de uso do solo na bacia de contribui¢do
hidrica da Lapa do Grot3o e nas Areas de Proteco Permanente (APPs)
por meio de avaliagdo de imagens orbitais Bing Aerial em aplicativo QGis,
vers&o 2.18. Geramos poligonos para delimitacdo de uso e cobertura
vegetal em funcdo da origem, antrdpica ou natural. Validamos os dados

Caracterizagdo do Habitat Fisico

levantados nas analises das imagens orbitais e vetores por meio de
controle de campo, realizado entre os dias 17 e 20 de setembro de 2018.

Utilizamos as mesmas imagens Bing Aerial para realizar um levan-
tamento das instala¢des rurais na bacia de contribuicdo hidrica da Lapa
do Grotdo. Aplicamos um questionario aos proprietarios ou locatarios
das propriedades para levantar informagoes referentes a aspectos
socioecondmicos, infraestrutura e percepcdo ambiental.

Para caracterizacdo do habitat fisico ao longo do Ribeirdo das
Lages utilizamos a metodologia contida nos manuais da Agéncia de
Protecdo Ambiental Americana (EPA) e nos protocolos para avaliagdo de
habitat fisico criados por seu Programa de Monitoramento e Avalia¢do
Ambiental (EMAP) (OLSEN & PECK 2008). Aplicamos o protocolo em 8
trechos amostrais, cada um com 150m de extensdo e com uma distancia
minima de 500m. Dividimos cada trecho em 11 transectos transversais
(A-K), delimitando 10 seg¢bes equidistantes (Fig. 2). A partir dos dados
obtidos com o preenchimento do protocolo de avalia¢do do habitat fisico
calculamos 256 métricas (valores condensados das observacdes) para
cada um dos oito trechos amostrais (KAUFMANN et al. 1999).

Durante as atividades de campo coletamos amostras de 700ml
para analise de qualidade da agua do Ribeirdo das Lajes ao longo de 8
pontos. As andlises foram realizadas no Laboratério de Analise de Agua
do Departamento de Engenharia da Universidade Federal de Lavras.

@ Medidas nas secbes transversais

Em cada um dos onze transectos,
avaliamos a cobertura de dossel, os
tipos de sedimento, e a morfologia do
canal.

@ Medidas entre se¢des transversais

Ao longo de cinco metros para
cada lado da se¢do transversal,
foram verificadas a presenca de
madeira, presenc¢a de sedimento
fino, profundidade, tipo de fluxo €
sinuosidade.

Figura 2: Representagdo esquemdtica de um trecho para avaliagéo de habitat fisico (adaptado de KAUFMANN et al. 1999).

Analise dos dados

Para verificarmos quais varidveis referentes aos usos do solo, usos
das APPs e censo sdo determinantes para as alteragdes na qualidade da
agua e habitat fisico do Ribeirdo das Lajes, causando potenciais disttr-
bios as cavidades Lapa do Grotdo, seguimos os procedimentos a seguir.

As sub-bacias foram agrupadas conforme os pontos de amostragem
no Ribeirdo das Lajes. Métricas referentes as variaveis explicativas foram
somadas conforme as sub-bacias que compde cada ponto de amostra-
gem e relativizadas pela érea total acumulada em cada agrupamento.

Do conjunto de 184 variaveis resposta do habitat fisico, seleciona-
mos um conjunto menor para analise. Para tanto, agrupamos segundo
os aspectos: morfologia do canal, tipo de substratos, gradiente de
fluxo, cobertura da vegetacdo riparia, nimero e volume do aporte de
madeira, tipos de abrigos disponiveis a fauna e impactos antrépicos. Em
sequéncia, realizamos uma andlise de PCA para identificar as varidveis
mais representativas em cada aspecto, excluindo aquelas com medi-
das correlacionadas. Em relacdo a qualidade da agua, selecionamos
pardmetros com valores acima dos niveis de referéncia da Deliberacéo
Normativa Conjunta COPAM/CERH-MG N°01, de 05 de maio de 2008, e
que expressam respostas distintas. As varidveis preditoras relacionadas
ao uso do solo, ocupagdo das areas de protegdo permanentes (APPs)
e censo foram testadas pelo método de Spearman, aplicado em cada
agrupamento, evitando parametros auto correlacionados. Todas as
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andlises de correlagdo seguiram o critério de rSpearman > 0,70, p <
0,05. Na selecdo dos preditores destes trés grupos foram priorizadas
as métricas mais representativas nas sub-bacias (em drea), que este-
jam relacionadas a intervencdes antrdpicas e que sdo constantemente
indicadas na literatura.

Para verificamos a relagdo entre o uso do solo, APPs e censo com
a qualidade da dgua e habitat fisico do Ribeirdo das Lajes construimos
modelo de DistLM. Calculamos a matriz de distdncia com base na dis-
tancia euclidiana (habitat fisico e qualidade da dgua) entre as amostras.
Selecionamos os preditores agrupadas conforme a natureza dos dados:
uso do solo, ocupagdo das dreas de protecdo permanentes (APPs) e
censo. Posteriormente, realizamos os testes separadamente com todas
asvariaveis selecionadas, no intuito de identificar quais destas sdo indivi-
dualmente mais importantes. Os valores de R? ajustado foram escolhidos
como critério de sele¢do. Para ordenar e visualizar os modelos DistLM,
foi realizada uma analise de dbRDA. Utilizamos o software PRIMER.

A partir do resultado do DistLM, utilizamos modelos de GLM para
identificar quais variaveis respostas (dentro dos grupos habitat fisico
e qualidade da agua) sdo influenciadas pelos preditores significativos
com maior poder de explicagdo. Nesta analise, os parametros de habitat
fisico e qualidade da dgua foram utilizados como variavel resposta. Como
varidveis explicativas foram utilizados os preditores significativos de
acordo com o resultado do DistLm. No GLM, removemos sequencialmente
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os preditores ndo significativos. Utilizamos a distribuicdo normalizada
(Gaussiana) com funcdo de ligacdo logistica para as varidveis respos-
tas. Consideramos que apenas os modelos com AAICc < 4 apresentam
suporte empirico satisfatério para os dados avaliados (BURNHAM et al.

3. Resultados

Usos do solo

Aavaliacdo do uso do solo na bacia de contribuigdo hidricademons-
trou que parte significativa da bacia do Ribeirdo das Lajes, a montante
das cavidades CAV-0001A/B, encontra-se bem conservada, com 79% de
cobertura vegetal natural, composta por floresta semidecidual, campos
rupestres (quartzitico e ferruginoso) e candeiais. Essa vegetacdo, apesar
de conservada, ndo se encontra em estagio primario, apresentando
graus variados de alteragdo.

Habitat fisico do Ribeirdo das Lajes

Através da caracterizagdo do habitat fisico ao longo do Ribeirdo
das Lajes ficou evidente uma grande diferenciagdo do habitat entre os
pontos mais préximos a entrada da caverna, P1 e P2 (maiores larguras,
presenca de matacdes, fluxo rapido e vegetacdo preservada), com os
pontos mais afastados, P6, P7 e P8 (menores larguras, predominancia
de bancos de folhas e substrato fino). O P3 também apresentou grande
diferenciagdao dos demais, principalmente pela auséncia de cobertura
vegetal devido a presenca de pastagens nas margens.

Qualidade da 4gua

Dentre os seis parametros fisico-quimicos avaliados, quatro ficaram
acima dosvalores de referéncia em pelo menos seis pontos de amostra-
gem. No ponto P7, os valores de coliformes totais e fecais foram mais
de 160 vezes superiores ao indicado pela COPAM. Apenas Fésforo Total
e Cloretos ficaram dentro da margem estabelecida.

Censo socioambiental

Dentro da bacia de contribuicdo hidrica das cavidades Lapa do
Grotdo foram constatadas 23 instalagGes rurais. Destas, 19 sdo imdveis
residenciais, nos quais 14 foram visitadas durante as atividades em
campo. Amaioria destas representam sitios utilizados durante finais de
semana e/ou temporadas, sendo que apenas em seis ha residentes-fixos,
0S que participaram das entrevistas.

A pesquisa revelou que o tipo de uso da terra no entorno das pro-
priedades varia bastante, dentre varios usos agricolas. A maioria das
propriedades utilizam pogo ou nascente na prépria terra; 50% utilizam
fossa séptica, contra 50% de fossa rudimentar, a maioria ndo relata
periodos de falta de dgua.

Selecdo de preditores

Em relagdo as varidveis respostas, os valores do PCle analise de
correlagdo indicam seis medidas de habitat fisico e trés de qualidade
da dgua (Fig. 3). Emrelagdo aos preditores utilizados na construcdo dos
modelos selecionamos dez variaveis (Fig. 3).

Pardmetros determinantes as alteracdes no ribeirdo

Dentre todos os preditores avaliados, N_PROP,APP_EUCA e APP_CRQ
foram responsaveis pela maior parte da variacdo observada nas caracte-
risticas fisicas e qualidade da d4gua no Ribeirdo das Lajes (Fig. 4). Aanalise
em conjunto indica que nenhum agrupamento foi significativo (Uso do
solo: p =0,06; Censo: p=0,20 e Uso das APPs: p = 0,26). Entre os pontos
amostrais observou-se elevada similaridade nas variaveis respostas de
P6 e P7, e entre P3, P4 e P5. Entretanto, a densidade de propriedades
(N_PROP) e a presenca de Eucalipto nas APPs (APP_EUCA) contribuem
para o distanciamento dos pontos P6 e P7 em relacdo aos demais.
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2011). Posteriormente calculamos os coeficientes médios dos modelos
permitindo-se capturar as variaveis preditoras que apresentam altos
niveis de incerteza, devido a amplitude do erro. Os modelos lineares
generalizados foram elaborados através do software R (R Core Team 2017).

Grupo sigla Descrigao
XBFWD_ Medida de morfologia do canal: Raz3o entre da
RAT Largura Sazonal e Talvegue Sazonal
LSUB Medida de substrato: Tamanho Médio do
DM Substrato
Cobertura da vegetaco riparia: Média
XM da Cobertura Vegetal + Cobertura Vegetal
Medidas Intermediaria
de habitat
fisicn __ Madeira: Volume de Galhos ou Troncos no
ViT_MsQ ;
Leito + Sup / 100m - Classe de Tamanho 1
Abrigo: Média de Abrigos - Alga + Macrofita
XFC_ALMA B fo==e
(NEW)
Impactos antropicos: Proporgao de Impacto
XC_HALL Humano por Trecho (Numero de Registros nas
22 Medicdes) - < 10m (C)
OLEO_GX Oleos e Graxas
Qualidade "
NIT_TOT Nitrogénio Total Kjeldahs (NTK)
da dgua
COLL_TOT Coliformes Totais
CRQ Campo rupestre quartzitico
FEI_ERO Focos de erosdo
Usos do
solo EUCA Eucalipto
BREE Pastagem - incluindo campo sujo em éreas
adjacentes
APP_CRO Campo rupestre quartzitico em APP
APP_EUCA Eucalipto em APP
Usos do
Calti nas APP_ Instalacdo rural - abrangendo o entorno
APPs PROPR imediata das edificagdes em APP
Pastagem - incluinde campo sujo em dreas
APP_PASTO
adjacentes em APP
Ceres N_PROP Numero de propriedades rurais
social N_ATIV Diversidade de atividades agricolas

Figura 3: Descrigdo das varidveis selecionadas para a elaboragéo dos
modelos explicativos de habitat fisico e qualidade da dgua. APP = Area
de Proteg@io Permanente.

Variavel Pseudo-F R*Ad]. P
N_PROP 7,50 048 004
APP_EUCA 4,33 0,67 0,05
APP_CRQ 71,40 0,98 <001
N_ATIV 2,26 098 0,25
CRQ 1,04 098 041

Figura 4: Resultados das andlises de DistLM mostrando os efeitos das
varidveis pré-selecionadas do uso do solo, APPs e censo quando con-
sideradas em conjunto para explicar as alteragbes do habitat fisico e
qualidade da dgua.
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Os modelos de GLM demonstram o efeito significativo da combina-
¢do dos preditores N_PROP,APP_EUCA e APP_CRQ para explicar a razdo
entre a largura e talvegue sazonal e o nimero de coliformes totais nos
pontos de amostragem do Ribeirdo das Lajes (Fig. 5). As demais varidveis
respostas previamente selecionadas para os modelos ndo apresentam
relagOes estatisticamente significativas com os preditores (p > 0,05).

Variavel

racposts Preditor Estimativa Erro t/z P
N_PROP -201,7 48,5 4.1 0,015
:i:WD_ APP_EUCA 121479 1816,1 6,7 0,003
APP_CRQ 135,7 40,8 3,3 0,029
N_PROP  14405396,0 9021194,0 159 <0,001
.Eg_llil— APP_EUCA 3404514770 333026440 10,2 0,001
APP_CRQ  -7137108,0 7484330 -85 0001

Figura 5: Efeito significativo dos trés preditores selecionados sobre a
razdo entre alargura e talvegue sazonal e o nimero de coliformes totais.

Aselecdo de modelos indica que os trés preditores contribuem signi-
ficativamente para a presenca de coliformes (Fig. 6), com destaque para
adensidade de propriedades. De forma mais especifica, o aumento de
propriedades rurais nas sub-bacias e a substituicdo da vegetacdo nativa
por Eucalipto nas APPs promovem maior contaminagdo por coliformes
totais no Ribeirdo das Lajes.

N_PROP A
APP_EUCA -
APP_CRQ{
ey
o 25000 00 25000 50000 75000
- Coeficientes do rmodelo
(o]
0
N_PROP
APP_EUCA
APP_CRQ
0 25 50 75 100

Importancia relativa do preditor (%)

Figura 6: Média de preditores nos modelos com AAICc <4 para as varid-
veis resposta relacionadas & qualidade da dgua do Ribeirdo das Lages
(COLI_TOT). Os coeficientes médios (+ erro padréo, em vermelho), sGo
mostrados no lado esquerdo e os valores de importancia relativa no lado
direito. Um preditor ndo é considerado significativamente importante
quando os valores do erro padrdo (linha vermelha) ultrapassam o zero.
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Por outro lado, a manutengdo dos campos rupestres quartziticos
(CRQ) nas APPs resultam em menores indices de coliformes totais. Em
relagdo arazdo entre largura e talvegue, apenas a presenca de Eucalipto
nas APPs (APP_EUCA) é significativamente importante (Fig. 7).

APP_EUCA] }__|
APP_CRQ : {
=
<
& -10 00 10 20
g Coeficientes do modelo
©
x APP_EUCA
APP_CRQ
0 25 50 75 100

Importancia relativa do preditor (%)

Figura 7: Média de preditores nos modelos com AAICc <4 para as varidveis
resposta relacionadas ao habitat fisico (XBFWD_RAT). Os coeficientes
médios (+ erro padréo, em vermelho), sGo mostrados no lado esquerdo
e os valores de importancia relativa no lado direito. Um preditor ndo é
considerado significativamente importante quando os valores do erro
padréo (linha vermelha) ultrapassam o zero.

A sobreposicdo das anélises indica as sub-bacias que captam para
os pontos P6 e P7 como as areas nas quais as modificacdes no uso do
solo e a presenca de atividades antrépicas alteram os habitats fisicos e
qualidade da agua no Ribeirdo das Lajes (Fig. 8). Tais modificagdes refle-
tem principalmente na contaminag@o por coliformes totais (COLI_TOT) e
nas areas passiveis a alagamento (XBFWD_RAT), que ocorrem principal-
mente pela presenga de propriedades rurais (N_PROP) e substituicao da
vegetacdo nativa por plantagoes de Eucaliptos nas APP’s (APP_EUCA).
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Legenda

* CAV000
Ponto controle - Protocole EPA

Casa
Drenagem
Area de Influncia CAV-0001A/8
bacia
-aptam pars os pontos Pé e PT
ue captam para o ponta P8
Sub-bacia

Figura 8: A presenca de eucalipto nas APPs e as propriedades rurais localizadas nas bacias que captam aos pontos de amostragem P6 e P7 séo os
responsdveis pelas alteragbes na qualidade da dgua e habitat fisico no Ribeirdo das Lajes.

4, Discussao

Os resultados obtidos neste estudo destacam a importancia das
interacdes entre o uso do solo, as atividades antrdpicas e a qualidade
ambiental da bacia de contribuicdo do Ribeirdo das Lajes para a pre-
servagao das cavidades Lapa do Grotdo. A quantidade de propriedades
rurais e a substitui¢do da vegetagdo primaria por cultivo de Eucalipto
(principalmente nas APPs) sdo determinantes para as alteragdes na
qualidade da 4gua (principalmente coliformes totais) e habitat fisico
do Ribeirdo das Lajes. Tais alteragdes sdo decorrentes principalmente
das sub-bacias que captam para os pontos P6 e P7. O resultado indica
que regides a mais de 6km da Lapa do Grotdo sdo capazes de promover
a alterag0es significativas na integridade fisica e quimica do Ribeirdo
das Lajes e, consequentemente, na qualidade ambiental dos recursos
hidricos que acessam os ambientes subterraneos.

Mudancas no clima e na cobertura do solo sdo dois principais fatores
que afetam os processos hidroldgicos das bacias hidrograficas (CHIEN
et al. 2013). Diversos trabalhos apontam para alteragdes do habitat
fisico de riachos decorrentes de diferentes usos do solo (ex. GERGEL et
al.2002; URIARTE et al. 2011; LEAL et al. 2015). Distdrbios antrépicos na

5. Conclusao

Este estudo confirma que o uso do solo, a densidade de proprie-
dades rurais e as intervencSes nas Areas de Protecdio Permanente sdo
determinantes na alteracdo da qualidade da dgua e do habitat fisico do
Ribeirdo das Lajes, podendo gerarimpactos diretos na satide ecoldgica da
Lapa do Grotdo. Uma vez que o objetivo da bacia de contribuicgo hidrica
é garantir a estabilidade fisica e ecoldgica das cavernas, os resultados
deste estudo ressaltam necessidade de medidas para conservagao em
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paisagem promovem altera¢oes de aspectos importantes dos riachos
através da erosdo do solo e deposi¢do de sedimentos (MAAR et al. 2021),
fatores determinantes ao comportamento dos riachos como taxas de
vaporizagdo além de picos de fluxo e de inundagdo (TEKLAY et al. 2021).

Esses aspectos de riachos aldctones que acessam cavernas tém gran-
de potencial de regular os sistemas subterraneos. Além de direcionarem
processos erosivos e dissolutivos (FORD 1999), pulsos de inundagdo sdo
capazes dealterara complexidade de substratos presentes nas cavernas,
além de atuar importagdo de recursos alimentares (SOUZA-SILVA et al.
2013), e alterar padrdes da fauna cavernicola aquatica (PELLEGRINI et
al. 2018) e terrestre (SIMOES et al. 2016).

No que se refere as alteracdes da qualidade da agua, o descarte
irregular de esgoto doméstico, sem tratamento adequado é a principal
fonte de pressdo sobre os corpos d»agua no Brasil (ANA 2012). Padrdo
observado no presente estudo, onde os coliformes totais foram relevan-
tes no empobrecimento da qualidade da dgua, estando relacionado ao
numero de propriedades rurais.

sub-bacias localizadas no médio e alto curso da bacia de contribuigdo
hidrica das cavidades.

Desta forma, ressalta-se a necessidade de politicas plblicas que
sejam capazes de garantir o uso sustentavel desta bacia de contribui¢do
hidrica, visando manutencdo adequada dos ambientes subterraneos na
Lapa do Grotao, os quais foram indicados como extremamente relevantes
em contexto local e regional.
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Abstract

1. Introduction

The Dachstein Karst massif is the second largest in the Northern
Calcareous Alps (NCA), with an area of 576 km?. Its peak reaches 2995 m
a.s.l. (BEHMetal.,2016) The entire mountain range and the vast plateau
area are mainly composed of Upper Triassic limestone of the Dachstein
Formation, which reaches thicknesses of up to 1.5 km. Itis underlain by
Middle Triassic dolomite of the Wetterstein Formation, which only crops
outin the south of the massif. The Dachstein limestone is particularly rich
in caves, some of them are very large. To date, 810 caves with a cumu-
lative length of 290 km have been documented. The Hirlatzhdhle (no.
of Austrian Cave Register 1546/7) is the longest and deepest cave, with
alength of 117 km and a height difference of 1560 m (PLAN et al., 2002).

However, an outstanding cave exists that is primarily developed
in the dolomite, a rarity in the Eastern Alps. The Stiidwandhdohle (No.
1543/28; UTM 33N: 395 157 / 5 257 994) opens 0.9 km SSE and 1.2 km
below the summit at the foot of the impressive south wall at 1831 m
a.s.l. (SEEBACHER, 2006; 2012). So far, 11.6 km have been mapped with
adepth of 509 m. Only the parts close to the entrance, characterised by
rather small tubes with passage diameters in the range of 1 to 10 m?, are
developed in Wetterstein limestone. Most parts of the cave system are
developed in Wetterstein dolomite and are much larger, with passage
cross sections ranging up to 250 m?. In addition to being primarily de-
veloped in dolomite, the cave is notable for its overburden. As it reaches
below the summit area of the Dachstein, the maximum thickness of the
rock above the caveis 1.5 kmand, in some places, there are several tens
of metres of glacier on top (Fig. 1).

Here we would like to present another curiosity of the cave. In the
most distant parts of the cave, a small-sized conduit was discovered that
is almost entirely developed in consolidated clastic cave sediments. To
date, it has been mapped over a length of 700 m, but due to the physical
challenges, the end remains yet unknown. The objective of this paper
is to document the morphology of the tube and its surrounding as well
as the properties of both, the dolomite host rock and the consolidated
cave sediment, in order to hypothesise about the genesis.
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The Dachstein Karst massif, located in the Northern Calcareous Alps, is renowned for its extensive cave systems, primarily formed in Upper
Triassic limestone. This study focuses on the Slidwandhdhle, an exceptional cave system developed predominantly in Middle Triassic dolomi-
te, which is rare in the Eastern Alps. A particularly unique feature within the cave is a 700-meter-long tube predominantly formed in consolida-
ted fine to medium-grained cave sediment. The morphology of the tube and the surrounding passages are documented. The surrounding do-
lomite host rock and sedimentary characteristics are analysed to investigate the genesis of the tube. The study suggests that the development
may have been influenced by the large hydraulic head of the Dachstein massif and the considerable overburden of 1.5 km, which contributed
to the formation of the tube in the sedimentary rock. It is hypothesised to have formed in the interior of a pre-existing cave gallery where the
sediment was consolidated by pore water from the host rock, leading to a less consolidated area in the interior where the tube was formed by
erosion. It can therefore be considered a pseudokarst feature (i.e. a piping cave) within a karst cave.

Figure 1: Extent of Stidwandhdhle (purple) with the tube in the consolidated
sediment (red) in relation to the surface. Inset shows the location (red star)
within the Northern Calcareous Alps (NCA) and Austria.2. Site description
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2. Site description

The tube in the consolidated cave sediment is located in the north-
-eastern most part of the cave which is characterised by fewer branches
in contrast to some cave sections which are a bit labyrinthic. The sur-
roundings of the tube in the consolidated sediment can be described
as follows: from a big and more than 80 m high chamber, a large dimen-
sioned passage (Abschlundgang) with up to 250 m? across leads steeply
downhill along a fault dipping 45° to the NW. It gets less steep and, due
to sediments covering the floor, the dimension decreases progressively
until it becomes horizontal and reaches a constriction, which even had
to be dugout. In total the gallery leads down 230 m vertically (Fig. 2 &3).

Figure 2: The large Abschlundgang at its lower part, where sediments
already reduce the free cross-section.

3. Host Rock and cave sediment

As mentioned, the host rock is a dolomite, which in some cases
is present as dolomite cataclasite. Four rock samples were taken at
different places in the Abschlundgang and thin sections were prepared
and partially stained with Alizarin Red S (C14H7NaO7S) and potassium
ferricycyanide (K3[Fe(CN)6]). They show that samples from the host rock
consist of fine-grained dolomite with low iron content with minor calcite
veins. The cataclasitic parts are composed of dolomite fragments in a
micritic matrix. Some veins are filled with secondary sparite.

Generally bedding s not recognisable in the dolomite and although
faults are often exposed, they rarely seem to have an influence on the
direction of the passage - at least over longer distances. The galleries
often runin azigzag pattern with no recognisable dominantinitial fissure.

The consolidated cave sediment shows light to medium brown
colors and ranges in grain size from clay and silt in clasts, dominated
by sand, with rare quartz and dolomite grains reaching sizes of 1.5 cm.
The sedimentary rock often shows a bedding and elongated finger like

4, Discussion and conclusion

To our knowledge, no such tubes in consolidated fine-grained cave
sediment, at least with a comparable length, have been described so
far. The most obvious interpretation is that this tube runs in the sedi-
ment-filled branch or continuation of the spacious Abschlundgang. But
what is very unusual, however, is that the passage in the solidified cave
sediment usually does not run along any original cave wall at all, but
completely in the cave sediment rock over long distances.

One possible explanation would be that the sediment was solidified
by pore water from the surrounding walls, leaving less consolidated

Already in the lower section of the Abschlundgang, consolidated
cave sediments crop out on the floor and partly the walls. Shortly after
the constriction, the dimensions widen to around 3 x 3 m and a pit at
the side forms the entrance to the tube in the consolidated sediment.
With only a short side branch immediately after that, the passage (now
called Gosauschleichweg) continues for 1.05 km without any branching.

The almost vertical shaft that forms the entrance to the tube in consoli-
dated sediment is 20 m deep, whereby in the upper section only the ceiling
consists of dolomite host rock and the walls of solidified cave sediment
(Fig. 3). The shaft then turns into a sub-horizontal tube formed entirely
within the sedimentary rock (Fig. 4). In the tube, which usually runs a bit
uphill and downhill, the cross-section is only 0.5 to 2 m?, apart from a few
extensions. Only about 5% of the passage walls are made of the dolomite
host rock and these are mostly side walls. In some cases, dolomite boulders
are exposed in the solidified sedimentary rock or protrude from the wall. In
the middle section, the passage runs for afew metres alonga ceiling fissure
inthe dolomite and in the backmost so far known section, the passage leads
upwards three times and opens into small chambers in the dolomite host
rock, characterised by chimneys and cupolas, where no traces of a former
sediment filling can be seen (Fig. 4). In between and after the chambers,
the tube dives back into the consolidated sediment. In the current final
section, the tube descends steeply and reaches the dolomite at the base
of cave sedimentary rock. The known end is an unexplored 8 m deep pit.

The length of the tube, as mapped by now, is 705 m. From the top of
the entrance shaftit reaches down 80 m, but then extends again upward
60 m. The tube is still temporarily flooded and sediment marks indicate
a water depth of up to 89 m for the deepest point. Flow direction is into
the massif (east) which is in line with the erosion features in the conso-
lidated and unconsolidated cave sediments (Fig. 4).

structures. Three samples were taken and already the freshly exposed
surfaces show many small holes and a high porosity for some samples.
Again, thin sections were prepared and partially stained with Alizarin Red
S and potassium ferricycyanide. They consist of rounded to subrounded
componentsof mainly dolomite, calcite, quartz and scarce phyllites
which are embedded in a micritic matrix, in rare cases an iron-bearing
clay matrix. Further some black grains could be identified which are
probably iron-hydroxides, which are common in caves of the NCA and
are called pseudo-bohnerze (SEEMANN, 1979).

The only unconsolidated fine-grained sediment in the tube in the
consolidated cave sediment is white sand. It generally occurs in the
deepest parts (below about 1450 m) of Stidwandhdhle, most of which
liein the recent backwater area. It is a well-sorted fine-grained sand up
to several decimetres thick. It consists almost exclusively of carbonate
and is also common in the Hirlatzhohle (e.g. Alter Teil, Sahara), but is
much thicker there (PLAN et al., 2002).

sedimentin the interior. The passage has formed or is being formed (as
there is still through flow during floods) along these by erosion.
Possible factors that could favour the development of this, to our
knowledge, unique feature, and which make the Siidwandhéhle stand
out from the other caves in the NCA, are mentioned in the following. It
can be speculated that the development of the cave in a pure dolomite
could berelated to the big potential hydraulic head within the Dachstein
of 1.6 km. The big hydraulic gradient could also have played arole in the
formation of the tube in the sedimentary rock. The fact that the many
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known passagesin the Stidwandhdohle run over relatively long distances
without any side branching could be another factor, as well as the big
rock overburden which could lead to a narrowing of initial fissures and
thus more difficult conditions for karstification.

However, one would expect that if a gallery is filled with sediment
some compaction will lead to a small void between the ceiling and the

sediment before the solification. It remains unclear why the tube runs
in the sediment and not along the ceiling of the dolomite rock.

In general, the observed tube can be considered as piping cave
(HALLIDAY, 2004), eventually including the dissolution of the calcitic
matric of the sediment, within a karst cave.

+200 m 1615 m a.s.l.
+100 m
+0m max. present water level 1415 m a.s.l.

~ Gosau-
schleichweg

=100 m

20x15m iR edime ambe
20 m
. e pit
osa = assumed cetin®
i * bedm/
boulder
\lery
possible floor of the assumed 92

Figure 3: Above: Extended elevation of Abschlundgang and the tube in consolidated cave sediment. Left depth bar is relative to beginning of tube.
Below: schematic profile through the tube in consolidated cave sediment with the assumed passage walls; grey...dolomite host rock, brown...
consolidated cave sediment, white...air filled (not to scale, the tube is significantly enlarged).

295

Figure 4: (a, b) Typical profiles of the tube in the consolidated cave
sediment; the bottom is covered with a thin layer of white carbonate
fine sand). (c) Chamber where the tube reaches a cupola like dome in
the dolomite host rock. (d) Erosion features in the sedimentary rock
(view against flow direction; 13 mm spanner for scale). (e) Thin-section
photomicrographs of the dolomite host rock after staining with Alizarin
Red S. Only few veins appear red indicating calcite. (f) Thin-section of a
sandy part of the consolidated cave sediment (only left part is stained
with Alizarin Red S). Mainly dolomite, calcite, and quartz sand grains are
embedded in a calcitic matrix.
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Abstract

The Fern Cave ecosystem in northern Alabama provides vital habitat for the federally endangered Gray Bat (Myotis grisescens), hosting one of
the largest colonies in the world. With 25.1 km/15.6 miles of passages, Fern Cave is located in the Paint Rock River drainage basin in south-wes-
tern Jackson County, Alabama about 27 km/16.8 miles east of Huntsville. The cave is overseen by the U.S. Fish and Wildlife Service and the
Southeastern Cave Conservancy Inc., Fern Cave Preserve. The Geological Survey of Alabama had a partnership with U.S. Fish and Wildlife Ser-
vice since 2019 to collect water level, conductivity, and temperature data using OTT ecoLog 800 pressure transducer logger on an hourly/daily
schedule from October 2019 to January 2022 to determine aquifer characteristics in the areas within and around Fern Cave National Wildlife
Refuge. The major ionic composition of water collected from Fern Cave is dominated by calcium and bicarbonate ions. Temperature varied
from 15°C to 18°C. Conductance ranged between 342 and 398 uS/cm. Water levels at Fern Cave changed 3.99 m/13 feet in the cave, versus 5.78
m/19 feet in Paint Rock River, during the period of study. The purpose of this study was to define the aquifer characteristics and to establish a
water quality baseline to enable local, state, and federal agencies and interested citizens to develop, manage, and protect the water sources

that support the Gray Bat species.

1. Introduction

Fern Cave National Wildlife Refuge (FCNWR) is situated in the
Cumberland Plateau Physiographic Section, Jackson County Mountains
District (Ebersole etal.,20198), on Nat Mountain in the Paint Rock Valley of
Jackson County, Alabama (fig. 1). The geologic setting can be generalized
as nearly horizontal carbonate and clastic rock beds dipping slightly to
the south. The Fern Cave area is underlain by a stacked sequence from
Mississippian to Pennsylvanian carbonate and clastic rocks with a total
nearly 305 m/1,000 ft in combined thickness. The Fort Payne Chert

which is not exposed but is shown on the cross section (fig. 2) forms the
regional base in the area including Nat Mountain and Paint Rock River,
where Fern Cave is located. If the younger limestone strata overlying
the Fort Payne Chert are dissected by Paint Rock River interrupting the
respective aquifers movement from one side to the other of the river, at
the Fort Payne Chert level the aquifer is a continuous regional aquifer
which permits water and fauna movement across the area.

2. Karst hydrogeology and geology setting

Fern Cave has 25,154 m/82,525 ft of mapped passages (Alabama Cave
Survey, Accessed December 17,2024) with a vertical range of 163.4 m/536
feet. The extension of the cave is 1,442 m/4,730 ft (distance between
the furthest points of the cave), and the branching index is 17.40 (ratio
between the total length and extension), corresponding to a maze type
cave. The cave is located in an almost horizontal bedding plane setting
with a superimposed network of fractures, resulting in branchwork
stream passages in multiple tiers cave pattern (Palmer, 2007). The cave
has four entrances on the top of Nat Mountain, which mostly function as
sinking points for waters issued from the Pottsville and Pennington cap
rocks, water disappears underground into cave streams/rivers with great
discharge fluctuation. The underground path of the three main streams
was identified partially by a cave survey. The Lower North Cave Stream,
which flows south along a fracture/fault system parallel with the fault
along Paint Rock River is flowing, in the Middle Cave Section takes almost
90° turns, soon to junction the Bottom Cave Stream which comes from
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the south. North of this confluence, the Bottom Cave Stream with the
combined waters of both streams, flows first north and then northeast
to discharge in Paint Rock River through a spring located in Tuscumbia
limestones (fig. 3). During the life of the project, several trips were made
to the lower entrance of the cave to service a transducer. It was noticed
that in the wet season, Paint Rock River waters back flooded the cave,
with water resurfacing through the actual cave entrance and dischar-
ging in the main river. The cave passages were completely flooded for
weeks at a time, during the wet season (February-September) and the
force of the current moved the transducer cable. The above-mentioned
flow path identified by the cave survey was recently confirmed by dye
studies performed by the Kentucky Geological Survey (KGS) and the
United States Geological Survey (USGS) in 2023 (Miller and Tobin, 2023).
In addition, the dye studies defined the recharge area of Haley Spring,
where the largest volume of water comes from the Fern Cave/Surprise
Pit entrance, forming the Surprise Stream.
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Figure 1: Karst Map of Alabama showing the locations of cross Section A-A, Fern Cave, and USGS Station 03574500
(geology modified from Osborne et al., 1989).

3. Karst Hydrogeologic Map

The availability of groundwater in the karst aquifer system of the 3.1. Aquifers in which flow are mainly inter-
Fern Cave area varies widely due to geology, structure, and karstification.
granular.

A cross section and a karst hydrogeologic map depicts the occurrence
of water (figs. 2 and 3), the flow conditions, and spatial distribution of

geologic units with distinctive permeability (Ponta, 2019). 3.1.1. Local or discontinuous productive aquifers, or ex-

tensive but only moderately productive aquifers
Alocal aquifer hosted by alluvial deposits is located along Paint Rock

with deposits between 1.5 m/5 ft and 4.5 m/15 ft thick. Water is concen-
trated in open pore spaces between the grains, pebbles, and boulders.
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Figure 2: Regional east-west cross section through Highland Rim and Cumberland Plateau physiographic sections (Geology modified after Osborne
etal., 1989, 2013) 2.

3.2. Fissured aquifers including karst aquifers.

3.2.1. Fissured aquifers

3.2.1.1. Local or discontinuous productive aquifers, or extensive but
only moderately productive aquifers

This subcategory includes the Pottsville Formation of Early Pennsyl-
vanian which outcrops on Nat Mountain. Many faults and folds in the
Pottsville make it a hydrogeologically complex aquifer, and the groun-
dwater flow is generally limited to fracture zones, joints, and bedding
planes. These units generally yield small quantities of water to springs
that, at contact with the limestones, sink underground.

3.2.2. 2.2. Groundwater in karst aquifers
3.2.2.1. Highly productive karst aquifers

The Bangor Limestone aquifer is composed of karst material and
is partially confined in the Fern Cave area. The Bangor Limestone, Late
Mississippian in age (figs. 2 and 3), consists primarily of medium to
light gray, bioclastic, and oolithic limestone (Raymond et al., 1988). The
thickness of this unit at the site is 80 m/260 ft. The Late Mississippian
Hartselle Sandstone is predominantly thick bedded to massive and se-
parates the underlying Monteagle Limestone from the overlying Bangor
Limestone but at the site is very thin or absent. The Monteagle Limestone
consists of two members: the lower Saint Genevieve Limestone (Lower
Chesterian, Late Mississippian) and the upper Gasper Formation (Late
Mississippian). Averaging 61 m/200 ft thick, the Monteagle consists of a
thickly-to massively bedded, fossiliferous and oolithic limestone. Where

4. Materials and methods

The Geological Survey of Alabama (GSA) installed an OTT ecolLog
800 transducer placed at 200 m/630 ft. inside the cave on Bottom Cave
Stream, along with an intelligent OTT ITC top cap installed at the Fern
Cave entrance, which transmitted the data in real time to the GSA office in
Tuscaloosa, Alabama. Unfortunately, a trespasser severely damaged the
device in January 2022. The precipitation data was recorded at the GSA
Station at Cathedral Caverns located 14 km/8.6 miles southeasts from
thessite. The Paint Rock River water level elevation was downloaded from
the USGS station number 03574500, at Woodville, Alabama, located on

it is present at lower elevations, Monteagle serves as a reliable source
of drinking water.

3.2.2.2. Moderately productive karst aquifers

The topographically low areas in the study area are at the base of
Nat Mountain, along Paint Rock River, where the Tuscumbia Limestone is
present at the surface as a narrow strip-oriented northeast to southwest.
The Tuscumbia Limestone formed during the Carboniferous, Late Missis-
sippian (Meramecian) when this area was covered by a shallow sea. It is
located stratigraphically below the Monteagle Limestone and Pennington
Formation and above the Fort Payne Chert. The Tuscumbia Limestone
is composed of light gray bioclastic or micritic, partly oolitic limestone
in beds that generally are more than 0.3 m/1 ft thick.

3.3. Strata (granular or fissured rocks) forming
insignificant aquifers with local and limi-
ted groundwater resources or strata with
essentially no groundwater resources

3.3.1. Minor aquifers with local and limited groundwater
resources

The Mississippian Pennington Formation generally contains shale,
limestone, dolomite, sandstone, mudstone, and coal. The thickness of
the Pennington Formation is 64 m/210 ft. The presence of carbonate
interbeds within the Pennington Formation creates karstified intervals,
which result in springs discharging from the base of the formation at its
contact with the underlying Bangor Limestone (Miller and Tobin, 2023).

the Highway 72 bridge, 2, 4.7 km/3.6 miles south of the cave. The datum
of gage is 174 m/570.95 ft above the National Geodetic from the site. A
hydrogeologic cross section was produced to show the relationships
between different geologic formations for specific locations within the
project area, along with three graphs (fig. 4) showing time series data
for the period of record was also generated. Two water samples were
collected from the same location on Bottom Cave Stream in September
2019 and October 2020.
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Figure 3: Karst Hydrogeologic Map of Fern Cave Area. Complete cross section line A-A’ shown on figure 1. Yellow arrow shows flow directions identi-
fied from KGS and USGS (Miller and Tobin, 2023, geology modified after Osborne at al., 2013; cave survey data provided by Stephen Pitts, Fern Cave
Project written communication 2023).
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Figure 3: Karst Hydrogeologic Map of Fern Cave Area. Complete cross section line A-A’ shown on figure 1. Yellow arrow shows flow directions identi-
fied from KGS and USGS (Miller and Tobin, 2023, geology modified after Osborne at al., 2013; cave survey data provided by Stephen Pitts, Fern Cave
Project written communication 2023).

5. Results and discussions

Plots of daily parameter measurements for specific conductance and
surface water elevation are depicted in figure 4, along with daily precipi-
tation records provided by a GSA station. Rainfall visually corresponds
with rising water level in Fern Cave. The water-level elevations of Paint
Rock River are also presented on the graph for the period monitored.

Water-quality data

Two water samples were collected from Fern Cave about one year
apart. The field parameters data and selected constituents are presented
in Table 1. The estimated flow rates ranged from 3 to 5 L/s. There is no
significant variation between the two samplesin water chemistry baseline,
specific conductance and temperature. The water samples had slightly
basic pH values (7.8 - 7.9), moderate specific conductance (342 to 398 uS/
cm) and 241 to 193 milligrams per liter (mg/L) total dissolved solids. Tem-
peraturesvaried from 15 to 18° C. Total hardness is expressed as the total
concentration of Ca2+and Mg2+as mg/L equivalent of CaCO3. Measured
water total hardness varies from 62 to 160 mg/L CaCO3. Both samples
exhibit small amounts of chlorite (1.45 to 1.01 mg/L) and nitrates (1.11
to 1.04 mg/L) and slightly elevated sulphate level (14.90 to 5.31 mg/L).

6. Conclusion

The major ionic composition of water collected from Fern Cave is
dominated by calcium and bicarbonate ions. All constituents that are
present in the water meet or exceed drinking water standards. Water
temperature varied from 15°C to 18°C. Conductance ranged between
342 and 398 pS/cm. Water levels at Fern Cave changed 3.99 m/13 feet
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The concentrations of sodium measured ranged between 2.69 and 1.83
mg/L. The presence of Mg2+ ranged between 12.10 and 7.06 mg/L and
Ca2+from 4.58t0 52.20 mg/L. In natural waters unaffected by pollution,
trace metals occurin low concentrations, generally <1.0 ug/L. Chromium
was detected from 0.001 to 0.0006 mg/L. The drinking water Maximum
Contaminant Level (MCL) for chromium (Il1) is 0.1 mg/L. Manganese was
detected only in the 2020 samples at 0.0046 mg/L concentration. The
drinking water MCL for manganese is 0.05 mg/L. Overall, the majorionic
composition of water collected from Fern Cave is dominated by calcium
and bicarbonate ions. The Langelier saturation index (LI) has been used
to evaluate the degree of saturation of waters with respect to CaCO3
based on the pH of the water and the pH at which the water becomes
saturated. For the investigated groundwaters, Ll values are-1.1and -0.2.
The negative values indicate that groundwater is undersaturated with
respect to calcite and tends to dissolve carbonate minerals from the host
rock, demonstrates that fast water movement of the stream through the
limestone stack has no time to saturate during short travel time. This fact
is supported by the dye studies performed by KGS and USGS recording
short travel time/velocity through the cave system.

in the cave, versus 5.78 m/19 feet in Paint Rock River, during the period
of study. Overall, the analytical data indicates that the investigated Fern
Caveareais notimpacted by the present land use in the area. Any future
developments on Nat Mountain have to be carefully reviewed to be sure
to have no negative impact in the cave biota
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Drinking Drinking
Water Fern Cave Water Fern Cave
Standards Standards
9/26/19 10/21/20 9/26/19 10/21/20
. mg/L as
pH units 6.5-8.5 7.90 7.80 Hardness CaC03 62.00 160.00
Conductivity pS/cm 398.00 342.00 Mercury pg/L 0.002 0.0135 0.00
Dissolved Oxygen mg/L 7.20 4.80 Potassium mg/L 0.8030 0.7290
Temperature °C 18.00 15.00 Lithium ng/L 18.10 8.70
Discharge L/s 3.00 5.00 Magnesium mg/L 12.10 7.06
Discharge cfs 0.17 0.18 Manganese ng/L 0.05 - 4.66
Solids, Total Dissolved mg/L 500 185.90 185.90 Sodium mg/L 2.69 1.83
Solids, Total Dissolved mg/L 500 241.00 193.00 Nitrite as Nitrogen mg/L 1 1.11 1.04
Total Dissolved Solids mg/L 500 259.00 222.00 Nitrite as NO3 mg/L 491 4.60
Bicarbonate mg/L 169.00 160.00 Nitrate and Nitrites as N mg/L 1.11 1.04
Nitrates and Nitrites as
Carbonate mg/L 1.00 1.00 NO mg/L 4.91 4.60
3
Carbon Dioxide, Free mg/L 4.00 5.00 Ammonia as N mg/L 0.03 0.08
Boron mg/L 0.0103 0.00 Total Kjeldahl Nitrogen mg/L 0.15 0.38
Barium mg/L 2 0.0418 0.12 Phosphorus mg/L 0.01 0.00
Bromide mg/L 0.07 0.08 Rubidium ng/L 0.68 1.06
Calcium mg/L 4.58 52.20 Silicon Dioxide mg/L 7.01 6.14
Chloride mg/L 250 1.45 1.01 Sulfate mg/L 14.90 5.31
Cyanide mg/L 0.2 0.00 0.0034 Strontium ng/L 361.00 212.00
Cobalt ng/L 1.00 0.00 Titanium ng/L 3.60 4.30
Chromium png/L 1 1.00 0.60 Turbidity NTU 7.80 6.00
Copper ng/L 1 - 2.00 Vanadium ng/L 2.35 4.00
Dissolved Solids, calculated] mg/L 150.00 176.00 Zinc ng/L 5 7.70 62.40
Fluoride mg/L 4 0.00 0.07 Chemical Oxygen Demand | mg/L 21.00 13.00
Iron pg/L 0.3 50.70 6.60

Table 1: Field parameter and water quality data collected September 26, 2019, and October 21, 2021, at Fern Cave, Jackson County Alabama.
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Abstract

toring points.

1. Introduction

In June and July 2018, headline news was made in northern Thailand
of the rescue of a junior soccer team from Tham Luang Cave (fig. 1).
Consequently, several Thai state agencies received funding to perform
hydrogeological studiesin the area. Between 2018 and 2023, the Depart-
ment of Groundwater Resources and the Thailand Institute of Nuclear
Technology, with the Department of Mineral Resources and the Depart-
ment of National Parks, Wildlife and Plant Conservation, performed dye
studies to delineate the recharge area of the Tham Luang Cave System
and corresponding aquifer for future systematic management of these
water resources. The study area (Tham Luang-Khun Nam Nang Non
Forest Park/Limestone Mountain Range) is located in the northern part
of Thailand along the Thai-Myanmar border, in Mae Sai District, Chiang
Rai Province (fig. 1). The general topography consists of a limestone
mountain range oriented north-south, traversed by narrow steep valleys
(canyons), along with steep cliffs and sharp peaks reaching 1000-1,200
meters in elevation. The northern region has a tropical climate, humid,
hot, and dry, receiving most of its precipitation during the rainy season

1) Geological Survey of Alabama, 420 Hackberry Lane, Tuscaloosa, Alabama 35401 U.S.A. gponta@gsa.state.al.us (corresponding author)

2) Department of Groundwater Resources 26/83 Soi Ngam Wong Wan 54, Lad Yao, Chatuchak, Bangkok, Thailand 10900 vanachawan.h@dgr.mail.go.th
Department of Mineral Resources 75/10 Rama 6 Rd., Thung Phaya Thai, Ratchatewi, Bangkok, Thailand 10400 alekchaiporn@gmail.com

4) Thailand Institute of Nuclear Technology (Public Organization) 9/9 Saimoon, Ongkharak, Nakhon Nayok, Thailand 26210

In June and July 2018, the rescue of a junior soccer team from Tham Luang Cave, in northern Thailand made headline news. Consequently,
several state agencies received funding to perform studies in the area, including delineation of the recharge area of this cave system. The task
was partially funded by the International Atomic Energy Agency under THA5057 project. In November 2023, two tracer studies were performed
by Department of Groundwater Resources (DGR) and Thailand Institute of Nuclear Technology (TINT). On November 7, 2023, fluorescein was
injected in a swallet along Huai Nam Dan Valley follow by a second injection with Rhodamine WT on November 8, 2023, in a swallet halfway
along Huai Pak Tin Fai Canyon. On November 8, 2023, the fluorescein dye was visibly observed at Tham Luang Cave, and subsequentially at
Tham Luang Cave Well and Morakot Pool. Rhodamine WT was identified at Tham Pla Spring, with more than 50% of the dye flowing over the
sinking point dammed by DGR personnel. The monitoring continued for three weeks at nine locations. No dyes were detected in other moni-

(mid-May to September or early October). The mountain range in the
Tham Luang-Khun Nam Nang Non Forest Park area consists of approxi-
mately 25 percentigneous rocks (diorite, granodiorite, granite, gabbro,
basalt), approximately 25 percent sedimentary and metamorphic rocks
(shale, sandstone, limestone, volcanic pebbles, tuff, semi-metamorphic
rocks, quartzite, slate, marble), and approximately 50 percent detritus,
gravel, sand, silt, clay. The geological age ranges from Silurian-Devonian
to Quaternary. Faultsin the area are oriented approximately northeast-
southwest and include normal faults clearly visible in the limestone of
Doi Nang Non and reverse faults presentin the Tham Luang-Tham Liang
Pha area ‘s marble. The fault plane strike is approximately north-south,
dipping approximately 50 to 80 degrees, east or west. Water disappears
underground along these planes, generating the Tham Luang galleries
with a branchwork stream passages cave pattern (Palmer, 2007). The
Caves Tham Luang-Khun Nam Nang Non National Park survey was
cordially provided by Martin Ellis.

2. Karst hydrogeology and geologic setting

The geological structure of the study area was controlled by the Her-
cynian Orogeny during Carboniferous—Permian followed by the Indosinian
Orogeny in the Triassic and the Himalayan Orogeny in the Tertiary period.
These events led to the formation of the Tham Luang-Khun Nam Nang
Non Limestone Mountain Range with an igneous rock (diorite, granite)
core oriented approximately north-south and Carboniferous-Permian
sedimentary rocks strata (limestone, shale) discontinuously overlaying
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the eastern flank. The Carboniferous-Permian sedimentary rocks formed
a limestone ridge oriented north-south traversed by east-west faults,
along which steep, narrow canyons developed. At the foothills of this
limestone ridge to the east, a large plain, the Mae Sai Basin is located
with an aquifer recharged by waters flowing down from the Nang Non
Mountain Range.
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Figure 1: Map of Southeast Asia showing the location of Tham Luang Cave.

Karst hydrogeologic map

The availability of groundwater in the karst aquifer system of the
Tham Luang - Khun Nam Nang Non area varies widely due to geology,
structure, and karstification. A karst hydrogeologic map depicts the
occurrence of water (fig. 2), the flow conditions, and spatial distribution
of geologic units with distinctive permeability (Ponta, 2019).

2.1. Aquifersin which flow are mainly inter-
granular.

2.1.1. Extensive and highly productive aquifers

Water is concentrated in open pore spaces between the grains, pe-
bbles, and boulders of the Mae Sai Basin, located east of the limestone
ridge. The sediments are mostly sand, clay and gravel with a thickness
ranging between 40 and 260 m. Several wells were installed in this unit,
including the San Sai Non School artesian well, located about 6 km
east of the limestone ridge, was used during the dye study monitoring
network, with water levels recorded at +0.17 m above land surface. It is
a4 inches diameter well, 160 m deep.

2.1.2. Local or discontinuous productive aquifers, or ex-
tensive but only moderately productive aquifers

The Hillside rock fragments sedimentation unit is a fan shaped
colluvial deposit, present at the foothills of the Tham Luang-Khun Nam
Nang Non Mountain Range at the east end of the canyons (example Huai
Pak Tin Fai). The thickness of the unit is up to 80 meters, and consists
of medium and coarse gravel layers, mixed with sand containing local

shallow aquifers, where domestic dug wells are present.
2.2. Fissured aquifers including karst aquifers.

2.2.1. Fissured aquifers

2.2.1.1. Local or discontinuous productive aquifers, or extensive but
only moderately productive aquifers

This subcategory includes middle Carboniferous-Permian units
which appear as two narrow strips oriented almost north-south along
the western edge of the limestone ridge. It consists of gray-black, gree-
nish-gray, thin-layered shale, interbedded with greywacke sandstone.
In some areas, slate, schist, quarzitic schist, and quartzite fragment are
present, with a thickness ranging from 20 to 70 m. These units generally
yield small quantities of water to springs that, at limestone contacts,
sink underground.

2.2.2. Groundwater in karst aquifers
2.2.2.1. Highly productive karst aquifers

The Upper Part of Late Carboniferous-Permian (CP3-2) in Tham
Luang area-Khun Nam Nang Non consists of grayish white, white marble,
finely crystalline with occasionally medium size grains, about 2 to 70
cm thick strata. It is largely present in the area forming the limestone/
marble ridge which holds a highly productive aquifer with extensive
karst features and hosts the Tham Luang Cave.

The springs located at the foothills of the limestone/marble ridge
serve as a reliable source of drinking water.
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Figure 2: Karst Hydrogeological Map of Tham Luang Cave Area (hydrogeology legend from Ponta 2019, geology modified after DMR, 2021)

2.2.2.2. Moderately productive karst aquifers

The lower part of the Late Carboniferous-Permian deposits (CP3-1)
outcrop sporadically in the topographically high area of the western side
of Tham Luang area - Khun Nam Nang Non Mountain range, mostly at
contact with non- karstic rocks and on a larger area in the south of the
study area, in the vicinity of Huai Khrai Spring. The Lower group (CP3-1):
consists of gray, grayish-black limestone, finely crystalline, thin to medium
thick layers with average thickness 10 to 20 centimeters up to about
40 centimeters, interbedded with thin layers of shale and occasionally
chertand an abundance of fossils (e.g., Brachiopods, corals, crinoids and
foraminifera, etc.). Some strata of this units are extremely karstifiable,
due their presence in small areas, their aquifers are of local importance
and more than likely are interconnected with the marble aquifer.
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2.3. Strata (granular or fissured rocks) forming
insignificant aquifers with local and limi-
ted groundwater resources or strata with
essentially no groundwater resources

2.3.1. Strata with essentially no groundwater resources

Theigneous rocks (diorite, granite, shale) from various periods on the
western side of the limestones ridge are not a groundwater resource. All
the surface waters formed on these units are organized in stream which
at contact with the karstic rocks disappears underground, generating
solution features and cave passages.
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3. Materials and methods

Between November 5 and 27,2023, a tracer study was performed by
Department of Groundwater Resources (DGR) and Thailand Institute of
Nuclear Technology (TINT) with Mr. Chaiporn Siripornpibul, Department
of Mineral Resources (DMR) assisting in the Tham Luang Cave area for
recharge area delineation. On November 5,2023, 15:35, 3.8 kg of fluores-
cein was injected in a swallet along Huai Nam Dan Valley (fig. 2) follow
by a second injection on November 8, 2023, 16:05 in a swallet halfway
of Huai Pak Tin Fai (Huai Makok) Huai Pak Tin Fai Canyon, this time
being used 15.5 Lbs. of liquid Rhodamine WT (approx. 7 kg in weight).
Nine monitoring stations were established as follows: (1) Tham Luang
Cave, (2) Tham Luang Cave Well, (3) Ban Chong Reservoir, (4) Morakot
Pool, (5) Tham Pla, (6) Khun Nam Pong, (7) Huai Khrai, (8) San Sai Noi
School Well, and (9) Huai Pak Tin Fai (downstream/eastern end of the
canyon). Afew days before the dyes’ input, background monitoring was
implemented, charcoal bags were installed, and water samples were
collected at above mentioned locations. Collection activity continued
ata 24 hours interval after the dye input. Discharges were measured at
allinjection and monitoring stations. At Morakot Pool the in situ device
(Turner Design C3) owned by DGR was installed at the beginning of the
background monitoring. During the test, a Turner Design 10-AU-005-CE
Fluorometer of TINT was used to analyze in situ water samples collected
across the site. On November 8,2023, 8:30, the fluorescein dye was visibly
observed at Tham Luang Cave (fig. 3). For the next couple of days, the
sampling interval was changed to approximately 6 hours (three times
per day - no sampling between 24:00 and 8:00). The stream at Tham
Luang Cave disappeared on November 19,2023, 23:48. Selected charcoal

4. Results and discussions

Discharges were measured at all injection points and monitoring
stations (Table 1). At the injection points, the flow ranged between 11
and 79 L/s. The second injection was performed after heavy rain which
resulted in a fastincrease in the rate flow ( 11 versus 79 L/s). Springs flows
were mostly above 100 L/s, the two mains monitored springs, Tham Pla
and Morakot with over 500 L/s. Analytical results of the water samples
collected from the sinking points and main springs are presented in Table
2.Itis notable the difference in Ca? concentration between sinking points
(20.40 and 20.48 mg/L) versus resurgence, where Ca* ranges between
55.22 and 97.61 mg/L. Fluorescein dye was visibly observed at Tham
Luang Cave on November 8, 2023, after 17 hours, and subsequently
detected at Tham Luang Cave Well, and at Morakot/Emeral Pool, after
48 hours. Rhodamine WT was identified in water samples and charcoal
bags after 84 hours at Tham Pla Cave/Spring, although more than 50%
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bags were qualitatively analyzed courtesy of Geary Schindler with Karst
Works, Inc. The analyses confirm the presence of fluorescein in charcoal
bagsinstalled at Tham Luang Cave, Tham Luang Cave Well,and Morakot
Pool. Rhodamine WT was identified at Tham Pla, with more than 50% of
the dye present at sinking points dammed by DGR personnel. No dyes
were detected in other monitoring points. Based on this finding, another
set of selected charcoal bags were sent to be analyzed quantitatively by
Ralph Ewers with Ewers Water Consultants Inc. (EWC). The results were
reported in Fluorescence Units (FU) (fig. 4).

Figure 3: Fluorescein dye at Tham Luang Cave.

of the dye flowed over the sinking points dammed by DGR personnel.
The monitoring continued for three weeks at all nine locations. No
dyes were detected in other monitoring points. Results from the study
demonstrate that the swallet along Huai Nam Dan Valley/Canyon is
directly connected to Tham Luang Cave System and Morakot/Emerald
resurgence, while the downstream section of Huai Pak Tin Fai Valley
is connected to Tham Pla Cave/Spring. Therefore, the people living
upstream, using large amounts of water, fertilizers and pesticides, and
detergents or dumping garbage into the waterway, will directly affect the
quantity and quality of groundwater for communities. Acomprehensive
figure (fig. 4) shows the graph for the results of water and charcoal bags
and in situ devices for the life of the project at Tham Luang Cave, Tham
Luang Well, Morakot and Tham Pla Springs.



19t International Congress of Speleology and 38° Congresso Brasileiro de Espeleologia - Belo Horizonte 2025 - Vol. II

ST SIDISHTON] ]

2etT
let7
Se6

e e e e Tt
|
|

]
u,'g':} -

Sardoal b

NESCRE - o

| THam Ludang Cyve (Fluo

e

e e T PR

u

& HRSEES ES

& ! i =

e o
|

R e e
| |
e e .:A.,_..‘.

1400

SN[ SMDIEAI|

| | s Ty

| -

400 —r—————

(1/An)}moasaron] g

1400

SYII[] AOURIEAION] ]

BT SOTEROSR TOM].]

i

e
&
le+5

S AR TN

i TGRS

=
i

Lis oz e
e
]

Now: 72005 15:35

* Fluorescein Dye lnput

(@) massaton g

L= =T — =T = — =
L= — =T = R —
T N D M g

SJIU[] ADUIIFANHAI] ]

Figure 4: Graph showing dye studies results performed in Tham Luang Cave area.
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m/s

0.6

7

0.14
1.0

0.50
0.15
0.13
0.20
0.18

4

Velocity

feet/sec

2.19
0.45
3.42
1.63
0.48
0.41
0.64
0.59

Montoring or Injection Stations

Morakot

Tham Pla

Khun Nam Pong
Huai Khrai

Hua Nam Dan Injection Point

Hua Nam Dan Upstream Injection Point

Huai Pak Tin Fai Injection Point

Huai Pak Tin Fai Downstream/Waterfall

Table 1: Velocity and discharge measurements at the site before dye injections.
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Date Sample ID pH | Sp.Cond | TDS | Mg K Ca Mn Fe Zn |Flouride|Chloride| Nitrate |BromidePhosphatq Sulfate

uS/em  |mg/L | mg/L | mg/L |mg/l | mg/L | mg/L | mg/L | mg/L mg/L mg/L mg/L mg/L mg/L
11/7/2023 |Huai Nam Dan 7.08 274 136 | 4.88 0.68 |20.40| 0.01 0.01 001 0.35 1.89 0.00 1.08 n.a. 1.58
11/7/2023 |Huai Pak Tin Fai 7.76 520 260 | 4.85 0.68 |20.28] 0.01 001 ] 001 0.36 2.02 0.00 4.56 1.11 2.70
6/6/2023 |Ban Chong Reservoir| 7.67 872 425 | 5.53 0.88 |55.22] 0.00 0.11 ] 0.00 0.35 112 0.00 0.56 n.a. 1.17
11/7/2023 |Morakot Pool 7.57 578 284 | 331 0.49 |65.19| 0.01 0.02 001 0.34 0.67 0.00 0.48 n.a. 1.23
6/6/2023 |Tham Pla 342 | 098 |70.69] 0.01 0.01 ] 0.04 0.35 0.89 0.00 2.33 n.a. 1.20
6/6/2023 |Tham Luang Cave 7.53 746 385 | 042 | 0.71 183.29] 0.00 001 ] 001 0.00 097 0.00 5.64 n.a. 0.73
11/8/2023 |Khun Nam Pong 2.28 0.78 |97.61] 0.04 0.01 | 0.003

Table 2: Water Quality Data (in italics water samples collected from swallets)
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Abstract

the material deposited in the conduits.

1. Introduction

Karst reservoirs are heterogeneous systems whose functioning is
challenging to understand due to their complexity. Their formation often
results from a succession of geological events, the signals of which overlap
and interact to shape the current state and dynamic of the karst (Baral et
al.2023)which modifies theinitial petrophysical properties (i.e., porosity
and permeability. Characterizing these systems requires an integrative
approachinvolving the detailed study of each of these structuring events,
theirimprint on the system, and their role in the overall evolution of the
reservoir (De Waele et Gutierrez 2022). Among these records, karstic
infillings hold significant importance as they preserve traces of events
often erased from the surface by erosion.

In mountain environments, karst infillings occur in three main types:
1/ coarse, poorly sorted deposits such as debris flows, conglomerates,
or breccias, 2/ fine deposits such as silts or clays and 3/ speleothems.
Debris flows indicate abrupt events characterized by the rapid transport
of poorly sorted sediments (Bauer 1989; Vanara 1997). In contrast, fine
deposits result from the flooding of galleries and a calm hydrodynamic
regime favorable to particle deposition. These flooding may be caused
by sediment plugs, deposited by glaciers or not (Lignier et Desmet
2002)la grotte sous les Sangles contient une riche séquence de dépdts
détritiques (dépdts glaciaires et fluviatiles, formation laminée et ryth-
mée or by a localized rise in the base level caused by the obstruction
of a glacier (Audra et al. 2007). When these sediments are fine grained,
laminated, and deposited in relation to glacier control, they are called
pseudo-varves. During temperate periods, speleothems develop in caves
and may frame the sedimentary deposits, reflecting paleoenvironmental
changes within the massif (Jaillet et al. 2023).

The study of karst infillings uses classical sedimentological methods:
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Studying karst sediments provides access to geological archives often erased from the surface by erosion. Understanding these geological
archives gives information on the evolution of the karstic massif. In this study, we aim to show how the analysis of sedimentary sequences
preserved in certain caves in the Dévoluy massif, France, can lead to a better understanding of the evolution of the karst within the area in an
alpine context. A precise characterization of the karst deposits was carried out to understand the sedimentary dynamics and the paleo-envi-
ronmental context during deposition. We show that the succession of warm and cold episodes led to varied filling dynamics organized around
four major facies types that reflects these environmental variations. Using paleomagnetic dating, we show that ancient glacial phases were
recorded in the massif, much earlier than those described (prior to 722 ka). U/Pb dating of the speleothems framing these deposits will provide
more precise age information. Mineralogical characterization of the fine-grained sediments will also enable us to better constrain the origin of

outcrop surveys, facies descriptions, granulometric and mineralogical
analyses, and sedimentary architecture (Lignier et Desmet 2002; Perroux
2005; Quinif et Maire 1998; Sbai et al. 1995)la grotte sous les Sangles
contient une riche séquence de dépéts détritiques (dépbts glaciaires
et fluviatiles, formation laminée et rythmée. These observations can be
complemented by dating methods: paleomagnetism (Audra et Rochette
1993; Zupan Hajna et al. 2010), radiochronology on speleothems (U/Th
and U/Pb), or cosmogenic nuclide dating on allochthonous sediments
(Granger et Muzikar 2001).

In this study, we provide a detailed description of karst deposits
observed in several caves of the Dévoluy massif in the French Alps. A
precise characterization of these sediments and their depositional set-
tings gives paleogeographic and paleoenvironmental constraints on the
evolution of the karst reservoir. Paleomagnetism brings some constraints
on the age of the deposits and a refined model for the evolution of the
Dévoluy karst system.

The Dévoluy massif, located in southeastern France, is the highest
subalpine massif, reaching an altitude of 2,798 m. Its current morpho-
logy is the result of successive structuring phases during the Cenozoic,
which led to folding, thrusting, and uplift of the massif (Meckel, Ford,
et Bernoulli 1996). This structural imprint is overlain by relief shaping
through Mio-Pliocene erosion and the impact of Quaternary glaciations
(Mai Yung Sen et al. 2024; Monjuvent 1979)’emplacement du bassin
du Drac commence a en émerger partiellement dés la fin du Crétacé
( Sénonien . The study area is mainly composed of Upper Cretaceous
(Campanian-Maastrichtian) limestones folded into a double north-south
syncline separated by the median Dévoluy thrust. This unitis deposited
unconformably on marly-limestone terrains from the Lower Cretaceous
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and Jurassic (Michard et al., 2010) forming a low-permeability, poorly
karstified basement. In the central part of the massif, carbonates and
detrital deposits date from the end of the Eocene up to the Oligocene
(Grosjean et al. 2017; Huet 2024; Meckel, Ford, et Bernoulli 1996) (Fig. 1).
The massif is highly karstified, with over 600 documented caves, some
reaching nearly 1,000 m of depth (e.g., Rama-Aiguilles system). The
underground drainage converges toward a nearly unique karst outlet
to the north, the Gillardes springs (Bonhomme 1972; Luparini 1975;
Zappelli, Belleville, et Jagercikova 2018). Only a portion of the Pic de Bure
plateau is drained southward toward the Sigouste spring (Maire 1980).
Karstification is predominantly controlled by geological structure, with
vertical shafts or steep ramps developing along fault zones or fracture
corridors and meandering passages strongly controlled by their dip. A
few horizontal perched and abandoned drains reflect older phases of
karstification. This is the case for the Jalabres cave, where infillings of
allochthonous fluvial pebbles have dated the karst to at least 12 Ma
(Jagercikova et al.2021; Lemot et al. 2023)sands and clays, which formed
endokarstic deposits. According to petrographic diversity with presence
of granite, orthogneiss, varia gneiss, migmatites, amphibolic gneiss,
volcanic basic rocks, sandstones and even limestone with nummulites,
these alluvions originate from the SW of the Ecrins massif (Champsaur
and Valgaudemar.

Few other studies have focused on the genesis and evolution of the
Dévoluy karst networks, apart from Audra (2000), who identified infillings
and speleothems with reversed magnetic polarity in the Chourum du
Goutourier, providing evidence for karstic drains older than 722 ka.

2. Materials and methods

Our research focused on three caves in the Dévoluy massif, selected
for the quality and diversity of their sedimentary infillings. These caves
represent a common type in the massif, developing along the dip of
limestone strata. All three studied caves are located on the western part
of the massif, corresponding to the Dévoluy thrust footwall and differ in
altitude, development, and morphology (Fig. 2).

The Rama-Aiguilles system, the deepest in the massif, reaches a
depth of -980 m. The Aiguilles branch consists of shafts and meanders,
initially guided by faults and dip of the cretaceous limestone. The Rama
branch is characterized by large chambers in its middle section before
joining the Aiguilles branch, where active water flow is observed. The
studied outcrops is Musée aux Varves (MV) at -510 m (altitude 1760 m).

The Baume des Toulousains (2280 m) develops along fracturesin its
upper section down to -70 m, before following the dip in a large gallery
that branches into smaller passages below -200 m. The studied outcrop
(BT) is located in the lower part of the large gallery, around -150 m (altitude
2130 m), where sediments are well-preserved beneath collapsed blocks.

The Chourum du Goutourier (2300 m) reaches a depth of -431 m,
with deposits found at (GU3_aand GU3_b at2180 m) and at-200 m (GU5
at 2100 m), in conduits following the dip. GU3 corresponds to the same
site described by Audra (2000).

Sediments were studied using following methods: facies descrip-
tions, sampling for composition analysis, and collection of selected
deposits for dating.

For unconsolidated sediments such as pseudo-varves and clays,
X-ray diffraction (XRD) analyses are ongoing and will determine their
mineralogical composition. These analyses will be supplemented by
the study of heavy minerals to identify sediment sources, palynological
analyses to reconstruct the paleoenvironmental context, and calcimetry
to quantify the carbonate content.

Two types of deposits were sampled for dating. The first type,
comprising unconsolidated or indurated sediments and speleothems,
was for paleomagnetism. Samples were oriented using a compass to
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Figure 1: Geology of the Dévoluy massif and associated cross section.
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Figure 2: Synthetic topography and location of described outcrops in the
three studied caves. Note that scales are different.
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preserve their orientation relative to magnetic north. The second type,
consisting of speleothems, was collected for U/Pb and U/Th dating,
depending on the presumed age of the speleothems. These dating
analyses are still ongoing.

Figure 3: A) fine sediments oriented and sampled for paleomagnetism
and B) sampling of speleothems for U/Pb dating.

3. Results

At the Musée aux Varves site, in the Rama-Aiguille system, the
infillings extend over approximately twenty meters of vertical range in
fossil galleries. At the base of the sequence, speleothems developed on
limestone block form a conglomerate with calcite matrix. These flows-
tones are interbedded with yellow clays with a thickness of about 1 m.
Above this, a thick coarse infilling with lenses of beige and brown clays
is present. These fillings are grain-supported at the bottom while the
upper partis matrix-supported. Clay layers, interspersed with gravel and
sand lenses, overlay the coarse deposits. These clays are then covered
by light beige pseudo-varves (Fig. 4), finally indurated and overlain by
speleothems (Fig. 5).

Pseudo-varves

I 20cm

Figure 4: A) Surge marks and B) pseudo-varves at the Musée aux Varves
outcrop in the Rama-Aiguilles system.
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In the Baume des Toulousains, the deposits are exposed in the
lower part of a gallery littered with wall-collapse blocks. A 1.5 m high
section starts at its base with a coarse conglomerate of host rock ele-
ments (chert and limestone) approximately 40 cm thick. It is followed
by a clay layer with coarser lenses, similar to the basal conglomerate.
On top, the sequence is capped by an erosive conglomerate exhibiting
positive grading with finer elements near the top, completely blocking
the conduit (Fig. 5).

In the Chourum du Goutourier, The GU3 outcrop is located on
both sides of a conduit. In the upper part of the conduit (Audra 2000)
described completely decarbonated clays, likely deposited during the
early stages of conduit activity. These clays are covered by an eroded
flowstone overlain by a sequence of angular gravel and blocks bound
by a clay matrix. Within this sequence, centimeter-scale clay layers are
often present. The gravel formation gradually transitions to clays layers
that are separated by a thin layer of centimeter-thick speleothems. A
sequence of gravel and blocks covers these clays, filling the conduit on
the left side, while on the right side, this layer is overlain by clays that
reach the roof of the conduit (Fig 5.). Paleomagnetic measurements
on the speleothems at the base of the sequence have shown reversed
polarity (Audra 2000). The GU5 section is far less complete than GU3 but
exhibits similar facies. It features a basal sequence of gravels and blocks
in a clay matrix, overlain by clays with gravel lenses, closely resembling
the upper sequence of the GU3 section.
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Figure 5: Sedimentary description of the infillings observed in Rama-Aiguilles, Baume des Toulousains, and Chourum du Goutourier.

4, Discussion

Four major types of sedimentary deposits have been identified in
the studied fillings: 1/ fine laminated sediments such as silty clays (or
yellow clays); 2/ coarse gravel and block deposits, poorly sorted, with
few apparent sedimentary structures and composed solely of Upper
Cretaceous clasts (cherts and limestone); 3/ carbonated pseudo-varves;
and 4/ more or less well-preserved speleothems, which encase some of
the sedimentary deposits. These four types are common to all the caves
presented, although their thickness and stratigraphic position vary locally.

Yellow clays are observed under similar stratigraphic position. In
the Goutourier these deposits are at the base of the section and are
interpreted as residues of surface cover reworked in old abandoned
drains. In the Aiguilles, the same yellow clays also appear at the base of
the fillings, intercalated with speleothems. As Audra (2000) suggested,
they could likely be much older than the coarse deposits above them,
reflecting the earliest phases of conduit activity, with the removal of
surface covers in a temperate period (pre-Quaternary or interglacial). A
mineralogical analysis of their composition could help specifying their
nature and origin.

The coarse deposits seem to be the result of debris flows, deposited
as a mass, as suggested by the lack of sedimentary structures and the
heterogeneous size of the clasts and the clay matrix. Despite the energy
required for their transport, some underlying deposits are preserved,
such as the speleothems in the Aiguilles Cave. These coarse sequences
are often interlayered with fine, sometimes laminated, deposition
sequences. These intercalations may result from temporary flooding
occurring when debris flows block the conduits. These clays may then be
entirely or partially reworked. The composition of the coarse sequences,
dominated by angular limestone clasts, suggests short-distance transport
but raises questions about their origin.

The transport of sediments is probably associated with warming
events when floods brought large amounts of water into the karst,
providing the energy to move these significant quantities of clasts. The
transport is likely more effective due to the steep topographic gradient
in alpine caves such as that in the Dévoluy.

Pseudo-varves, generally located in the upper part of the sequences,
seem to be decoupled from the dynamics responsible for the underlying
coarse and clayey deposits. These deposits have a homogeneous and
monogenic appearance, forming during repeated flooding periods in
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the galleries, possibly seasonal. We observed the appearance of typical
morphologies of these episodic floods that sculpt these pseudo-varve
deposits and forms surge marks (Audra 1997). These floods reflect a hy-
drodynamic dysfunction of the conduits, likely caused by partial or total
clogging of the outlets. If they are indeed glacial varves (i.e. seasonal),
the presence of a glacier in the central Dévoluy basin could explain the
clogging and a local baselevel rise

Finally, speleothems form under much warmer conditions, corres-
ponding to periods of environmental stability with a temperate climate
favorable to their growth. Although they often encase sedimentary
sequences, as seen in the Aiguilles Cave, the formation of speleothems
may be temporally offset, reflecting changes in environmental conditions.

The relative chronology of the deposits can be established in the
studied caves based on their stratigraphic relationships and the initial
paleomagnetic dating of some fine sediments and speleothems (Audra
2000; Rispal et al. 2024).

Yellow clays, interpreted as the product of surface cover reworking
intemperate periods, are associated with speleothems showing reverse
polarity. They predate the filling phases that overlie them. These later
fillings correspond to debris flows in which inverse polarities have also
been measured in the Aiguilles network (Rispal et al., 2024), and are
followed by pseudo-varves showing both normal and reverse polarities.

Thereverse polarities indicate a minimum age for the deposits older
than 772 ka (Valet et al. 2019)Atlantic and western Pacific oceans. The
results combine paleomagnetic, cosmogenic nuclide beryllium (10Be.
Associated with glacial and interglacial dynamics, the studied deposits
are witnesses to glacial phases much older than those observed on the
surface of the massif, corresponding to the 2 last glaciations (i.e. MIS 6
and 2) (Monjuvent 1979). Itis difficult to determine whether these fillings
are linked to a single episode during a glacial-interglacial period or if
they witness the sequence of several periods. The stratigraphy of the
deposits, particularly in the Musée aux Varves site, reflects the succes-
sion of sedimentation and reworking episodes. This demonstrates the
occurrence of multiple deposition episodes but does not indicate the
temporal range over which they extend. Additional dating of the speleo-
thems surrounding the deposits would help to clarify this time range.

Moreover, the apparent absence of sedimentary archives from more
recent glaciations in the karst raises the question of their recording. This
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may be due to several reasons. First, the erosion of the catchment basins
and the incision of the valleys may have led to disconnection with the
caves, and thus the inability to supply sediments. This erosion could
also have removed available sediments for transport nearby the cave
entrance. Then, we may also consider partial unclogging of the karst after

5. Conclusion

Theresults obtained in this study provide a better understanding of
the paleo-environmental and morphological evolution of the Dévoluy
karst massif through the analysis of sedimentary sequences comple-
mented by paleomagnetic dating. The identified sedimentary deposits
testify to an alternation between extreme events responsible for debris
flows, periodic floods leading to the sedimentation of pseudo-varves,
and periods favorable to the development of calcite speleothems in a
more temperate context. These variations reflect a direct response of
the karst system to major climatic fluctuations.

Paleomagnetic analysesindicate that some of these infilling date from
periods older than 722 ka (i.e., lower Pleistocene). This allows us to show:

The ability of a high gradient alpine karst to preserve relatively
ancient autochthonous deposits.
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Abstract

Scallops are asymmetrical, scoop-like indentations with a steep slope on the upstream side and a gentler slope on the downstream side,
bound by crests that are also angled in the downstream direction. These features were not only directional indicators but could be used to
calculate flow velocity and discharge (CURL, 1974). Scallops were measured throughout the Black Canyon passage and surrounding area
named the Black River Complex in the Roppel section of the Mammoth Cave System. Exhibited here are multiple flow regime velocities and
are in proximity of a boundary between two drainage basin boundaries: Pike Spring to the northwest and Turnhole Spring to the southwest.
This boundary is known to have an overflow from Pike to Turnhole during high water events. Measurements were taken of primary (paleo) and
secondary (modern flooding) scallops and input into the program ScallopEx (WOODWARD & SASOWSKY, 2009) with the following parameters:
scallop length, temperature, and average passage width. Velocity data coupled with discharge estimates of the passages in relation to one
another suggest that a preliminary conclusion of this study is that this area is indicative of a shift from southward drainage towards Turnhole
Bend Spring.

1. Introduction

It has been well known for many decades of speleological study that
scallops are directional features developed along passages in solutional
and glacial caves (PALMER, 2007). Since CURL (1974), scallops have
been measured and utilized to gain understanding of a cave’s modern
and paleo hydrology regarding the deduced velocity and discharge of
the flow. The study area, the Black River Complex, in the Daleo section
of Roppel Cave within the Mammoth Cave System is no exception. The
scallops in this area are well developed and show direction of flow at
varying velocities in this area which encompasses the major passages
of the Black Canyon and Black River, as well as lesser tributary and
distributary passages such as the Easy Way and Avenger Trial.

The area that the Mammoth Cave system lays beneath is geographi-
cally known as the Mammoth Cave Plateau. The sinkhole plain and the
plateau are divided by the Dripping Springs Escarpment. Here, elevation
rises gradually about 100 meters from base to the top of the plateau. As
the escarpment eroded towards the northwest through time, it exposed
more of the underlying carbonate units, increasing the recharge area
and drainage patterns for the basins.

Once water has drained underground, it follows the gentle dip of
the rocks towards the Green River, enlarging bedding planes and vertical
joints into navigable passages (PALMER, 2017, PALMER 1981).

Roppel Cave is the upstream section of the greater Mammoth
Cave System and therefore is hydrologically linked to it. This section

under flood conditions will also spill over from the Turnhole Bend Basin
to flow to Pike Spring

Mammoth Cave System
Kentucky

Figure 1: Location of the Mammoth Cave System in Kentucky and appro-
ximate location of the Black River Complex in red box (Modified from

is characterized by many maze-like, tall canyons. It shares, in part, the
enormous drainage basin of the Turnhole Spring which has an area of
245km2. This basin comprises 75% of the overall drainage for Mammoth
Cave which, intotal,is 317km? (GLENNON & GROVES, 2002). The Roppel
System does not solely drain to Turnhole, however, but also to Pike
Spring, approximately 18 kilometers upstream along the Green River
from Turnhole Spring. The modern drainage in the Black River Complex
under normal flow conditions discharges out of Pike Spring. Flow while
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PALMER, 2017).

Mammoth Cave owes its length to the thickness of the karst-forming
units it is set in and the presence of an erosively resistant caprock. The
units the system is developed within are, from youngest to oldest, the
Girkin, Ste. Genevieve, and St. Louis Formations of Late (Serpuhko-
vian) and Middle (Viséan) Mississippian age, respectively. These three
formations are about 110 meters thick in total. Overlying these units,
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also of Middle Mississippian in age (though not conformable) is the Big
Clifty Sandstone member of the Golconda Formation, which serves as
the protective caprock over the system. An analysis of the stratigraphy
indicates that the study area shows ranges from the basal Fredonia Mem-
ber to the middle Joppa Member within the Ste. Genevieve Formation.

In the Daleo Entrance of Roppel, after the entrance series of crawls
and ladders, the first major passage encountered is called Kangaroo
Trail. The uppermost portion of the passage was formed under phreatic
conditions by the proto-Black Canyon stream and is a good example of
an elliptical tube. This passage trends westward before it grades into
another tube. Later, it experienced a period of downcutting to create a
winding canyon that explorers must hop over (hence the name, Kanga-
roo) with the canyon sharing the name. Kangaroo Canyon eventually
turns to the south, now known as Black Canyon. Both the Kangaroo
and Black Canyons were points of river piracy from Kangaroo Trail. The
beginning of the Black Canyon turns off from Kangaroo Trail. From the
points of piracy, Kangaroo Trail diminishes significantly in height due
to river piracy while trending westerly before it grades into another,

much larger, tube named the North Crouchway. This passage trends
to the northwest, possibly toward Pike Spring. The modern drainage
in parts of the Black River Complex (which encompasses Black River,
Black Canyon, Easy Way) is now to the north as downcutting occurred
throughout the levels of the Complex.

The hydrology in this areais as the name suggests: complex. Never-
theless, itis anideal resource for study as the passages are relatively dry
and easily accessible, while also generally set in carbonate lithologies
where the scallops are well developed thus making them easy to analyze.

This work is a part of a project of greater scope that will further the
understanding of the paleo hydrology and delineate the ancient boundary
between the Turnhole and Pike Spring Basins. By calculating the velocity of
the water that developed the scallops, understanding discharge, coupled
with the overall trend of the passage, we can ascertain the transition over
time of the basin boundaries from Turnhole to Pike Spring. The purpose
of the research presented here is to begin the analysis of the Complex
to understand the paleo-flow velocities and the implications for our un-
derstanding of the migration of drainage basin boundaries though time.

2. Scallop Characterization and Methodology

Data collection utilized two methods: a physical measurementin-cave
thatemployed the use of a measuring tool held up to the scallop and the
longest point was measured from crest to crest along the longitudinal
axis, and the use of photography with a scale from which scallops could
be measured later (Fig. 2).

Figure 2: Left shows a physical measurement with a scale. Right shows a
measurement taken of a scallop remotely. Note “1=1.00” for defining scale.
Source: author.

General cave survey techniques were then employed to connect
locations of measurements and survey notes to an existing survey station.
Passage width was also measured, and to-scale cross sections drawn,
along with a detailed stratigraphic section.

Once this was complete, data were input into the ScallopEx pro-
gram. This program, developed in 2009 by Emily Woodward and Ira D.
Sasowsky, utilizes equations from CURL (1974) and WHITE (1988) to
deduce paleo-velocities in a passage. Discharge was calculated separately.

| R |

Figure 3: Scallop morphology (SPRINGER & HALL, 2022, modified from
CURL, 1974)
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Scallops exhibit an asymmetrical geometry that is angled in the
downstream direction, bounded by crests. CURL (1974) modeled flow
along a scallop shown in Fig. 3. Here, L is the distance between the two
crests of a scallop alongits longitudinal axis. A sublaminar jet detaches
from the wall at point A, continues until it becomes unstable at point B,
then reattaches to the wall at D. Some fluid then starts to vortex within
the basin of the scallop (point C), and some continue onward, repeating
the process (CURL 1974).

Shown below is the equation that solves for velocity (v).

(v X L3z)p _

N,
7] R

Where v is the velocity fluid passing by a scallop, L, is the mean
scallop length calculated by the Sauter mean (shown below), p is the
density of water, and n is the viscosity. To be able to obtain the velocity,
the Reynolds number (N,) and the Sauter mean must first be found.

The Sauter mean (or Sauter mean diameter) is utilized for a collec-
tion of spherical shaped objects of differing diameters but is equated
to spheres of equal diameter (KOWALCZUK & DRYZMALA, 2015). This is
further recommended (SPRINGER & HALL, 2020) for use in scallop analy-
ses as opposed to an arithmetic mean for consistency with the original
formulations and that the arithmetic mean can cause overestimated
results. The Sauter mean is calculated in the equation below.

3
2

y

[/ isthe longitudinal length of an individual scallop parallel to its flow.

Once this is calculated, we can employ the following equation
calculates the Reynolds number for a rectangular conduit.

Ng = N [2.5 (m(p) - 3/2) + BL]

L3, =

2L3;

Here, N_*is a known constant of 2,200 that indicates friction of rou-
ghness against a wall and is unitless. B , a function of roughness that is
dependent on geometry, is determined to be 9.4, also unitless. D is the
width of the passage which, in the case of the Easy Way, averages 50
cm. The density and viscosity of water are calculated given the assumed
temperature has remained constant. Analyses were run at 10°C, 13 C,
and 15°C to consider an appropriately wide range of values through a
paleoclimate perspective; modern water temperatures are around 13.
These analysis over the three temperatures exhibited a small, but nota-
ble, change in the velocity which decreased as temperature increased.
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Work done by Springer and Hall (2020) showed that a small sample size
of scallops resulted in “widely varying means, with precision slowly
increasing with sample size.” They recommend a minimum of 20 to 30

3. Results

This project at the time of writing is still in the preliminary stage of
investigation with more data and analyses to be collected and runin the
future. Thefirst portion of this project occurred in July and August of 2024
and focused solely on scallop analysis in the Easy Way passage. These
data measurements occurred in-cave and were later analyzed. Several
trips were then runin the winter of 2024 and 2025 to collect data from the
greater Black River Complex Passages. During these trips, data collection
became more efficient with the use of a scale and photography to collect
data. There are many software programs that can measure with the use
of adefined scalein the photo that are available for download or online.
We utilized eleif.net/photomeasure as this proved to be the most efficient
and user-friendly. To ensure accuracy, some reference measurements
were taken in the field with a scale and matched with the software’s
measurement to within 0.01). Once the scallops were measured, the
Excel program named ScallopEx (WOODWARD & SASOWSKY, 2009) was
utilized, and the results were tabulated and shown in the table below
including an estimated discharge which is given by the equation:

Q=4"v

Where Q is discharge, v is the calculated velocity, and A is the cros-
s-sectional area of the passage.

measurements be taken for a sufficient sample size. This was achieved
at every site which is shown in the map below.

A ® : scallop sample location

— : paleo flow

= : modern flow

=+ : modern overflow of
Logsdon River

Black River

Complex
Figure 4: Map of study area, courtesy of BORDEN and CKKC. Cartography:
Ed KLAUSNER, Cave Research Foundation; modified by Author.
Scallop Location Velocity Area Discharge Q
(Letter designation on map) (cm/s) (m?) (m?/s)
Black River at Poker Chip Aven Secondary Scallops (A) 248.21 cm/s 6.58 m? 16.32 m%s
Black River at Poker Chip Aven Primary Scallops (A) 78.50 cm/s 6.58 m? 5.17 m¥s
Black Canyon Piracy to Pirate’s Pot (B) 24.79 cm/s 0.75 m? 0.19 m%s
Avenger Trail Confluence (C) 113.81 cm/s 3.18 m? 3.62mfs
Black Canyon before Easy Way (D) 50.32cm/s 8.63m? 4.34 m/s
Easy Way Secondary Scallops (E, F, G) 240.0 cm/s 0.75m? 1.80 m®/s
Easy Way Primary Scallops (E, F, G) 70.90 cm/s 0.75 m? 0.53 m?/s
Black Canyon before Halloween Junction (H, 1, J) 31.78 cm/s 6.40 m? 2.03m%/s

Table 1: velocities from scallop calculations, passage area, and estimated discharge by locations.
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Scallop Location Min/Max(cm) Range  Mean Median Mode Standard Variance
Deviation (o) (o?)
Black River at Poker Chip Aven 1.05/1.99 0.94 1.60 1.59 1.53 0.25 0.07
Secondary Scallops
Black River at Poker Chip Aven 3.21/5.79 2.58 4.33 4.27 4.26 0.53 0.28
Primary Scallops
Black Canyon Piracy to Pirate’s 6.50/12.31 5.39 9.06 8.80 No 1.60 2.55
Pot mode
Avenger Trail Confluence 1.92/3.79 1.87 2.97 2.96 3.01 0.43 0.19
Black Canyon before Easy Way 4.46/6.38 1.92 5.37 5.12 No 0.69 0.47
mode
Easy Way Secondary Scallops 0.50/2.30 1.80 1.37 1.25 1.10 0.44 0.19
Easy Way Primary Scallops 3.03/5.81 2,78 3.98 3.86 No 0.78 0.60
mode
Black Canyon before 5.83/10.91 5.17 7.83 7.44 No 1.30 2.56
Halloween Junction mode

Table 2: Descriptive statistical analyses on the scallop data collected.

Given in the tables above are the calculated average velocities
at various points throughout the Black River Complex and a table of
descriptive statistical values of the scallop measurement data that was
collected (Table 2).

The main objective of the discharge calculations is to understand the
relative differences in flow regimes between the passages. This, coupled
with velocity and scallop orientation descriptions, will lead to conclusions
that can be drawn about basin boundary migration. These data along
with the descriptive statistics show, as expected, that the higher velocities

4, Discussion

The hydrologic complexity of this area, moreover of the entire Ro-
ppel Cave section, cannot be overstated. These maze-like canyons have
many points of piracy during the relatively rapid downcutting from which
these passages formed. The presence of some gravel bars and sediment
chokes in some of the passages can be inferred as interglacial periods
of downcutting, given the geologic history of the area (GRANGER ET AL,
2018, GRANGER ET AL, 2001).

The Black Canyon passage proper exhibits several episodes of dif-
fering flow velocities over its approximately 9.1m (30ft) height. In other
areas, particularly the middle to upper sections of the Black Canyon
Passage, well-developed, gradational scallops are exhibited that show
an increase of velocity downward along with a narrowing of passage
height. In various places along the vertical extent differing velocities of
scallops can be observed, which can be attributed to primary passage
formation that caused scallops to become gradually smaller with a
thinning passage width as downcutting approached a perching layer of
thinner bedded, often argillaceous (or shaley), limestone. The scallops
in the passage point southward with little exception.

The Black Canyon formed originally as a piracy from Kangaroo Trail
and continued southward to meet the Logsdon River to the south. This
river is a major drainage for Turnhole Spring (GLENNON & GROVES, 2002)

At both the upstream and downstream ends of the Easy Way,
though not present within the passage itself, there is a major perching
layer named the Spar Mountain Member. This member unit is generally
comprised of an inter-clastic, argillaceous limestone that is abundant
in rip-up clasts. The upstream end exhibits a drop in elevation to the
level of the Easy Way, an obvious example of stream piracy, supported
by scallop orientation.

The primary focus of this study is the Black River Complex between
the Black River just north of Poker Chip Aven, Pirates Pot, and Halloween
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and discharge values are reflected in smaller scallop sizes, and the longer
scallops are indicative of comparatively lower velocities and discharge
values. Smaller standard deviations and variances at various points of
scallop measurement can be inferred as uniform flow in various areas
of piracy and stream confluences. Other locations, such as in the Black
Canyon before Easy Way and continuing downstream, show a higher
range, standard deviation and variance. Probable reasons for this are
in the following discussion section.

Junction. Between these two points, the Black Canyon has numerous
piracies that drain to or near the Black River, most prominently the Easy
Way. The Black River stream, as previously mentioned, drains to Pike
Spring situated to the northwest. However, the trend of which itincreases
in height and which the primary scallops are oriented toward the south.
Furthermore, its higher levels can be traced far to the south to the end
of the Turnhole Groundwater Basin. Lower levels below Black Canyon
(Western Kentucky Parkway, Goblin Trail) can be traced to have drained
into Logsdon River, as previously mentioned. These primary scallops
also increase in velocity going upstream. This is the direction towards
the upstream section of the Logsdon River which is a major drainage to
Turnhole Spring. The modern-day boundary between these two drainages
runs approximately WNW/ESE far to the south of this area. However, in
the vicinity of Halloween Junction there is evidence noted for an older
basin boundary that is defined by multiple scallop directions. This area
intersects with Goblin Trail and follows to Western Kentucky Parkway
(notindicated on Fig. 4, but are present below Halloween Junction), also
believed to have drained in the past to Logsdon, but it is now a primary
overflow route from there during flood events. The scallops there are
oriented to the north and are considered secondary.

A stretch of the Black Canyon is also utilized as an overflow route
between the Easy Way and Halloween Junction (Fig. 4). Here, secondary,
high velocity scallops present on the floor are oriented north toward he
Easy Way while primary scallops on the walls are oriented southward
toward Halloween Junction and Logsdon River. The floor scallops are
from modern flooding events where water wells up from Logsdon, follows
the continuation of Black Canyon (named Lower Arlie Way), through
various canyons and to a tube that is perched near (though not at) base
level named Western Kentucky Parkway. This tube partially hosts the
Black River in an entrenched canyon and, during high flow events, will
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upwell through former piracy points of the Black Canyon, rejoining via
the downstream end of the Easy Way.

The trend, scallop direction, and extent of the Black Canyon have
been traced as a drainage to Logsdon River before the piracy began in
the Easy Way from the Black Canyon. Between Halloween Junction
and the Easy Way are two points of piracy that drain to the Black River.
Nevertheless, the most significant point of stream piracy is the Easy Way
passage. The upstream end exhibits a large opening to the Black Canyon
where water likely sumped during high water events. Furthermore,
downstream in the Easy Way is another point where one can look up
9.1 m (30ft) into the Black Canyon and is another likely point of piracy.
Upstream in the Black Canyon, a tributary stream named Avenger’s
Alley drains the North Crouchway (to the west of Fig. 4) which is the
downstream continuation of Kangaroo Trail. These passages drained
to a large dome named Pirate’s Pot, named for the numerous piracies
that drain here, and subsequently to the Black River.

Descriptions of the Black Canyon’s passage extent to the vicinity
of upstream Logsdon in addition to scallop trends are the basis to be
able to draw conclusions for a migrating basin; however, a comparison
between the relative discharges of the various passages, confluences,

5. Conclusion

The Black River Complex is an area of many intertwined, maze-
-like passages. However, given the evidence presented in this study, a
preliminary conclusion can be drawn that suggests a basin boundary
migration to the southwest towards Turnhole Spring occurred in the past
and may still be migrating. This area exhibits many areas of river piracy
in the modern day and the past. Given the hydraulic dynamics of basin
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Resumo

0 estudo busca ampliar o conhecimento sobre a distribui¢do de Lionycteris spurrelli no Brasil, por meio da compilagdo de dados secundarios
de ocorréncias geograficas e da analise de taxons depositados em colegdes cientificas. A primeira etapa envolveu uma revisao bibliografica,
com énfase na verificacdo da confiabilidade dos registros e anélise de fontes como o GBIF, SpeciesLink e IUCN, além de um levantamento de
cole¢Bes bioldgicas relevantes. Os resultados indicam um aumento significativo nos registros da espécie, com destaque para Minas Gerais, que
se tornou o estado com o maior nimero de registros no Sudeste, totalizando sete municipios, e o terceiro no Brasil. A expansdo dos registros
sugere tanto uma ampliagdo real da drea de ocorréncia quanto uma melhoria nas metodologias de coleta e verificagdo. A espécie, de pequeno
porte e aparéncia discreta, apresenta caracteristicas morfologicas semelhantes a outras do género, o que torna a identificagdo em campo mais
desafiadora. Por isso, a analise morfométrica é crucial para confirmacéo da presenca. Com base na expansdo geografica observada, a futura
modelagem ecoldgica serd essencial para compreender os fatores ambientais que influenciam a distribuicdo de L. spurrelli e prever mudancas
em sua area de ocorréncia, além de orientar estratégias de conservagéo.

Abstract

The study aims to expand knowledge about the distribution of Lionycteris spurrelli in Brazil by compiling secondary data on geographic occur-
rences and analyzing specimens deposited in scientific collections. The first stage involved a literature review, emphasizing the verification
of record reliability and the analysis of sources such as GBIF, SpeciesLink, and IUCN, in addition to a survey of relevant biological collections.
The results indicate a significant increase in species records, particularly in Minas Gerais, which became the state with the highest number of
records in the Southeast, totaling seven municipalities, and the third in Brazil. The expansion of records suggests both a real increase in the
occurrence area and improvements in collection and verification methodologies. The species, small in size and discreet in appearance, has
morphological characteristics similar to others in the genus, making field identification more challenging. Therefore, morphometric analysis
is crucial for confirming its presence. Based on the observed geographic expansion, future ecological modeling will be essential to understand
the environmental factors influencing the distribution of L. spurrelli, predict changes in its occurrence area, and guide conservation strategies.

Resumen

El estudio busca ampliar el conocimiento sobre la distribucién de Lionycteris spurrelli en Brasil mediante la recopilacion de datos secundarios
de ocurrencias geograficas y el andlisis de taxones depositados en colecciones cientificas. La primera etapa involucré una revisién bibliografi-
ca, con énfasis en la verificacion de la confiabilidad de los registros y el andlisis de fuentes como GBIF, SpeciesLink e IUCN, ademas de un levan-
tamiento de colecciones bioldgicas relevantes. Los resultados indican un aumento significativo en los registros de la especie, destacandose
Minas Gerais, que se convirti6 en el estado con el mayor nimero de registros en la region Sudeste, totalizando siete municipios, y el tercero en
Brasil. La expansion de los registros sugiere tanto una ampliacién real del drea de ocurrencia como una mejora en las metodologias de reco-
leccidn y verificacién. La especie, de pequefio tamafio y apariencia discreta, presenta caracteristicas morfoldgicas similares a otras del género,
lo que dificulta su identificacién en campo. Por ello, el anélisis morfométrico es crucial para confirmar su presencia. Con base en la expansion
geografica observada, la futura modelizacidn ecoldgica sera esencial para comprender los factores ambientales que influyen en la distribucion
de L. spurrelli, prever cambios en su drea de ocurrencia y orientar estrategias de conservacion.

1. Introducao

Adistribuico geogréfica das espécies é determinada por umainteracdo tos de expansao e contragao populacional ao longo do tempo (IVERSON
complexa de fatores histdricos, ecoldgicos e evolutivos, incluindo caracte- & PRASAD, 1998; ARAUJO et al., 2013). Mudancas climaticas globais tém
risticas climaticas, interacdes biticas e barreiras geograficas (SOBERON provocado alteragdes significativas nas areas de ocorréncia das espécies,
& PETERSON, 2005). Entre esses fatores, o clima desempenha um papel muitas vezes resultando em extingGes locais e perda de biodiversidade

central na regulacdo dos padrdes de distribui¢do, promovendo movimen- (WALTHER et al., 2002; ANCIAES & PETERSON, 2006; STEPHENS et al., 2016).
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0 género Lionycteris, representado pela espécie Lionycteris spurrelli
Thomas, 1913, é caracterizado por seu habito alimentar predominan-
temente nectarivoro e pelo uso de cavidades naturais como abrigo
(GUIMARAES & FERREIRA, 2014). Embora seja mais comum em florestas
tropicais Umidas, a espécie também ocorre em biomas mais secos, como
aCaatinga (PAES et al., 2022). Apesar de estar classificada como “Pouco
Preocupante (LC)” globalmente (IUCN, 2025), encontra-se “Em Perigo
(EN)” na lista de espécies ameagadas de Minas Gerais (COPAM, 2010).

As cole¢Bes bioldgicas desempenham um papel essencial na am-
pliacdo do conhecimento sobre a distribui¢do das espécies, fornecendo
registros histdricos e atualizados que possibilitam a identificagdo de
padrdes espaciais e temporais. Além de preservarem espécimes para
estudos morfoldgicos e genéticos, essas colegbes reinem dados de
ocorréncia que, muitas vezes, representam os (inicos registros confia-
veis de espécies em determinadas localidades. A incorporagdo dessas
informacdes em estudos de distribuicdo geografica permite uma ava-
liagdo mais precisa da extensdo da ocorréncia de L. spurrelli, além de

2. Materiais e Métodos

0 estudo foi dividido em frentes de atuagdo para viabilizar as analises
subsequentes. A primeira etapa consistiu em uma revisdo bibliografica
para compilar uma lista de ocorréncias da espécie Lionycteris spurrelli. O
objetivo dessa revisdo foi identificar registros confidveis de distribuigdo
geografica e caracteristicas ecoldgicas associadas a espécie, consideran-
do fontes como bancos de dados online, artigos cientificos e relatérios
técnicos. As principais bases de dados consultadas incluiram o GBIF
(Global Biodiversity Information Facility), SpeciesLink e IUCN. A cura-
doria dos dados priorizou a verificagao da confiabilidade dos registros,
levando em conta a precisdo das coordenadas geograficas, o ano de
coleta e a correta identificagdo taxondmica dos espécimes. Além disso,
foi realizado um levantamento das cole¢des bioldgicas que poderiam
fornecer informacdes relevantes sobre a morfologia e o tombamento

3. Resultados

A analise dos dados provenientes de espécimes depositados no
Museu Paraense Emilio Goeldi (Belém), Museu de Zoologia Jodo Moojen
da Universidade Federal de Vigosa (UFV), Cole¢do Mastozooldgica da
Universidade Federal de Minas Gerais (UFMG) e Colegdo de Mamiferos
da Universidade Federal de Lavras (UFLA) resultou em um aumento
significativo nos registros da espécie Lionycteris spurrelli.

Ao integrar as informacdes da lista apresentada por LOPES et
al. (2021) e PAES et al. (2022) com os dados obtidos nesta pesquisa,
detectamos uma expansdo de registros para oito novos municipios,
totalizando 43 municipios brasileiros, com capturas em 48 localidades
distintas (Figura 1).

Especificamente para o estado de Minas Gerais, anteriormente
havia apenas um registro na Caverna Olhos D’agua, em Itacarambi (LIRA
et al., 2009). Em 2022, Paes e colaboradores ampliaram esse nimero,

321

possibilitar aidentificacdo de areas subamostradas e potenciais lacunas
na distribui¢do conhecida da espécie.

Contudo, os dados sobre a distribui¢do e ecologia de L. spurrelli
ainda sdo escassos. Neste estudo, buscamos compreender o padrdo
de distribuicdo potencial da espécie por meio de dados secundarios.
Para isso, compilamos dados de ocorréncia provenientes de cole¢des
bioldgicas e literatura cientifica, os quais serdo aliados a camadas
ambientais climaticas e topograficas. Até o momento, geramos o mapa
com os registros totais de ocorréncia, enquanto, no futuro, pretende-
mos realizar a modelagem da distribuicdo atual e futura da espécie,
considerando projecdes climaticas para 2075. Além disso, planejamos
avaliar sua representatividade em Unidades de Conservacao. Nossos
resultados, embora preliminares, tém o potencial de subsidiar estra-
tégias conservacionistas, especialmente diante da intensificacdo das
mudancas climaticas, e ressaltam a importancia da documentagéo e
ampliagdo dos registros de ocorréncia para a compreensdo e preser-
vagdo da biodiversidade.

de L. spurrelli. Esse levantamento visou complementar o conhecimento
existente e aumentar a representatividade da distribuicdo da espécie
nas diferentes regides. Na etapa especifica de tratamento dos dados
geoespaciais, os registros de ocorréncia foram submetidos a um processo
de normalizagdo e limpeza para garantir sua qualidade e consisténcia.
Os pontos de ocorréncia obtidos foram analisados criticamente, sendo
removidos registros duplicados e eliminada a autocorrelagdo espacial
entre os pontos, a fim de garantir a independéncia dos dados. Em
seguida, os dados georreferenciados foram plotados sobre a extensdo
geografica da América do Sul, utilizando o software ArcGIS 10.7.1. As
analises foram realizadas em escala regional (Minas Gerais) e escala
nacional (Brasil), proporcionando uma visdo abrangente da distribuicdo
geografica da espécie.

adicionando cinco novos municipios. Com base na presente compilagdo,
identificamos registros da espécie em sete municipios mineiros, posi-
cionando Minas Gerais como o estado com o maior nimero de registros
no Sudeste e o terceiro maior em ambito nacional.

A ampliagdo dos registros de Lionycteris spurrelli traz importantes
avancos para o entendimento de sua distribui¢do. Os dados demons-
tram a presenca da espécie em todos os principais biomas brasileiros,
com a Regido Sul sendo a Unica sem registros até o momento. Além dos
fatores climaticos e da diversidade de vegetacdo, a presenca de cavi-
dades naturais subterraneas parece ser um componente relevante para
a ocorréncia da espécie (PAES et al., 2022). No entanto, uma avaliagdo
geograficamente mais ampla é necesséria para compreender melhor
sua distribuicdo e ecologia.
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Figura 1: Localidades onde foram confirmadas a ocorréncia de Lionycteris spurrelli no Brasil.

4, Discussao

A compilagdo dos dados sobre os registros de Lionycteris spurelli
ampliam e esclarecem a sua distribuicdo. A partir dos dados levantados,
observa-se que a espécie ocorre em todos os principais biomas brasileiros
eaUnicaregido sem registro, até o momento, é a Sul. Verifica-se também
que, além do clima e dos tipos de vegetacdo, a presenca de cavidades
naturais subterraneas parece serimportante para a espécie (PAES et al.,
2022). Além disso, os registros expandidos de Lionycteris spurrelli em
Minas Gerais, bem como o aumento de localidades em outras regices
do Brasil, revelam uma tendéncia interessante na distribuicdo geogra-
fica da espécie, que parece estar se estabelecendo em uma gama mais
ampla de ambientes. A descoberta de novos registros em Minas Gerais,
especialmente em sete municipios distintos, posiciona o estado como
0 maior em niimero de registros na regido Sudeste e o terceiro em todo
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o pais. Isso sugere que a espécie pode estar se beneficiando de fatores
ecoldgicos favoraveis, como a presenca de dreas com caracteristicas am-
bientais adequadas, como cavernas e matas, que sdo comuns na regido.

Este aumento no ndimero de registros pode indicar uma expansao
ou uma maior taxa de deteccdo da espécie, possivelmente associada a
alteragGes no habitat, como mudancas no uso da terra ou na vegetacao,
além de melhorias nas metodologias de coleta de dados. No entanto,
também é importante observar que a presenca de Lionycteris spurrelli
em diferentes locais pode estar relacionada a aspectos de conectividade
entre habitats, o que destaca a necessidade de entender como essas
populac¢des estdo distribuidas no espago e como elas interagem com o
ambiente ao longo do tempo.

Sendo assim, dado o aumento e distribuicdo da espécie em dife-
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rentes localidades, é essencial realizar modelagens ecoldgicas para
entender melhor as condigdes ambientais que favorecem a presenca
da espécie, bem como prever a dindmica de sua distribui¢do em dife-
rentes cenarios. Modelos de distribuicdo de espécies (SDMs: Species
Distribution Models) possui potencial de identificar areas de potencial
ocupagdo, considerando varidveis ambientais, como tipo de vegetacdo,
topografia, clima, entre outras.

Essas modelagens podem ser fundamentais para antecipar a dinami-
cadedispersdo da espécie e avaliar os impactos de mudangas ambien-
tais, como a alteragdo no uso da terra, a fragmentacao de habitats e as
mudancas climaticas. Além disso, amodelagem espacial pode fornecer
insights sobre quais areas necessitam de conservacdo e monitoramento
continuo para garantir a preservagdo da espécie e de seus habitats.
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Figura 2: Aumento dos indices de ocorréncia da espécie no Brasil.

5. Conclusao

Acomposicdo de espécies de morcegos em determinada area pode
estar relacionada, principalmente, com a disponibilidade de abrigo,
alimento e estrutura da vegetacdo. Desta forma, os quirpteros podem
ser utilizados como indicadores no entendimento dos processos biol4-
gicos envolvidos na perda ou transformagdo do habitat natural (KUNZ &
FENTON, 2003). O aumento no nimero de registros de Lionycteris spurrelli
em varias regides do Brasil, especialmente em Minas Gerais, evidencia
uma maior compreensao sobre a distribui¢do espacial dessa espécie.
A expansdo para novos municipios e locais revela tanto a adaptagdo da
espécie a diferentes ambientes quanto a melhoria nas abordagens de
coleta e monitoramento. No entanto, a complexidade dessa distribui-
¢do, aliada as possiveis varia¢des ecoldgicas, destaca a necessidade de
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Abstract

The influence of structural features on karst development has been extensively described, with particular emphasis on the role of fractures in
creating preferential dissolution pathways. Alignments between fractures and conduits are commonly observed in regions where the rock is
prone to diaclase or where the tectonic history imprints fracture patterns that enhance rock dissolution. To test the hypothesis that the frac-
tures play a major role for karst development, we check if the orientation of fractures and karst conduits are similar, by statistically comparing
their azimuths in the karst system of Tsanfleuron, in the Helvetic domain of the western Swiss Alps. We interpret fracture alignments on a scale
of 1:2.500, based on a set of open data that consisted in a high-resolution digital elevation model and an orthomosaic from a drone acqui-
sition. Some parts of the interpretation were verified in the field. The karst data set was acquired by the Groupe de Spéléologie Rhodanien,
the Société Spéléologique Genevoise, the Spéléo-Club Jura, and the Groupe Spéléo Lausanne. Rose diagrams and maps show qualitatively
that some fracture sets coincide with the orientation of most of the conduits. A quantitative approach is proposed to verify how similar the
distributions of fractures and conduit azimuths are by applying statistical test like the chi-squared test. The analyses are done by: 1) Dividing
both the fracture azimuths and karst azimuths into bins, that are calculated according to the data size, counting the occurrences of azimuths in
each bin for both data sets to create frequency distributions. 2) Calculating the expected frequencies by averaging the frequencies of the two
distributions. 3) Calculating the chi-squared statistic to check if there is a significant difference between the distributions. The null hypothesis
(HO) is that both distributions are similar, meaning that any observed differences are due to random variation, and the alternative hypothesis
(H1) is that the distributions are significantly different. If the chi-squared test yields a value under the selected p-value of 5%, we reject the null
hypothesis, suggesting that the two distributions are significantly different. The comparison of the whole range of data from 0° to 180° shows
that the hypothesis HO cannot be rejected but with a low p-value=0.164. We can conclude that the distributions are slightly similar. However,
the comparison of the histograms corresponding to more specific ranges of directions (e.g. 60°-90°, with p-value=0.995) indicate that fractures
and conduits are strongly aligned, with high p-values, meaning that the ENE-WSW fractures influenced strongly the development of conduits.

1. Introduction

Located in the Western Swiss Alps, the karst aquifer of Tsanfleuron
(Fig.1) is recharged by an overlying and retreating glacier. Fractures of
different ages impact groundwater circulation and are associated with
the karstification of the Urgonian-Eocene limestone aquifer. The influence
of the structural geology on karst development in the study area, parti-
cularly the role of faults and fractures for the generation of preferential
dissolution paths, has been described by Gremaud et al. (2008, 2009).

In general, itis well known that together with the stratigraphy, the
geological structures have a profound influence on the hydrogeology of
karst regions (Deike, 1989). Most specifically, the alignments between
fractures and karst features occur in various regions where the rock
is prone to diaclase, or where the tectonic history imprints fractures
patterns that facilitate rock dissolution. Kiraly (1967) highlights the
importance of the collaboration between speleogists and geologists
in a study on the alignment of karstic features mapped by cavers and
elements of structural geology. The author relates doline alignments
with diaclases, and detachment orientation, in the region of Gouffre
du Petit Pré de Saint-Livres, Jura Vaudois, Switzerland. Later, Kiraly et
al. (1971) conclude that the orientation distributions of the subsurface
cavities are of great interest for the hydrogeology of fractured rocks,
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by studying the relationship between fractures and the galleries
orientation of a cave from the region of La Grotte de Milandre, Jura
Tabulaire, Switzerland.

More recent works in characterizing and comparing fracture networks
in fracture corridors and caves, utilizing Uncrewed Aerial Vehicle (UAV),
and LiDARimages were carried outin the Brejoes carbonate karst system,
Sé&o Francisco Craton, southern Brazil (Furtado et al. 2022). The authors
compare the directions of the mesoscale structures with the strikes of
surface collapse dolines and cave conduits at shallow depths in the
Jandaira Formation, northeastern Brazil (Rabelo et al. 2020).

Pedrera et al. (2015) show the importance of fracture pattern cha-
racterization, in one of the largest karstification systems in Europe, in
Sierra de las Nieves, Beltic Cordillera, Spain. The link between structural
geology and speleogenesis is also highligthed in pseudokarst by Ribeiro
etal. (2005), for sandstone caves and rock sheltersin Ipe(ina and Itirapina,
southeastern Brazil. Using the data gathered for fracture modeling (Tanaka
etal.2024,2025), we aim to test the hypothesis that the fractures play a
major role for karst development in this aquifer system. To achieve this,
we statistically compare the orientation of fractures and karst conduits,
and test if the distribution of azimuths is similar.
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Figure 1: Location of the study area (red polygon) in the Swiss Alps. Base map: DEM swissALTI3D from swisstopo and a 3D projection from Google
Earth (Landsat / Copernicus).

2. Materials and methods

We interpret fracture alignments in a scale 1:2.500, based on a set
of open data that consists in a high-resolution digital elevation model
(DEM) and a orthomosaic from a previous drone acquisition (Fig.2). The
interpretations consist in polylines digitized on a GIS software and the
fracture intersections are points that were carefully snapped at each
intersection to maintain the real topology of the network (Tanaka et al.
2024,2025). Each intersection, start, and end point of the lines have real
world coordinates (x,y) from which itis possible to calculate the azimuths.
The azimuth is the horizontal angle between the positive y-axis, that
represents the north, and the line segment connecting two points. It is
calculated using the arc tangent of y/x in radians and then converted to
degrees by multiplying the result by 180/m. The fracture interpretation
was also verified in the field to check the types of structure, kinematics
and measurements (Tanaka et al. 2024, 2025). The mapping of karst
conduits was done previously by several speleological groups from
Switzerland: Groupe de Spéléologie Rhodanien, Société Spéléologique
Genevoise, Spéléo-Club Jura, and Groupe Spéléo Lausanne. The data
set consists in surveys from 23 caves: TSX2, TSX9, TSX10, TSX12, TSX14,
TSX15, TSX17, Transpirateur, Topomasos, Scex Rouge, Sapin, Precoces,
Porche2007, Marmite, Kefir, G59 Tord Boyau, G10, G16 Gouffre du Criquet
Enrage, Edelweiss, D26, D37, Crapaud, and Coupe Fresard.

Thefirstapproach we applied consists in superposing structural and
karstic features on maps and on plots of the direction of the features in
rose diagrams, to test qualitatively if some fracture sets coincide with
the orientation of most of the conduits in the area.

To verify how similar are the distributions of fractures and conduit
azimuths we propose a quantitative approach to test the hypothesis by
applying the chi-squared test.

Chi-squared statistic measures how much the observed frequencies
deviate from expected frequencies. It is calculated as the sum of squared
differences between the observed and expected values, weighted by
the expected values:
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, (0i-Ei)?
e

where O, is the observed frequency, and E, is the expected fre-
quency for the i-th bin. The null hypothesis (H0) is that both azimuths
distributions (fracture and karst) are similar, meaning that any observed
differences are due to random variation, and the alternative hypothesis
(H1) is that the distributions are significantly different. The p-value is the
probability of obtaining a chi-squared statistic at least as extreme as the
one observed, under the assumption that the null hypothesis is true.
If the chi-squared test yields a value under the selected p-value=0.05,
we reject the null hypothesis, suggesting that the two distributions
are significantly different. A high p-value suggests that there is a high
probability that the observed differences are due to random variation,
in other words there is no significant difference between the observed
and expected frequencies.

The analyses are done by: 1) Dividing both the fracture azimuths and
karst azimuths into bins, that are calculated according to the data size,
counting the occurrences of azimuths in each bin for both data sets to
create frequency distributions. 2) Calculating the expected frequencies
by averaging the frequencies of the two distributions. 3) Calculating the
chi-squared statistic to check if there is a significant difference between
the distributions. We apply the test for the whole range of azimuths
(0°-180°) and for specific ranges that describe different fracture sets
(0°-30°,30-60°,60°-90°,90-120°, 120°-150°, 150-180°). As the analysis can
be sensitive according to the number of bins used to class the range of
azimuths, we use Rice’s rule to define the number of bins n according to
the number of samples available for each category. Rice’s rule is to take
n as the cube root of the number of observations times two.
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3. Results and Discussion
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Figure 2: Fracture network interpretation (blue) and conduits from the mapped caves (red). Base map: Hillshaded DEM from UAV at
10 cm/px resolution.

From the fracture interpretation and karst azimuths distribution
in the map we can generally infer that there is a concordance between
the orientations of the fractures and the karst conduits, in general in
the NE-SW. We highlight that the scale of the fracture interpretation is
not as detailed as the karst mapping, but the idea of the comparison
is to be able to use the method also in other areas to understand and
quantify the impact of major structures into karst development. Faults
and fractures are mapped using remote sensing and the conduits are
usually mapped in the field by speleologists. A locally detailed study
could be done by mapping and measuring the fractures inside the cave
while mapping the conduits, in this case we would have measurements
in the same scale but on a restrict area, not for the whole study site.
A further aim of the method is to build scenarios where fractures in a
certain direction have more or less impact in karst development and in
preferential fluid flow paths.

With the azimuth plot in a rose diagram, we compare the whole
range of data from 0° to 180°. The rose diagrams show that there is a
superposition of azimuths mainly in the NE-SW, and ENE-WSW direction,
between 60 and 90° (Fig.3). The distribution was weighted by fracture
and conduit normalized lengths. The lengths were calculated from the
networks and normalized, the idea is to emphasize the frequency of
azimuth within a higher length, to minimize the influence of the way
the survey was acquired, zig zag effects, and to highlight in the analysis
the segments that are more developed. Karst conduit length is the 2D
projected length.
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Figure 4: Rose diagrams of the fracture (blue) and karst (red) azimuths,
weighted by their respective length (projected in 2D for karst), the fre-
quency is the count.

When we apply the chi-squared test, we obtain the p-values pre-
sented in Figure 5. It shows that for a comparison of the whole range
of azimuths (0-180°) the hypothesis HO cannot be rejected but with a
low p-value=0.164. We can conclude that the distributions are slightly
similar. When we weigh by normalized length we obtain a higher p-value.

& Chi;:::ared Azimuth range Fra:lzl::ur:;.ean K::;sitmr:;.an Bins p-value
0 0°-180° 88° 93° 29 0.164
1 *-30" 13° 1a° 13 0914
2 30°-60° a7 46° 15 0.935
3 60°-90° 75° 75° 19 0.995
4 90°-120° 102° 105° 17 0.838
5 120°-150° 133° 133° 14 0.630
6 150°-180° 165° 164° 14 0642

Figure 5: Table of the results of the chi-squared test, with different azimuths
ranges, mean azimuths for fractures and karst, number of bins used in
the test, and p-values.
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The comparison of more specific ranges also results in not rejecting
the hypothesis HO, with higher p-values, indicating that fractures and
conduits are aligned in every direction.

The test for intervals of 30° results in higher p-values, especially for
the directions of: 0°-30°, 30°-60°, 60°-90°, 90°-120°. Indicating stronger
alignment in the NE-SW, ENE-WSW, and E-W directions. We can infer
that those fracture directions played a major role in karst development
which agrees with other works.

Gremaud et al. (2008) describe how karst development tends to
follow the main direction of the fracture family, especially for the family
oriented 60°. Gremaud et al. (2009) highlight that fractures were active
before and during the deposition of Eocene sediments and influenced
paleokarst development, verified by the alignment of paleodolinesin the
Urgonian limestone in the ENE direction. Both observations reinforce the

importance of the NE-SW, ENE-WSW directions of fractures for conduit
development. At the outcrop scale, Figure 6 illustrates various features
of dissolution that follow the faults and fractures orientation in the study
site. (A) shows a fault NW-SE sinistral, with dissolution in an en échelon
pattern. (B) shows a similar pattern over a larger fault. (C) illustrates
the dissolution and karst development in the southeast area closer to
the glacier in the E-W direction, and (D) in a NE-SW direction. (E) and
(F) are from the central area, where the conduits are developed in the
NW-SE faults and fractures (E), and there is also dissolution along the
N-S fracture set (F). According to Gremaud et al. 2009 there are 100 caves
in the area, most of which are small. Caves entrances often consist in
vertical shafts (Fig.6C), but most also have horizontal passages, parallel
to the stratification.

Figure 6: Dissolution along structural features in Tsanfleuron: A) En échelon dissolution pattern, B) dissolution over a larger fault, C) karst
development in the E-W direction, D) dissolution in NE-SW faults and fractures, E) conduits aligned to NW-SE faults and fractures, F) dissolution
along the N-S fracture set.

4. Conclusion

By combining the fracture interpretation, the map and rose diagram
analyses, the observations from the field, and the chi-squared test,
we conclude that the fracture and karst conduit azimuth distributions
are similar. Calculating the karst azimuth from the projection in 2D is
a relatively good approximation due to the location of the conduits
that are largely parallel to the bedding, that is not steep. Therefore,
fractures controlled the development of the karst in Tsanfleuron mainly
inthe NE-SW, ENE-WSW, and E-W directions. An ongoing work is being
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held to add all the structural geology information to a graph-based
fracture model (Tanaka et al. 2025), that can be used in scenarios
that consider different probabilities for the fracture sets to develop
preferential flow paths and karst, for a hydrogeological modeling and
assessment for Tsanfleuron.

In the present study, we only use the karst surveys that are avai-
lable, comprising approximately 23% of the karsts of the area. For a
more detailed study a more complete karst conduit data set is needed.
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Abstract

Karst aquifers are characterized by complex underground conduit networks, where water flow is highly heterogeneous and dynamic due to
punctual recharge through sinkholes and sinking streams, cave formation, sediment deposition, and changes in base level. These aquifers
supply approximately 25% of the world’s population, emphasizing the need for their proper understanding and preservation. By their comple-
xity, indirect hydrogeological methods, such as hydrograph analysis, hydrochemical characterization, and statistical techniques, are essential
for assessing their behavior and potential contamination sources. In this study, the S3o Miguel River sub-basin (18.3 km?) was analyzed using
these methods during the 2019-2020 water year. The study area, located in the southern S3o Francisco River basin, Brazil, is composed of
Neoproterozoic carbonate lithologies from the Bambui Group, where limestone mining, agriculture, and livestock farming are predominant
land uses. Spring monitoring was conducted based on three selected precipitation events (R1, R2, and R3) to evaluate system karstification
and hydrodynamic responses. The results indicate a highly karstified system, as evidenced by the rapid response of spring discharge to rainfall
events. Hydrochemical analysis suggests that piston effect may control the transition from calcium-bicarbonate to magnesium-bicarbonate
water types. The applied methodologies provided insights into aquifer storage capacity, and allowed to recognize vulnerable zones to conta-
mination. The analysis also contributed to mapping the speleological potential (cave occurence) in a region, offering an analytical subsurface

1. Introduction

Karst aquifers consist of complex networks of underground conduits,
where water flow is more dynamic due to punctual recharge through
sinkholes and sinking streams, cave formation, sediment deposition, and
changes in base level. Depending on the degree of rock karstification,
the response to a recharge event caused by precipitation may be faster
or slower. Groundwater from karst aquifers supplies approximately
25% of the world’s population (Ford & Williams, 2007), highlighting the
importance of understanding and preserving these systems. Due to their
complexity, specific techniques are required for their characterization.
Thus, to comprehend the system’s behavior in response to climatic
events, itis necessary to monitor both springs and climatic conditions.

Spring hydrographs are excellent tools to evaluate karst system
behavior, as they graphically represent the spring’s discharge response
to a precipitation event. These hydrographs record both individual rainfall
events and extended time series, allowing the identification of seasonal
variations in behavior. The recession curve of a hydrograph can be used
to classify the degree of karstification of an aquifer based on flow veloci-
ties and storage times, following the method proposed by Mangin (1975,
1984): (i) k, which represents the regulation capacity and indicates the size
of the saturated zone; and (ii) i, which refers to the infiltration lag time,
revealing the conditions of deep infiltration throughout the unsaturated
zone. This approach enables the identification of the most karstified zone
of the spring (either upstream or downstream), the presence of flooded
zones, and the possible existence of subsystems or less karstified areas.

Additionally, the hydrochemical properties of water can be analyzed
using graphical tools such as the Piper (Piper, 1944) and the Stiff diagrams
(Stiff, 1951). These graphs allow visualization of the relationships among
the major dissolved ions in water and the identification of hydrochemical
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assessment. These findings contribute to groundwater management and to the preservation of associated karst features.

patterns. This method is commonly applied in hydrological monitoring
to assess processes such as water mixing, rock weathering, and aquifer
contamination. Furthermore, these studies typically involve extensive
datasets, often covering an entire hydrological year or longer, so hy-
drochemical data can also be analyzed using multivariate statistical
techniques, such as factor analysis. This technique aims to reduce
data dimensionality by grouping correlated variables into factors that
represent underlying common characteristics. Thus, through graphical
and statistical interpretations, it is possible to complement the unders-
tanding of aquifer hydrodynamics and potential contamination sources.

In this context, the Sdo Miguel River basin was studied using the
aforementioned indirect methods during the 2019-2020 hydrological
year. The study area is located at the southernmost part of the Sdo Fran-
cisco River basin and within the southern portion of the homonymous
Craton, where Neoproterozoic rocks of the Bambui Group outcrop, with
widespread carbonate lithologies from the Sete Lagoas Formation (Alk-
mim & Martins-Neto, 2001). Due to these geological characteristics, the
region hosts numerous limestone mining operations, and also livestock
farming and agriculture as predominant land uses. This study aimed
to understand the hydrodynamic and hydrochemical functioning of a
sub-basin (18.3 km?) by monitoring its spring. For this purpose, three
precipitation events were selected: one occurring between January 21-27,
2020 (R1), another between February 5-23, 2020 (R2), and a seasonal
variation event starting on February 27,2020 (R3). The methods applied
provide insights into the degree of system karstification and potential
contamination sources. Consequently, these findings can contribute to
groundwater management policies and the preservation of associated
speleological features.
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2. Materials and methods

2.1. Descriptive and Multivariate Statistics

The software Statistica Version 12 was used to analyze the hydro-
chemical data. The Shapiro-Wilk test was applied to understand the
distribution of the samples, which represents an assimetric distribution.
The multivariate analysis was conducted in Statistics through factor
analysis, extracting three factors that accounted for 68.6% of the varian-
ce. Only values above 0.700 were considered for the factors of interest.

2.2. Hydrodynamic and Hydrochemical Moni-
toring

For this analysis, monthly discharge measurements and physicoche-
mical parameter readings were conducted at the spring, while recharge
was evaluated using a meteorological station, which recorded daily
precipitation, temperature and humidity. At the spring, a weir equipped
with an automatic transducer was installed to continuously record
water level, temperature, and electrical conductivity every 15 minutes.
Additionally, monthly discharge measurements were performed usinga
current meter to develop the rating curve for the spring hydrograph. In
the hydrograph, the recession curves were represented by the equation
Q(t) = W(t) + d(t), where Q(t) is the discharge at time t, Y(t) represents
the nonlinear recession of the unsaturated zone discharge, and ¢(t)
corresponds to the saturated zone flow.

Physicochemical parameters were measured in situ using a portable
multiparameter meter, including electrical conductivity, temperature,
turbidity, pH, dissolved oxygen, oxidation-reduction potential, and total
dissolved solids. Additionally, monthly water samples were collected for
hydrochemical analysis at Laboratério Limnos (CRL 0462), conducted im-
mediately after sampling. Therainfall event analyzed during recession R1
(154 mm of precipitation) occurred between January 21 and 27,2020; the
event corresponding to recession R2 (402 mm of precipitation) took place
between February 5 and 23, 2020; and the recession R3 event (68 mm of
precipitation) began on February 27,2020, representing seasonal variation.

2.3. Piper and Stiff Diagrames

The hydrochemical parameters were characterized using Piper and
Stiff diagrams, developed with the QualiGraf software. The former is a

3. Results and Discussion

3.1. Spring Hydrograph Analyses

The spring hydrograph (Figure 1) exhibits sharp peak discharges, with
aresponse time of less than 24 hours following a high-intensity rainfall
event, indicating rapid water circulation in the unsaturated zone. The
discharge regime shows high variability, with a minimum value of 14 L /s,
recorded on November 3,2020, and a maximum of 686 L/s, recorded on
March 9, 2020. The recession curve behavior suggests a typical karstic
response, characterized by fast-flowing water circulation, a network of
interconnected subterranean conduits, and the presence of focused
infiltration. These focused infiltrations may be associated with cave
entrances, sinkholes, and/or dolines connected to the hydrosystem.

The morphology of the recession curves R1 and R2 exhibits a rapid
peak in discharge following an intense rainfall event, with flow retur-
ning to a near-average pattern within a few days. This behavior reflects
a weak regulation of the system. However, the seasonal recession R3,
which follows the last rainfall event of the wet period, reveals limited
water storage capacity in the aquifer. During the first 20 days of runoff,
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ternary diagram that utilizes the relationship between dominant ions
to classify water (e.g., chloride, sodium, magnesium types), with clas-
sification based on the concentration (in meq/L) of the sum of cations
or anions. The latter represents ionic concentrations through parallel
horizontal lines, forming specific geometric shapes for each water type.
By analyzing these diagrams, it was possible to interpret the data seaso-
nally (dry and wet periods) and classify the water for each hydrological
month. A total of 12 hydrochemical samples were analyzed.

2.4. Karstification Degree

To classify the karstification degree in karst systems, Mangin (1975,
1984) proposed two indices based on recession curves: i) k, which repre-
sents the regulation power and determines the extent of the saturated
zone; and ii) i, which corresponds to infiltration delay, evaluating the
conditions of deep infiltration in the unsaturated zone. These indices, k
and i, are calculated using the equations: k=Vdyn/V0ei=(1-nt)/(1+¢t),
where Vdyn is the dynamic water volume present in the saturated zone at
the beginning of the recession, and V0 is the initial volume discharged by
the spring at that moment. The variable € is the heterogeneity coefficient
and is associated with the concavity of the hydrograph—values closer
to 1 indicate rapid water circulation in the system. The parameter n is
proportional to the infiltration rate—values closer to zero indicate faster
infiltration. This study used the Curve Fitting tool in MATLAB for the
calculations. Based on this method, the karst system can be classified
into five categories:

I. Well-developed cave network with a highly karstified system

downstream.

. Well-developed drainage network with a largely flooded downs-
tream area.

. More karstified upstream than downstream.

. Complex karst system with expanded sections and multiple
subsystems.

Poorly karstified system

the system drained approximately 46% of the newly infiltrated recharge
volume. Regarding infiltration conditions for R3, the parametersi=0.32,
n =0.038, and € = 0.923 confirm rapid water circulation in the vadose
zone. Similarly, the high e values forintra-annual recessions (€R1=1.750;
€R2=1.600) combined with very low i values (iR1=0.20;iR2=0.17;iR3=
0.14) and relatively high nvalues (WNR1=0.125;1R2=0.200) demonstrate
that even under conditions of high water inflow (>150 mm), in R2 and
R3 recessions, the travel time between recharge and discharge is short.
The k parameter, which expresses the extent of the saturated zone and
water residence time in the system, presents the following values: kR1
=0.08, kR2 =0.19, and kR3 = 0.33. For R1 and R2 recessions, where k <
0.1, the water residence time is less than 30 days. For R3, the residence
time is less than six months, associated with seasonal variation. Water
temperature increases following a rainfall event that recharges the
system, as external summer temperatures are higher than the stored
groundwater temperature. However, in general, water temperature
variations are minimal, fluctuating by approximately 2°C. Conversely,
electrical conductivity decreases after rainfall events, due to the influx of



19t International Congress of Speleology and 38° Congresso Brasileiro de Espeleologia - Belo Horizonte 2025 - Vol. II

less mineralized rainwater, reinforcing the relationship between higher
conductivity values and longer water residence time in the system. These
variations in physical parameters, influenced by hydrodynamics, reflect

the short-term influence of precipitation on the system, even at the end of
the wet season, when precipitation levels were highest (February 2020).
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Figure 1: Hydrograph representing the variation in rainfall, flow rate, temperature, and electrical conductivity over the course of detailed

hydrometeorological monitoring.

3.2. Hydrochemical characterization

Twelve water analyses were conducted at the spring during both
rainy and dry periods throughout the hydrological monitoring year. Upon
analyzing the Piper diagram containing all the samples (Figure 2), the
most frequent classification was calcium bicarbonate water, except for the
sample collected on March 9 (2020), which was classified as magnesium
bicarbonate. This change is also observable in the Stiff diagrams (Figure
2) through the abrupt variation in the geometric shape of the diagram.
This occurs due to a sharp decrease in calcium concentration to 0.7
mg/L, whereas the average concentration is 78.26 mg/L. This variation
coincides with the two most intense rainfall events recorded during the
rainy season, followed by a third event of lower magnitude, which also
contributed to the system’s saturation. The rainfall event represented
in the recession curve R1 totaled 154 mm, while R2 reached 402 mm,
and R3, though of lower intensity compared to the previous events,
totaled 68 mm. Despite the rapid circulation of water within the system,
the close occurrence of these high-magnitude precipitation events led
to the water saturation of the conduits. The last event, although with
lower precipitation, encountered a previously saturated system, acting
as a piston effect that remobilized stagnant water from deeper zones
of the aquifer. The abrupt decrease in calcium concentration and the
increase in magnesium concentration are indicative of this piston effect,
with magnesium serving as an indicator of water residence time in the
aquifer (Batiot et al., 2003). This process corresponds to the remobili-
zation of water from deeper zones, which have longer residence times
within the aquifer. Thus, the hydrochemical analysis suggests that
piston effect may control the transition from calcium-bicarbonate to
magnesium-bicarbonate water types.

In January and February, the cumulative precipitation reached
556 mm, and in February, a sharp decline in electrical conductivity was
observed as a result of the dilution of ions present in the water due to
the substantial recharge volume. In February, the calcium bicarbona-
te-classified water exhibited the minimum electrical conductivity value
of 244.3 uS/s, while the average was 424.19 pS/s, immediately after the
recession event R1, which ended on January 27,2020. In March, despite
lower precipitation but still reflecting the effects of previous recharge
events, a decline in calcium concentration led to a transition to the
magnesium bicarbonate classification. This accumulated recharge is
transmitted as discharge at the springs during February and January,
with higher flow rates of 438 L/s and 686 L/s, respectively.
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Figure 2: Chemical characterization of the water. In the figure above, the
Piperdiagram with sample 5 (blue square) and the different shape of the Stiff
diagram for sample 5 highlight its classification as magnesium-bicarbonate.

The normality test indicated a non-parametric distribution of the
hydrochemical data. Therefore, the multicriteria statistical analysis per-
formed was factor analysis, which identified three predominant factors
(Figure 3). Factor 1 accounted for 23.47% of the cumulative variance,
Factor 2 for 24.16%, and Factor 3 for 20.97%, totaling a confiability of
68.6%. The first factor highlights a positive correlation between calcium
and iron, and a negative correlation with magnesium. This is due to
the mobilization of deeper and older waters that are more enriched in
magnesium, and calcium, commonly presentin more actively circulating
waters, is diluted and lead to a decrease in its concentration.

The second factor indicates a positive correlation between nitrite and
sulfate, both of which are indicative of potential aquifer contamination,
considering the land use and occupation in the region. However, the
monthly values do not characterize anthropogenic contamination, as they
remain below 5 mg/L (CPRM, 2008). The third factor reveals a positive
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correlation between precipitation and the concentration of carbonate and
bicarbonate, meaning that higher recharge leads to increased dissolution

of these ions. This pattern is observed across all monitoring months,
except for the month in which the piston effect occurred.

13,62 Variables Factor Loadings
(mg/L) |Factor (1)|Factor (2)| Factor (3)
Na+K__| 0,460342 | 0,669047 | 0,086299
Ca -0,813281[-0,212607| 0,139283
42,42 Mg 0,720149 | -0,323116| -0,034488
z cl 0,141408 | 0,637657 | 0,572440
@ CO3 +
= hooa | 0.002778|-0,142738 0,800817
& nal Nitrate | -0,492412| 0,051946 | -0,432829
Nitrite | 0,154335 | 0,720275 | -0,113283
Fetotal | 0,843910 | 0,288383 | 0,223041
S04 |-0,204641| 0,905259 | -0,073085
100,00 . ‘ ‘ ph -0,314607| 0,535842 | -0,355459
«‘,)‘) (@" é’)\) oA A «°}° 3 éo}\) ) s")\) & TDS -0,533501| 0,396190 | 0,566243
S N 8 G R K Q7 & 8 e
el e ¢ & R Precipitation | g 176117 | -0,083437| 0,895664
‘g," 0-9"' L G & & o (mm) ' ' '
< B o 3 ExplVar | 2.816503] 2,899417 | 2515987
¢ Prp.Totl_| 0,234716 | 0,241618 | 0,209666

Figure 3 : Statistics results. (A) Dendogram representing the similarities between the variables presented in the table. (B) The table displays the
factors identified through multicriteria analysis.

3.3. Karstification Degree

Figure 4 presents the classification of recessions based on climatic
episodes. Recession R1 is characterized by a well-developed speleo-
logical network with a highly karstified downstream system, where
numerous speleological features, such as sinkholes and caves, enable
a concentrated recharge for the aquifer. This classification corresponds
to an unsaturated system, in which water can percolate freely through
secondary and tertiary porosity (speleogenetic conduits).

Onthe other hand, recession R2 represents a well-developed conduit
network, with a significant portion flooded downstream, as a result of
recharge by the rainfall events occurringin January and February, which
saturated the system with water. Recession R3 indicates a more karstified
system upstream than downstream, which contrasts with the classification
of the other recessions. This occurs because the discharge is slower in
a saturated phreatic system. Additionally, Pereira et al. (2019) highlight
that, in this sector of the aquifer, surface drainage is virtually absent,
a characteristic of highly karstified hydrosystems with well-developed
subterranean drainage.

4, Conclusions

The indirect hydrogeological study methods employed in this
study, such as hydrodynamic monitoring of springs, hydroche-
mical analyses, Piper and Stiff diagrams, and the classification
of the degree of karstification, are specific tools for understan-
ding karst aquifer systems. The studied system exhibits a high
degree of karstification, as evidenced by its rapid response to
rainfall events, with recharge being quickly transmitted throu-
gh the increase in discharge observed at the monitored spring.
The hydrochemical analysis indicates a piston effect within the
system, highlighted by the change in water classification from
calcium-bicarbonate to magnesium-bicarbonate at this month.
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Figure 4: The graph presents the classification of each recession curve
based on the degree of karstification as a function of a climatic event.

These analyses not only provide important insights into the wa-
ter storage capacity and identification of more vulnerable re-
gions of the aquifer but can also indicate more susceptible areas
to speleogenesis. This inference is based on the fact that regions
with a higher degree of karstification typically exhibit a well-de-
veloped network of subterranean conduits, with cave formation
associated with the evolution of the karstification process from
the protoconduit stage. Thus, the methods applied in this study
can also contribute to mapping the speleological potential of a
region, offering an analytical subsurface assessment.

Professor Manoel Teixeira da Costa Research Center, Federal University
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Abstract

1. Introduction

Cretaceous-age carbonate rocks cover approximately 13% of the
total surface area of the Peruvian Andes, occurring in two narrow tectonic
belts extending over 2,000 km (EVANS, 2015). Most karst areas and caves
are located in the northern (Amazonas and Cajamarca provinces) and
central regions. Due to its geodynamic setting and evolutionary history,
including widespread Late Miocene magmatism and intrusions into older
carbonate sedimentary sequences, the Peruvian Andes is a region with
potentially extensive hypogene karst development. Recent studies by
KLIMCHOUK et al. (2022, 2023) have documented hypogene karstin the
Peruvian high Andes, while DE WAELE et al. (2024) provided evidence of
sulfuric acid speleogenesis, including Brujas Cave in Argentina.

Before the study by TYC et al. (2024), which described three caves
in the Mulapampa travertines, no caves were known in the vicinity of

2. Materials and methods

Fieldwork in the Huambo area was conducted during four field
campaigns: in September 2017 as part of the Polish Scientific Expedition
to Peru, and in June/July 2022, 2023, and 2024 as part of a research
project funded by the National Science Centre of Poland. The study
of karst and caves in the Huambo area was carried out in conjunction
with research on phenomena associated with active tectonic processes
in the Colca River basin.

To characterize and understand the karst in the study area, we
employed multiple complementary methods, including cave inventory
and exploration, as well as geomorphological and geological mapping
at both surface and subsurface levels. Geomorphological mapping
involved landform analysis using remote sensingimagery, digital eleva-
tion models, and detailed field surveys and measurements to interpret
landscape evolution. Geological mapping, based on field observations,
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The Peruvian Andes contain extensive Cretaceous carbonate formations, covering approximately 13% of the region. These formations, parti-
cularly in the northern and central parts of the Andes, host significant karst landscapes and cave systems. Recent studies have identified hypo-
gene karst features, including sulfuric acid speleogenesis. Until recently, no caves were documented near Huambo in the Caylloma Province.
However, new research has identified several caves within the Mulapampa travertines, some ranking among the deepest known travertine
caves worldwide. This study presents preliminary findings on karst gecomorphology and speleogenesis in the region, emphasizing the role of
volcanic and geothermal activity in the development of these unique subterranean features.

Huambo, Caylloma Province (Central Andes, southern Peru). The entire
province was not recognized as a karstic region, though a few small caves
(maximum length of 50 m) with indigenous artifacts were documented
(http://cuevasdelperu.org). This study presents preliminary results on
karst geomorphology and speleogenesis in the vast area surrounding
Huambo. South of Huambo, Cretaceous carbonate and evaporite rocks,
partof the western belt of the Peruvian Andes, are exposed. An intriguing
high-mountain gypsum karst, previously unstudied, is found in the locally
known Los Altos area. The upper section of the Huambo River valley
is occupied by thick Mulapampa travertines, featuring large collapse
sinkholes linked to speleogenetic processes, including hypogene activity,
in the underlying Cretaceous limestones.

lithological sampling, and structural measurements—supplemented by
aerial photography, satellite imagery, and literature data—was used to
delineate rock units and geological structures.

As aresult of these techniques, we identified three caves developed
intravertinein 2017: Gruta con Lago, Gruta Campana, and Gruta Lechuza
(TYC et al., 2024). These caves were further explored using standard
speleological methods, including detailed surveying, 3D mapping, and
lithological sampling, as well as chemical analyses of speleothems to
document passage networks and internal cave morphology. Together,
these approaches provide a comprehensive understanding of both
surface and subsurface geological features.

The results of geochemical and mineralogical studies of water,
rock, and sediment samples from Gruta con Lago were published by
TYC et al. (2024).
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3. Results and discussion

The study area lies in the central section of the Huambo River valley,
a left-bank tributary of the Colca River in the Western Cordillera of the
Central Andes (Fig. 1A). The valley is filled with thick thermogene tra-
vertines (sensu PENTECOST, 2005) of Pleistocene age (TYC et al., 2024),

covering over 11 km? and extending from 2,970 m a.s.l. near Huambo
village to approximately 3,950 m a.s.l. The eastern peripheries reach up
t0 4,000 ma.s.l., where they merge with colluvial deposits (Figs. 1 and 2).

TZEOW TZ0EW T20E8'W

_ Voleanics, Andahua Group (Plelstocene-Holocane) e 1 2 3 4 Skm
—_—

at Travertines [Fleistacene-Holocene)
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Dacite intrusions (Upper
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Figure 1 : Location of the study area. A - general location of the Huambo area in the central Colca River basin (shaded relief map based on 30 m
resolution digital elevation model, DEM from Shuttle Radar Topography Mission, SRTM https://earthexplorer.usgs.gov); B - geological settings of
the Huambo area (based on CALDAS, 1993 and ROMERO FERNANDEZ & TICONA TURPO, 2003, modified) with location of caves and zones of collapse
sinkholes in the Mulapampa travertines (Gruta con Lago - C1, Gruta Campana - C2, Gruta Lechuza - C3), the main karst spring (Manco Cdpac), and
the Los Altos gypsum karst; C - solution sinkhole in gypsum of Los Altos (4,150 m a.s.l.; foreground) overlooking the Ampato®Sabancaya Volcanic
Complex (ASVC), with active Sabancaya volcano and Mulapampa travertines in the middle (view from NW to SE).

The oldest formationsin the study area include Upper Jurassic-Cre-
taceous sedimentary rocks of the Yura, Murco, Arcurquina, and Ashua
Formations (Fig. 1B; CALDAS, 1993; ROMERO FERNANDEZ & TICONA
TURPO, 2003). The Arcurquina and Ashua Formations’ carbonates and
evaporites are particularly significant for karst development. A thick
(500-700 m) carbonate sequence from the Arcurquina Formation un-
derlies the Mulapampa travertines. Upper Cretaceous-Eocene dacite
intrusions have altered these sedimentary deposits (Fig. 1B; CALDAS,
1993; ROMERO FERNANDEZ & TICONA TURPO, 2003).

The travertine cover is characterized by numerous deep collapse
sinkholes (Figs. 1, 2, and 3). Three caves were identified during field
studies focused on the geomorphology and origin of these sinkholes.
These caves were already known to the local community. The entrances
to Gruta con Lago and Gruta Campana (C1 and C2 in Fig. 1B; Fig. 2) are

located at elevations of 3,447 m and 3,463 m a.s.l,, respectively. The
entrance to Gruta con Lago features a deep, cylindrical collapse sinkhole
(Fig. 4A), while Gruta Campana exhibits a bell-shaped collapse. The
caves contain steep cones of collapsed travertine blocks leading to their
bottoms. Gruta con Lago, reaching a depth of 38 m, contains a small lake
and water pools among gypsum deposits. Gruta Campana has been
explored to a depth of 40 m. The deepest known cave in the area, Gruta
Lechuza, lies at the edge of the uppermost travertine terrace (C3 in Fig.
1B; Fig. 2), with a cave bottom nearly 85 m below the surface (Fig. 4B).
According to GRADZINSKI et al. (2019) and UNESCO data (https://whc.
unesco.org), this depth places these caves among the deepest known
travertine cavesin the world, comparable to Zedan-el-Soleymanin Iran
(DAMM, 1968).
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Figure 2 : Location of caves and collapse sinkholes in the Mulapampa travertines above the Huambo village
(Maps Data: Google Earth Pro, ©2025 Airbus).

Figure 3: Collapse sinkholes on the uppermost terrace of the Mulapampa
travertine.
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TYC et al. (2024) proposed a conceptual model for speleogenesis
in the region, considering sulfuric acid speleogenesis (SAS) and its
association with travertine deposition over carbonate formations. The
Ampato-Sabancaya Volcanic Complex (ASVC) and its geothermal system
play acrucialrole. The extensive carbonate formations (Arcurquina For-
mation) overlying a magma chamber, combined with active fault zones,
are particularly significant for karst development (TYC et al., 2022, 2024).
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Figure 4 : Surveys of caves in the Mulapampa travertines (TYC et al., 2024, modified). A - Gruta con Lago; B - Gruta Lechuza; C - entrance of the Grura
Leczuza, view from the inner part of the cave.

4, Conclusion

Several years of research in the Huambo area have unexpectedly
provided valuable new data on the karst and caves of this region of the
Peruvian Andes. Detailed geological and geomorphological studies are
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