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Abstract  Hypogenic caves, linked to carbonate rock dissolution due to CO»- and H,S-rich ascending deep
waters, represent more than 10% of karstic networks worldwide; a proportion that increases as these
systems are better constrained. However, interaction between hypogenic and epigenic processes is still
poorly understood, especially since the subsequent invasion of surface water often obliterates the
morphological and mineral markers of hypogenic activities. The Ariege Valley (French Pyrenean foothills)
hosts significant karstic networks epigenically reworked by several episodes of glacier meltwater penetration
during the successive coverage of Quaternary icefields. Among these karstic systems, the Vapeur and Ermite
caves were probably initiated by a hypogenic component during the Miocene. In particular, multiple-S, Sr, H,
C, and O isotopes of thermo-mineral waters and calcite-sulfate speleothems confirm that hydrothermal fluids
reached the caves, and subsequently interacted with Quaternary glacial epigenic phases. Deep fluids
conveyed CO; and H,S, both produced from the thermochemical reduction of Triassic evaporites at depth.
H,S oxidation and CO; hydration in the cave atmosphere, above the water table, created sulfuric and carbonic
acids responsible for an intense karstification. Interpretation of isotopic data, together with a
geomorphological, mineralogical and textural study of cave minerals, allow us to propose a speleogenetic
model in which the respective impact of epigenic and hypogenic processes was driven by base-level changes
during successive Quaternary glacial/interglacial epochs: (i) during glacial periods, invasion of glacier
meltwater within the karst led to the dilution of the hydrothermal water, and was responsible for an
“epigenic mechanical-dominant” speleogenesis through water-related abrasion; (ii) interglacial epochs were
marked by base-level drops and the establishment of a vadose domain in caves, favoring the widening of
karstic conduits through carbonic and sulfuric acid condensation-corrosion during thermal water degassing.
This “hypogenic chemical-dominant” speleogenesis was active until a new advance of glaciers, and this cycle
occurred several times.

Keywords: Hypogene sulfuric and carbonic acid speleogenesis; Multiple sulfur isotopes; Thermal water
geochemistry; Pyrenees.

1. Introduction

The understanding of karstic system genesis and
evolution is of primary importance as carbonate rocks
cover c.a. 15.2% of the planet’s dry ice-free land and
as 1.18 billion people (16.5% of the global population)

live on karst and thus depend on the karst water
management strategy (Ford and Williams, 2007;
Goldscheider et al.,, 2020). Among all the identified
karstic networks, at least 10% are defined as
“hypogenic” (Palmer, 1991; Palmer and Palmer, 2000).
Hypogenic processes imply that acidity comes from
deep-rooted upward recharge (Plan et al., 2012; Tisato
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etal., 2012; Klimchouk et al., 2017; Pérez-Mejias et al.,
2019; Klanica et al., 2020), rather than epigenic origin
(fully formed by water movement coming from
overlying or adjacent recharge surfaces; e.g. Palmer,
1991). Deep fluids involved in hypogenic
speleogenesis are commonly rich in CO; and/or H,S,
and can derived from various hydrothermal sources
such as mantellic, volcanic, metamorphic or buried
basinal fluids (Klimchouk et al., 2017 and references
therein). Among hypogenic caves, deep-seated karsts
can develop at great depth (e.g. Forti and Sanna,
2010), while shallow caves also formed at former
water table levels (De Waele et al., 2016; D’Angeli et
al., 2019). Attempts to discriminate between
hypogenic and epigenic caves are very recent, and
mostly developed during the past two decades (e.g.
Klimchouk, 2007). Since then, a lot of caves have been
revisited and classified as hypogenic. Their distinction
remains challenging because of the overprinting of
most hypogenic morphologies by subsequent
meteoric processes occurring in late stages (e.g.
Columbu et al., 2021), frequently after exhumation of
carbonate massifs. A common approach considers the
description of typical morphologies attributed to
epigenic and hypogenic karsts, together with the
identification of the fluid nature and regional
migration pathways that controlled the timing and loci
of the karst (Klimchouk et al., 2017). When considering
composition of acidic fluids, four main classes of
hypogenic karsts are commonly considered (e.g.
Palmer, 1991): (i) carbonic acid speleogenesis derived
from deep-seated CO;-rich fluids associated with in-
situ hydration of CO, to H,COs (e.g. Piccini, 2000; Ford
and Williams, 2007; Sarbu and Lascu 1997; Leél-Ossy,
2017); (ii) Sulfuric Acid Speleogenesis (SAS) linked to
the oxidation of deep H.S to sulfuric acid H;SO4
(Egemeier, 1981), at or close to the water table
(Audra, 2007; Audra et al., 2007a; De Waele et al.,
2016; D’Angeli et al.,, 2019), intensively dissolving
carbonate rocks and precipitating significant amounts
of gypsum deposits (e.g. Galdenzi and Maruoka,
2003); (iii) “gypsum karsts” in which a meteoric
recharge flowing across deep carbonate aquifers is
responsible for per ascensum fluid migration into
overlying gypsum formations that are dissolved
without involving a high content of CO; or H,S
(Klimchouk et al., 2017 and references therein); and
(iv) coastal mixing caves or flank margin caves formed
by the interaction between fresh-water and salt-water
which causes a mixing dissolution process, and also
produces organic-trapping horizons enhancing the
dissolution through the generation of CO, (Mylroie,
1988; Palmer, 1991; Mylroie and Mylroie, 2007;
Lopez-Martinez et al., 2020).

Our study will only be focused on carbonic and sulfuric
acid caves. In most investigations, hypogenic carbonic
karstification is identified through the confrontation
between specific textures of calcite precipitates (rafts,
folia, spar linings, mammillaries, popcorn...; e.g. Audra
et al., 2007a; Hill and Polyak, 2010), their carbon and
oxygen isotopic composition (Sarbu and Lascu, 1997;
Dublyansky and Spétl, 2009; Temovski et al., 2013;
Dublyansky et al.,, 2014; Klimchouk et al., 2014;
Klimchouk et al, 2017) and fluid inclusion
microthermometry (e.g. Hill, 1987; Dublyansky and
Spotl, 2009).

SAS is particularly important as it generates large
karstic networks one to two orders of magnitude
faster than “classical” epigenic and carbonic acid-
derived karsts (De Waele et al., 2016). In addition to
hypogenic morphologies similar to carbonic acid
speleogenesis, the identification of SAS is mainly
based on major sulfur isotopes (32S and 3S) of the
gypsum precipitated in replacement of the host
carbonate rock (e.g. Hill, 1987; Onac et al.,, 2011;
Temovski et al., 2018), which allow to decipher the
action of sulfuric acid from the simple precipitation
from sulfate-supersaturated solutions in caves.
However, major sulfur isotope ratios do not permit to
accurately identify the different natures, variability
and mixing of multiple sulfur sources, which can be
more accurately constrained using Multiple Sulfur
Isotopes (MSI, also studying the 33S; e.g. Farquhar et
al., 2007). Yet, MSI remains very rarely used in karst
studies (Zerkle et al., 2016).

Cretaceous and Jurassic formations in the South
Aquitaine Basin and northern Pyrenean foothills
basins (Southwest of France) contain a significant
concentration of thermogenic H,S (Biteau et al., 2006),
which could have played a role in SAS for some karstic
systems. To document the variability and the
extension of hypogenic karstification in the Pyrenean
foothill basins, the present work discusses the
speleogenesis of two specific caves located in the
northeastern Pyrenees: the Vapeur and Ermite caves
in the Ariege Valley, both connected to the same
thermo-mineral spring. In order to evaluate the
possible action of hypogenic processes responsible for
the genesis and/or for the geomorphological evolution
of these cavities, this study includes several
approaches: (i) morphologies of galleries and textures
of wvarious speleothems, (ii) mineralogy and
geochemistry of speleothems; (iii) various isotopic
compositions (sulfur, oxygen, hydrogen, carbon and
strontium) of thermo-mineral waters to decipher their
origin, together with a comparison with speleothems’



isotopic signatures (calcite and sulfate minerals) to
infer a potential link with the hydrothermal activity.
We finally propose an integrated genetic model in
which the Quaternary hydrogeological evolution of
both the Vapeur and Ermite caves is intimately linked
to the hydrodynamics and base-level changes during
glacial/interglacial periods, that control the relative
contribution of both epigenic and hypogenic
processes; the latter process being linked to the deep
circulation of thermochemical CO, and H.S.

2. Regional context of Ariege Valley caves

2.1. Architecture and stratigraphy of the Tarascon-
sur-Ariége basin

The Vapeur and Ermite caves are located on the
eastern flank of the Ariege Valley which overlooks the
village of Ussat-les-Bains, in the southern part of the
Tarascon-sur-Ariege  basin  (Fig.1a). The two
neighboring caves develop within metamorphosed
Aptian limestones (Urgonian Facies), with entrances at
an altitude of 560 m for the Vapeur Cave and at 550 m
for the Ermite Cave (around 80 m above the Ariege
River). The Tarascon-sur-Ariége basin constitutes a
synclinorium bordered by the Variscan massifs of
Aston in the south, St-Barthélémy in the east, Arize in
the north, and Trois-Seigneurs in the west (Fig.1a).
Above Triassic series, composed of marls and
evaporites, the sedimentary pile is formed by a thick
series of Jurassic to Cretaceous limestones, dolostones
and marls in a stack of asymmetrical anticlines verging
to the south (Fig.1b).

In the vicinity of both Vapeur and Ermite caves, at
Ussat-les-Bains (see Fig.1a for location), a borehole
drilled for geothermal exploration, provides a detailed
stratigraphical section of underlying strata (Fig.2): 114
m of glaciofluvial alluvium (blocks, sand and sandy
shales) filling the Ariége Valley, 934 m of Cretaceous
and Jurassic carbonate formations, 40 m of Keuper
gypsume-rich clays, and finally the Paleozoic basement
composed of schists beyond 1088 m depth (Antea,
2009). Within the 934 m of Mesozoic carbonate series,
the first hundred meters are composed of Neocomian
beige/yellow micritic limestones and gravelly
carbonates, which downwards pass to homogeneous
beige limestones between 209 and 319 m, and finally
to the Liassic limestones down to 1048 m, alternating
with some thin ophitic layers just before the
underlying contact with the Triassic evaporitic series.
Not crossed by the borehole, the Aptian sedimentary
series, which overlay the Neocomian carbonates,
outcrop both on the eastern and western flanks of the

Ariege Valley (Fig.1b), easily recognizable by the
presence of Toucasia rudists in the Urgonian
limestones. The studied Vapeur and Ermite caves
developed essentially in this Urgonian facies.

All these Mesozoic sediments have been exhumed
during the Pyrenean orogeny with the emplacement
of an erosional subplanar unconformity during the
Neogene, truncating both the Aptian and Albian
carbonates and marl series, as well as the surrounding
Paleozoic gneissic basement (Calvet, 1996; Monod et
al., 2016). After the Pliocene, these massifs have been
entrenched by successive Quaternary glacial erosion
with icefields entirely covering the sedimentary series
(Delmas et al.,, 2012) which have structured or
enhanced the succession of modern N-S valleys.

2.2. Karstic and hydrogeological context of the Ussat-
les-Bains massif

Numerous karstic cavities, especially developed in
Urgonian limestones, are known in the Ussat-les-Bains
massif (e.g. Sorriaux et al., 2016). Among them, the
most developed network includes the famous
prehistoric Niaux Cave (entrance: altitude of 680 m),
Lombrives Cave (entrance: altitude of 600 m) and
Sabart Cave (entrance: altitude of 560 m). This karstic
network, lying few kilometers northwest from the
Vapeur and Ermite caves (Fig.1a), has been subjected
to intense geological investigations, including facies
description and cosmogenic dating of cave sediments,
and U/Th dating of speleothems (Sorriaux, 1982;
Bakalowicz et al., 1984; Sorriaux et al., 2016; Sartégou
et al., 2020). Most cave systems probably initiated
during the Miocene-Pliocene (ages inferred from
cosmogenic nuclides at 8.63 +2.08 Ma of fluvio-karstic
sediments; Sartégou et al.,, 2020), and were then
entirely covered and scoured by glaciers during the
successive Quaternary glacial periods. Based on U/Th
dating of flowstone (Sorriaux, 1982; Bakalowicz et al.,
1984; Sorriaux et al., 2016), and cosmogenic nuclides
of surrounding moraines (Delmas et al., 2011, 2012),
the chronology of karst reactivation by glacial
meltwater and sedimentary filling during the different
glaciations is well constrained over the last 450 kyr
(Sorriaux et al.,, 2016). These glacial events were
particularly active in this area during the Marine
Isotopic Stages MIS2, MIS4 and MIS8 (Sorriaux et al.,
2016).

In addition to those epigenic events, current active
hydrothermal circulations within the Jurassic and
Cretaceous limestones of the Ariege Valley implies the
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Figure 1: Geological context of the Tarascon-sur-Ariege basin. a. Geological and structural map of the basin. The location of the
studied caves (star: Ermite and Vapeur caves), the Niaux-Lombrives-Sabart karstic networks (triangle) and the Arignac
underground quarry where Triassic evaporites and pyrites have been sampled (dot) are indicated. b. Fluid flow at the basin
scale (arrow) illustrating in NW-SE and WSW-ENE cross sections (respectively lines B-B’ and C-C’ in Fig.1a; inspired from BRGM,
1983). See explanation of fluid circulation in the discussion part. TSR: Thermochemical Sulfate Reduction. The value 55 °C
corresponds to the temperature measurement of the more superficial hydrothermal water input in the S9 borehole at a depth
of 230 m (Antea, 2009).
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Figure 2: Geological cross section of the Ariege Valley at the
location of the Ermite and Vapeur caves, with the indication
of current hydrothermal circulations and potential
exchanges between the karst and the water table close to
the Ariege river (dilution of hydrothermal inputs). The
thermal water borehole S9 from which the sedimentological
log was defined (Antea, 2009) is reported.

possibility that hypogenic karstification also occurred.
Indeed, the valley, near the studied caves, currently
hosts a thermal spa implanted close to a thermo-
mineral spring in Ussat-les-Bains running across the
fluvial sediments and Urgonian limestones. Since
1996, spring-water is captured by the S9 borehole,
with pressurized cemented casing, and pumping
below the cold-water mixing zone (below 220 m;
Antea, 2009). The average temperature of the
collected water is 58 °C, and the more superficial hot
water inflow in the borehole occurs at a depth of 261
m at a temperature of 55.5 °C (Antea, 2009). Hot
waters are trapped in two distinct but hydraulically
connected aquifers: the fluvio-glacial alluvium at the
bottom of the valley, and the Jurassic-Cretaceous
carbonate series where the major part of the large
karstic networks is located (Fig.1b and 2). This thermo-
mineral water reservoir is laterally delimitated by the
gneiss and schist formation of the exhumed Paleozoic
basement for a perpendicular and longitudinal
extension of 1 km and 6 km with respect to the Ariege
Valley axis (Antea, 2009).

3. Data and methods

3.1 Mineralogical characterization

A total of 6 cave sulfate minerals have been
characterized on powder using Diffuse Reflectance
Infrared Fourier Transform (DRIFT) spectroscopy at

the GeoRessources Laboratory (Nancy, France), and X-
Ray Diffraction (XRD) at the CRM2 Laboratory (Nancy,
France). DRIFT spectra were recorded in the mid-
infrared range with a spectral resolution of 2 cm™
using a Fourier transform infrared spectrometer
BRUKER IFS 55 and performed on dry samples diluted
of 15% by weight in potassium bromide (Kbr). XRD
analyses were made using a Bruker D2 phaser with a
SSD160 detector and acquisitions collected over the
range 2-3 to 70-75° 20 using a step interval of 0.02° 26
every 0.6 s. For both methods, obtained spectra were
compared to mineral database PDF-2 to identify the
exact nature of sulfates.

3.2. In-situ gas analyses by the analyzer GA5000

Gas compositions of the cave atmosphere were
established using a GA5000 gas analyzer (Geotech').
This apparatus allows us to analyze the concentration
of CH4 (error of 0.5% of the full scale), CO, (error of
0.5%), HaS (error of 1.5%), O, (error of 1%), CO (error
of 2%) and H, (error of 2.5%).

3.3. Physico-chemical properties of water

Conductivity, pH, temperature and dissolved O, of
water were measured in-situ using a HACH® HQ30D
Kit multimeter with LDO electrodes. Errors are
estimated to 0.5% between 1 uS/cm and 200 mS/cm
for the conductivity, 0.1°C for the temperature, 0.01
for the pH, and 0.01 mg/I for dissolved O,.

Chemical analyses of water were carried out in the
Total laboratories (Pau, Centre Scientifique et
Technique Jean Féger — CSTJF, France) using lon
Chromatography (CI, Br and S04%), Inductively
Coupled Plasma-Atomic Emission Spectroscopy (Li",
Br and Sr?*), Inductively Coupled Plasma-Mass
Spectrometry (Ca** and Mg?), and Flame Emission
Spectrometry (Na*, K*, Ca?* and SiO,). Accuracy for
major elements was better than +5% (evaluated
according to the following standards: 1on96-3 and
LGC6020 (river waters) and diluted Li and B ICP-AES
standard solutions (Merck)).

3.4. Sulfur isotope analysis

Sampling of the sulfur-rich minerals and karstic
springs

Several sulfur-bearing minerals and dissolved species
have been sampled to constrain the source of cave
sulfate minerals, with:

i. 3 samples of cave gypsum coating the Ermite
Cave walls;
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ii. 3 powders of Aptian carbonates for trace
sulfate mineral analysis in the Ermite Cave at
various depths from the contact with cave
gypsum (0.2 cm, 0.8 cm and 2.0 cm);

iii. gypsum and anhydrite deposits of the Triassic
evaporitic series, with two samples in the
Arignac underground quarry (Fig.la for
location);

iv. pyrite samples forming veins in Triassic
gypsum in the Arignac quarry;

v. dissolved sulfates in the thermo-mineral
water of the S9 borehole and in the thermal
sumps of both Vapeur and Ermite Caves.

Sulfur isotopic composition is reported in the classical
delta notation with respect to Vienna Caifion Diablo
Troilite (V-CDT):

S = (Rsample/Rv-cor — 1) x 1000 (%) (1)

with x =34 and 33, where R is the ratio of the heavy to
light isotopes (*S/32S).

To better visualize small isotopic composition
deviations from the reference mass fractionation law

between 3%S, 335 and 3%S, we also used the capital delta
values defined as:

A33S = §335 — ((534S/1000 + 1)°51° — 1) x 1000 (%0)  (2)

Major sulfur isotopes of trace sulfate minerals in
carbonate rocks and dissolved SO /H,S in thermo-
mineral springs

For trace sulfate minerals in limestones, about 10 mg
of carbonate powder were treated similarly to Paris et
al. (2014). Water samples were pretreated at the time
of collection with ZnCl to precipitate reduced sulfur
(H2S) as ZnS. In the lab, samples were centrifugated to
separate the precipitated ZnS. A 50 pl aliquot of the
liquid phase was diluted in 1 ml of ultrapure water for
sulfate concentration measurement on the Methrom
lon Chromatography System (ICS) and a 1 ml aliquot is
taken for isotopic analyses. 1 ml of H,O, 30% was
added to the ZnS solids and left at room temperature
with a partially open lid for 1h and heated at 85 °C on
a hot plate for 48h. The resulting solution was then
centrifugated and the supernatant was recovered and
used for ICS and isotopic measurement. 6**S were
measured on the ThermoScientific Neptune Plus
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Multiple Collector — Inductively Coupled Plasma Mass
Spectrometry (MC-ICPMS) at the Centre de
Recherches Pétrographiques et Géochimiques (CRPG;
Vandceuvre-les-Nancy, France) (Paris et al., 2013,
2014). Errors (20) were estimated at £0.2%o for both
trace sulfate minerals and the dissolved sulfate/sulfide
ions in thermo-mineral water based on a seawater
long-term consistency standard.

Multiple sulfur isotopy (MSI) of cave sulfate minerals,
sulfide minerals and evaporitic minerals

Multiple sulfur isotopes analyses (63S and &3*S) were
carried out at Institut de Physique du Globe de Paris
(IPGP, France). A sulfur extraction from each powder
was performed using either a Chromium Reduced
Sulfides (CRS) solution (Canfield et al., 1986), or a
Strongly Reducing Hydriodic Hypophosphorous acid
solution (STRIP; as described in Kitayama et al., 2017)
to extract sulfides and sulfates respectively. The H,S
released was then converted to Ag,S by reaction with

AgNOs. Finally, a step of fluorination followed by
purification steps using cryogenic traps and gas
chromatography converted all the Ag,S into SFs which
was then analyzed by a ThermoFinnigan MAT 253
dual-inlet gas-source mass spectrometer (Sansjofre et
al., 2016). Standard deviation corresponds to the sum
of the internal and external errors possibly involved
during extraction and fluorination procedures, and are
c.a. 0.01%o and 0.001%. for &%*S and A*S values
respectively (20).

3.5. Strontium isotopy of cave sulfate minerals

About 50 to 100 mg of powdered samples were
prepared for strontium isotopic composition
according to the method of Pin and Zalduegui (1997)
at the P6le de Spectrométrie Océan (PSO) in Brest
(France). Sr isotopic compositions were measured in
static mode on a Thermo TRITON. All measured Sr
ratios were normalized to #Sr/%Sr = 0.1194. During
the course of analysis, Sr isotopic compositions of



standard solution NBS987 gave ®Sr/%Sr = 0.710270
+0.000004 (20, n=7, recommended value 0.710250).

3.6. Oxygen isotopy of cave sulfate minerals

0.18 mg of 2 samples of cave gypsum were loaded into
an autosampler of a TC/EA coupled to Isotopic Ratio
Mass Spectrometry (IRMS) Delta plus xp Thermofisher
for the oxygen isotopic composition measurement
(combustion temperature of 1450 °C) at the Scientific
and Technical Centers of the Universitat de Barcelona
(Spain). We used the classical delta notation in %o with
respect to V-SMOW (Vienna Standard Mean Ocean
Water) and V-PDB (Vienna Pee Dee Belemnite). The
reference standards used were NBS-127 (680 value of
+8.59%0), UB-ASC (680 value of +13.2%o), UB-YCEM
(80 value of +17.6%o) and IAEA-SO6 (80 value of -
11.4%o) for an obtained standard deviation inferior to
0.2%eo.

3.7. Oxygen, hydrogen and strontium isotopes of
water

Oxygen and hydrogen isotope measurements were
performed at BRGM stable isotope laboratory (France)
by equilibrating during one night 1 mL of water with
gas mixtures of H,—He and CO,—He respectively for 6D
and 80, and using a Finnigan MAT 252 mass
spectrometer (Assayag et al., 2008). The external
precision was +0.1%o for 60 and +0.8%. for 8D V-
SMOW.

Preparation of water samples for strontium isotopic
composition was made according to method of Pin
and Bassin (1992). 150 ng of Sr were analyzed using a
Finnigan MAT 262 multi-collector mass spectrometer
at BRGM’s stable isotope laboratory. The #Sr/8%Sr
values were normalized to the certified value of the
NBS987 standard 0.710240. An average internal
precision of +10 ppm (20) was obtained and the
reproducibility of the ®Sr/®Sr ratio measurements
was verified by repeated analysis of the NBS987
standard (87Sr/%6Sr = 0.710243 +10, 20).

3.8. Oxygen and carbon isotopes of carbonates

For carbon and oxygen isotopic compositions of calcite
(rafts, folia and unaltered host rock), an aliquot of each
sample between 1 to 100 mg of powder was reacted
with 2 mL of supersaturated orthophosphoric acid at
70 °C for at least 10h under a He atmosphere. Carbon
and oxygen isotopic compositions of the produced CO;
were then measured with a Thermo Scientific MAT
253 continuous flow isotope ratio mass spectrometer
at CRPG. Values are reported to the delta notation

in %o relative to V-PDB for carbon isotopes, and to V-
SMOW and V-PDB for oxygen isotopes of water and
mineral respectively. All sample measurements were
adjusted to the internal reference calibrated on the
international standards IAEA CO-1, IAEA CO-8 and NBS
19. The reproducibility was better than 0.2%o (20).

4. Results

4.1. Cave hydrology and specific morphologies and
minerals

The Vapeur Cave

The Vapeur Cave opens at the foot of an Urgonian cliff
at an altitude of 560 m, about 70 m above the current
Ariége River. It includes 3 main vertical shafts linked
together by sub-horizontal galleries, for a total
development of 270 m (Fig.3). The deeper shaft
reaches a thermal sump at a depth of -52 m from the
entrance (Fig.4a), with a diving exploration and
topography down to -69.5 m, i.e. 17.5 m below water
level. This cave has been defined as a “smoking shaft”
(Audra, 2017), evidenced by a condensation plume
visible at the cave entrance during cold days.

In terms of specific minerals, calcite rafts have
precipitated at the thermal water surface (Fig.4a).
Considering particular morphologies, pluri-dm to
metric symmetrical cupolas on the ceiling are present
all along the network, sometimes coated by detrital
materials (c.a. 15 to 20% of autochthonous carbonate
clasts, and allogenous clays and pebbles of
metamorphic origin with significant concentration of
iron) (Fig.4b). The most intensive corrosion features
are observed in the first 20 m above the current water
table with pluri-cm-deep corrosion furrows and karren
developing from the ceiling to the floor, and
converging toward the water surface (Fig.4c). Pluri-
dm-deep ceiling channels (Fig.4d) and numerous
boxworks with sparitic veins in relief (Fig.4e), due to
the preferential dissolution of the micritic matrix of
the Urgonian limestone, are also observed. In-situ
measurements using GA5000 gas analyzer revealed no
significant gas concentration anomalies (CO; or H,S) in
the cave atmosphere (analysis made during July 2018).

The Ermite Cave

The two main entrances of the Ermite Cave open at
the same Urgonian cliff as the Vapeur Cave, at an
altitude of 550 m, about 60 m above the Ariége river.
The cave is composed of two superposed levels with
distinct morphologies, for a total development of



Figure 6: Photo of the bottom part of the Ermite Cave showing ceiling channels rising above the terminal thermal sump,

corrosion furrows on the walls, and a close-up view of folia.

900 m (Fig.5). The wupper network (250 m of
development) shows an alternation of horizontal
galleries with successive low passages (around 1 m-high,
1 to 2m-wide) and chambers (between 3 and 6 m-high,
2 to 4 m-wide). Cave walls of this part are very smooth,
shiny, intensely polished (Fig.5), with local preservations
of clastic infillings cemented by calcitic cements (similar
to the Vapeur cave sediments).

The lower network includes shafts and inclined galleries
(1 to 5 m-high and 2 to 5 m-wide) that follow the
bedding plane down to a thermal sump at a depth of
around 70 m below the entrances. Various corrosion
structures and speleothems are observed above this
sump:

i. Sinuous ceiling channels, with very curved walls
devoid of concretions, starting from the sump
and rising along the roof up to 8 m above the
water table (Fig.6);

ii. Deeplyincised ceiling cupolas develop along the
ceiling channels (Fig.7a and 7b). Some of them
are coated with brown-colored iron- and
manganese-rich incrustations delimiting

vi.

horizontal levels. Such levels mark the former
water-air interface of trapped air pockets;

Folia are observed few meters above the water
table (Fig.6 and 7c). Folia appear as typical 3 to
20 cm-long forms of inverted cups forming
amalgamated “fungi-like” texture similar to the
“bracket fungi” fabric commonly described in
the literature (e.g. Audra et al., 2009; D’Angeli
et al., 2015; Lopez-Martinez et al., 2020);

As also observed in the Vapeur Cave, thin and
vertical corrosion furrows incise the majority of
Urgonian walls and floors in the first 10 m above
the sump. Furrows are spaced each other from
1to 20 cm and converge toward the sump (Fig.6
and 7d);

Walls and roofs are locally encrusted with old
calcitic crusts, characterized by a patchy
geometry. Theses crusts are highly corroded
and some of them are clearly incised by the
vertical corrosion furrows (Fig.7d);

Higher in the gallery, more than 15 m above the
sump, all the walls, ceilings and laminated
karstic sediments are highly corroded (Fig.7e)
with the development of small pluri-centimetric
cups systematically coated by iron-rich calcite



crusts, and sometimes exhibiting a popcorn-like
texture;

Several generations of cm-thick gypsum crusts
develop in the upper part of the lower network,
at the level of very polished incurved surface at
the head of vertical conduits (Fig.7f). They are
sometimes separated from each other by
calcitic laminae or silty/clayey material (Fig.8a
and 8b). In small cavities or fractures enlarged
by corrosion, we also observed secondary
gypsum Dblisters (hemispherical to nearly
spherical speleothem on the cave wall; Fig.8c)
and very fine needles (Fig.8d) coating prior
gypsum crusts and clayey coatings. DRIFT and
DRX analyses did not reveal other sulfate
species than pure gypsum. No alteration is
visible at the contact between gypsum and host
carbonate rock, even using microscopic
observations.

Vii.

Table 1: Physico-chemical characteristics of the S9 borehole
thermo-mineral water (measurements performed the
26/04/2005 and 22/10/2008; Antea, 2009) and of the Ermite
and Vapeur caves sump water (this study).

S9 borehole Vapeur Cave Ermite Cave
thermal water groundwater groundwater
(Antea, 2009) (this study) (this study)

Physical properties

Temperature (°C)  52/59 19.5 18.5

PH 6.5/7.6 Ziﬁ;r.]ss lab Zi.tzug/flir.‘45 lab

(C:S”/‘ir‘:)ﬁ"”y 1751/1885 454 486

Chemical composition (mg/l)

Na* 38/46 <2 <2

K* 7.9 <2 <2

Ca? 375/407 63.4 68

Mg?* 57/69 3.4 5.6

0, 0.8 8.32 7.81

Fe?* <LD <LD <LD

S0.* 1020/1300 18.6 27.4

H,S <LD <LD <LD

cr 45/53 2.9 2.35

HCO3" 126/150 289.4 290.9

NOs <1 <LD <LD

Organic ions <LD <LD <LD

11

According to in-situ gas measurements in the Ermite
Cave, deeper parts of the network (below the narrow
passage separating the lower and upper networks; the
“Chatiére Lacroix 1949”; Fig.5) were characterized by a
significant CO, concentration in the atmosphere,
depending on the season: a proportion of 1.4% of CO,,
associated to an oxygen depletion (19.8% instead of
20.1%) during the summer 2018 (July), and 0.7% of CO;
during the winter 2019 (January).

4.2. Physico-chemistry and isotopy of thermo-mineral
waters and cave minerals

Physico-chemistry of thermo-mineral waters

Physical parameters of both cave sump waters (this
study), as well as for the S9 borehole water (Antea,
2009), are synthesized in the Table 1. Physical data and
chemical composition of the sump waters are similar
between both caves. During summer 2018, we
measured water temperatures of 18.5 °C and 19.5 °C
respectively for the Ermite and the Vapeur warm sumps.
These values are higher than the 10 to 12 °C measured
in surface water. For the Ermite and Vapeur caves
respectively, pH are 7.29 and 7.44, while conductivities
are 486 and 454 pS/cm. lonic concentrations are also
similar between both waters, with relatively low
contents of chloride ions (Ermite Cave: 2.35 mg/l;
Vapeur Cave: 2.9 mg/l) and sulfate ions (Ermite Cave:
27.4 mg/l; Vapeur Cave: 18.6 mg/l). Potassium, sodium
and magnesium concentrations are very low, below 2
mg/l. The content of dissolved H,S is negligible with a
value lower than 102 mg/l. The concentration in
bicarbonate ions is of 290.9 mg/I for the Ermite Cave,
and 289.4 mg/| for the Vapeur Cave. Dissolved oxygen
concentration is similar between both caves with values
of 7.81 mg/l in the Ermite Cave and 8.32 mg/| in the
Vapeur Cave, which is a common content for superficial
water. During investigations in the Ermite cave, in fall
2018, ephemeral strings of bubbles rose from the warm
sump. Unfortunately, due to the transient nature of
these emissions and their awkward access, we were not
able to sample these gases for chemical analysis.

Isotopic composition
All isotope results are synthesized in Table 2.

Calcite close to the sump water of Ermite and Vapeur
caves

Results show negative carbon and oxygen isotopic
signatures for calcite concretions close to the sump
water surface, with a 8§*3C values of -6.7 and -6.6 +0.2%o
V-PDB, and &80 values of -9.6 and -11.0 +0.2%. V-PDB



Figure 7: Photos of specific morphologies of the Ermite Cave. a. Ceiling cupolas with an iron- and manganese-rich layer at the
base marking a former water-air interface of trapped air pockets. b. Ceiling interpenetrated cupolas (view of the roof). c. Ceiling
channel close to the sump and close-up view of folia on the wall (photo by J-Y. Bigot). d. Corrosion furrows carving the limestone
wall, karstic sediments and calcite crust. e. View of an intensively corroded gallery with significant alteration of ceiling, walls
and karstic sediments (close-up view of corrosion cups). f. Smooth walls in convection niches coated by gypsum crusts at the

top of a more vertical shaft and along a main fault plane.

for the Ermite Cave (calcite forming folia); and §3C
values of -7.3 £0.2%o V-PDB, and a 680 values of -10.4
+0.2%o V-PDB for the Vapeur Cave (calcite rafts on
warm water surface) (Fig.9a). The unaltered Urgonian
host rock is characterized by a positive value for §3C
of +0.3 +0.2%o V-PDB, and negative for 880 of -15.2
+0.2%o V-PDB.

Thermo-mineral waters

The signatures in 880 and 8D for the sump water of
the Ermite Cave are -9.9 £0.1%0 V-SMOW and -67.1
+0.8%o0 V-SMOW respectively; and for the Vapeur Cave
of -9.6 +0.1%o0 V-SMOW and -65.5 +0.8%0 V-SMOW
(Fig.9b). The &Sr/®%Sr ratios in waters are 0.707853
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Figure 8: Photos of gypsum precipitates in the Ermite Cave. a. Two generations of gypsum crusts separated by a layer of clay-
rich karstic sediments. b. Detailed view of the gypsum crust resting directly on the host limestone. c. Secondary gypsum blisters
resting on the primary massive gypsum crust. d. Secondary fine gypsum needles on primary gypsum crust.

+0.000007 and 0.707926 +0.000006 for the Ermite
Cave and the Vapeur Cave, respectively. The sulfur
isotopic signatures of the dissolved sulfate ions are
again close to each other, with a 63*S (504%) values of
+6.1 £0.2%0 V-CDT for the Ermite sump, and of +4.9
10.2%0 V-CDT for the Vapeur sump. Finally, the
thermo-mineral water of the S9 borehole is
characterized by 634S value of dissolved sulfate ions of
+14.8 £0.2%. V-CDT (Fig.10).

Ermite Cave gypsum

The 87Sr/%Sr values of gypsum sampled in the Ermite
cave are quite similar to those of the sump water of
this same cave, with slightly higher values of 0.708197
+0.000006 and 0.708291 +0.000008. Cave gypsum
show negative MSI values: Erm1 with 6%S value of
-3.56 +0.008%o. V-CDT and A*S value of -0.004
+0.007%0, Erm2 with 63S value of -5.06 +0.010%o V-

CDT and A33S value of -0.034 +0.013%o, and Erm3 with
534S value of -7.33 +0.008%o V-CDT and A*S value of -
0.043 +0.014%. (Fig.10). 680 values of Erm2 and Erm3
are -0.6 +0.2%o0 V-SMOW and +0.6 +0.2%. V-SMOW
respectively.

Pyrites, gypsum and anhydrite of Triassic evaporitic
series

Triassic evaporitic minerals of the Arignac
underground quarry (Fig.1la for location) are
characterized by respective 8*'S and A*S values of
+17.38 +0.005%0 V-CDT and of -0.001 +0.011%o. for
gypsum, and +15.34 +0.010%. V-CDT and +0.008
+0.013%o for anhydrite (Fig.10). Pyrites precipitated in
Triassic gypsum are characterized by lower sulfur
isotopic signature with §34S values of +1.66 +0.008%o
V-CDT and +2.09 +0.003%o V-CDT, and A®S values of -
0.003 +0.008%o and -0.010 +0.010%o.



Table 2: Results of multiple sulfur, strontium, oxygen, carbon and hydrogen isotopy in: Ermite and Vapeur caves sump thermal
water, calcitic speleothems, cave sulfates (massive gypsum crusts and trace sulfate minerals in host limestone), Triassic
gypsum/anhydrite/pyrite, and thermo-mineral water of the S9 borehole.

Water/ 534S Error A®S Error  8Sr/%6Sr  Error 8D Error &0 Error &6%C Error
mineral %o %o %o %o %o %o %o %o %o %o
V-CDT V-SMOW V-PDB
Ermite Cave
Thermal water Sulfates +6.1 0.2 0.707853 7.10% -67.1 0.8 -9.9 V- 0.1
SMOW
Calcite (folia) -11.0 0.2 -6.7 0.2
-9.6 0.2 -6.6 0.2
V-PDB
Host Limestone -15.2 0.2 +0.3 0.2
V-PDB
Trace sulfates  0.2cm  -9.5 0.2
in host rock* 0.8cm -2.6 0.2
2cm +9.3 0.2
Gypsum Erml -3.56 0.008 -0.004 0.007 0.708197 6.10° 0.2
Erm2 -5.06 0.010 -0.034 0.013 0.708291 8.10° -0.6 0.2
Erm3 -7.33 0.008 -0.043 0.014 +0.6
V-SMOW
Vapeur Cave
Thermal water Sulfates+4.9 0.707926 6.10°% -65.5 -9.6 0.1
V-SMOW
Calcite rafts -10.44 0.2 -7.3 0.2
V-PDB

Triassic formation (Arignac underground quarry)

Gypsum +17.38 0.005 -0.001 0.011
Anhydrite +15.34 0.010 +0.008 0.013
Pyrite +1.66 0.008 -0.003 0.008

+2.09 0.003 -0.010 0.010

Thermal water in S9 borehole

Sulfate ions +14.8 0.2

*(from gypsum interface)

Trace sulfate minerals in host Urgonian limestone of
the Ermite Cave

The transect of trace sulfate minerals contained within
Urgonian limestone on the wall of the Ermite Cave
shows 6*S values ranging from -9.5 +0.2%o V-CDT at 2
mm from the gypsum-carbonate interface to -2.6
10.2%0 V-CDT at 0.8 mm, and finally +9.3 £0.2%. V-CDT
at 2.0 cm depth (Fig.11).

5. Discussion

5.1. Geomorphological evidences of recent to active
hypogenic condensation-corrosion

Warm sumps, the CO,-rich Ermite Cave atmosphere
and the occurrence of rising bubbles are clear
evidences for an ongoing hydrothermal activity rising
in the caves, where deep hydrothermal inputs mixes

with superficial meteoric water infiltrations. In
hypogenic carbonic caves, CO, ascent commonly
causes the formation of calcitic folia and rafts related
to thermo-mineral water degassing (e.g. Audra et al.,
2009; Lopez-Martinez et al.,, 2020), which is also
observed in both Vapeur and Ermite caves. Though
CO, degassing can occur underwater or at the air-
water interface, the absence of bubble trails, formed
from CO, pressure decrease in water (Audra et al.,
2009), is rather in favor of CO, degassing at the water
surface directly to the cave atmosphere. For example,
in the Movile Cave (Romania), the main karstification
mechanism is attributed to the carbonic
condensation-corrosion processes associated with an
atypical CO; proportion of 1.5% in the atmosphere and
an oxygen depletion with a proportion between 19.5
and 20% (Sarbu and Lascu, 1997). This CO; content is
comparable to the summer values we measured in the
Ermite Cave. Within both Ermite and Vapeur caves,
dissolution features observed above the warm sumps
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Figure 9: a. 613C vs. 880 graph of the host limestone and calcite precipitated from the degassing of thermal sumps in the
studied caves (calcite rafts in the Vapeur Cave and folia in the Ermite Cave). The signature of Aptian marine limestone is
reported in the grey rectangle (Veizer et al., 1999). b. 8D vs. 630 graph of the sump waters in both the Ermite and Vapeur
caves. The Global Meteoric Water Line (GMWL) is reported in black (Craig, 1961).

are typical of condensation-corrosion processes in
thermally-influenced atmosphere because of a
thermal gradient between the pool of warm water and
the "colder" host rock (e.g. Dublyansky and
Dublyansky, 2000; Dreybrodt et al., 2005; Audra et al.,
2009). During this process, CO, from the cave
atmosphere is dissolved at the contact with
condensation water film covering the cave wall to
form carbonic acid, while H,S is oxidized in the
condensate to produce sulfuric acid, and both
reactions thus contribute to the intense dissolution of
the carbonate host rock (e.g. Sarbu and Lascu 1997;
Audra et al., 2007a).

Alteration features in such hypogene karstification
processes depend on the degree of condensation on
the wall (as also observed in the Chevalley Aven; Audra
et al.,, 2007a). In both caves, from the warm sump
surface, rising vapor leads to a more intense
condensation-corrosion on the ceiling due to a strong
thermal gradient, at the origin of several
“condensation channels” (Fig.4d and 6). Even if
channels formed at the ceiling could be attributed to
convection cells in a phreatic condition (Klimchouk,
2007), other authors demonstrated that such
morphologies can also result from the condensation-
corrosion linked to rising warm air (Audra, 2007; Audra
et al., 2007a; Temovski et al.,, 2013). Just below
condensation channels, numerous corrosion furrows

(Fig.6 and 7c) probably formed from the runoff of
carbonic acid-rich water film along the cave walls (e.g.
Cigna and Forti, 1986), which is consistent with ceiling
channel with a condensational origin. At the top of the
shaft and along main fracture planes in the Ermite
Cave, hot air convection, favored by the mixing
between ascending warm air and descending cold air,
induces a more intense condensation leading to a
greater corrosion and wall smoothing than in the
narrower underlying conduits, forming a kind of air
convection niches (Fig.7f). These features appear very
similar to the “solution-smoothed walls” presented by
Dublyansky and Spotl (2014), which are also
associated to hypogenic condensation-corrosion
process. These niches probably formed initially during
an older stage of the cave development and were
reactivated very recently, as they are covered by
Quaternary detrital materials. This observation
confirms that the recent and still active carbonic
hypogenic event reworked the preexistent
morphologies. Crusts of iron-rich calcite and aragonite
developed on those polished niche surfaces and were
linked to the supersaturation of condensation water
enriched in calcium and bicarbonate ions during the
dissolution by carbonic acid, where iron derived from
the alteration of cave sediments by carbonic and
sulfuric vapors. Gypsum crusts also precipitated at the
surface of these convection niches. Such cave sulfate
minerals can be related to the sulfuric acid action on
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Figure 10: Multiple sulfur isotopes (MSI; 84S vs. A33S) diagram with all the sulfur species potentially implied in the Ermite Cave
gypsum precipitation (see the legend below the graph). Vertical arrows at the top of the diagram indicate MSI values where
the 83%S is precise but the error of A¥S is superior to 0.3%.. The grey area corresponds to the Microbial Sulfate Reduction (MSR)
zone defined in Johnston (2011). The curved gradient interval corresponds to the mixing curves (i.e. relative contribution)
between the Triassic evaporitic sulfate ions in hydrothermal water and the theoretic deep TSR-derived H.S respectively
generated at 100, 125 and 150 °C (see text for explanation).

sump, which rises along the ceilings (ceiling channels).
Just below condensation channels and in the largest
rooms, dripping of water enriched in carbonic acid
induced an intense corrosion of karstic sediments
affected by the development of small cups and iron-
rich calcite crusts (Fig.7d). These crusts result from the
supersaturation and evaporation of the bicarbonate-
rich condensation water. Popcorn calcites also
crystallized from supersaturated hydroaerosol
decantation during the evaporation (Dublyansky and
Pashenko, 1997; Hill and Forti 1997; Dublyansky, 2000;

the carbonate rock. The potential involvement of SAS
will be discussed in the next paragraph in the light of
the MSI results.

If hypogenic condensation-corrosion is predominant
on the gallery ceiling, the lower part of the rooms is
the site of evaporation-deposition (e.g. Audra et al.,
2007a). This stratification of evaporation-deposition is
the result of the air circulation in the cave, as,
particularly during winter, the cold air descends along
the inclined floor, and expels the hot air above the



Audra et al., 2009). This particularly aggressive runoff
of condensation water was probably responsible for
the dissolution of the first generation of gypsum,
which subsequently reprecipitated by evaporation in
the form of blisters and needles coating the primary
gypsum crusts (e.g. Klimchouk et al., 2017; Fig.8c and
8d).

5.2. Source of sulfur for cave sulfate minerals and
implication for speleogenesis

Current hydrothermal leaching of Triassic evaporites
at depth

The main sulfur sources in the Tarascon-sur-Ariége
basin are the Triassic evaporites present at depth. The
latter form salt diapirs that outcrop in the northern
part of the basin (Fig.1a) but is present at a depth
around 1000 m below the studied caves. Before the
water capture by the S9 borehole (1996), the thermal
facilities were supplied by hot waters flushing both the
Ariege fluvial sediments and surrounding Urgonian
carbonate rocks. The rising hydrothermal water
migrates today within the fractured and karstified
Jurassic and Cretaceous carbonate formations
(Fig.1b). The high contents in dissolved sulfates
(between 1120 and 1300 mg/l; Antea, 2009; Table 1)
and chlorides (between 45 and 53 mg/l; Antea, 2009;
Table 1) measured in the S9 borehole waters suggest
a hydrothermal leaching of Triassic evaporites at
depth. This is confirmed by the similarity of &3S
signatures between sulfate ions in the thermo-mineral
water (+14.8 +0.02%o V-CDT) and Triassic evaporitic
minerals sampled at the Arignac quarry (+17.38
10.005%0 V-CDT for gypsum and +15.34 +0.01%. V-
CDT for anhydrite) (Fig.10).

It is likely that the warm waters of both Vapeur and
Ermite sumps are at least partially supplied by the
same hydrothermal circulation since they display very
similar chemical composition. Hydrogen and oxygen
isotopes suggest that their main water supply is of
meteoric origin (Ermite Cave: 60 value of -9.9 +0.1%o
V-SMOW and 6D value of -67.1 #0.8%0 V-SMOW;
Vapeur Cave: 80 value of -9.6 +0.1%0 V-SMOW and
6D value of -65.5 +0.8%0 V-SMOW; on the Global
Meteoric Water line, Craig (1961); Fig.9b), probably
through infiltrations at depth via the inverted faults
bordering the Paleozoic basement to the east and the
west of the Ariege Valley. Thermal water then rose up
to the cave according to regional thermal convection
loops (Fig.1b). 8’Sr/2®Sr values of these sump waters
(0.707853 £0.000007 for Ermite Cave and 0.707926
+0.000006 for Vapeur Cave) are also similar to the
Triassic evaporites (between 0.70745 and 0.70795

17

after Koepnick et al. (1990) and up to 0.7086 after
Song et al. (2015)), confirming the deep connection
with the underlying Triassic salts through
hydrothermal circulation. The low content of sulfate
ions in cave sump water can be explained by the fact
that this water is diluted by lateral meteoric inputs,
especially from the Ariége valley groundwater stored
in alluvium, while the water in the S9 borehole was
sampled below the mixing zone with meteoric water,
explaining a higher sulfate concentration.

A thermochemical production of H,S at depth

Considering the magnitude order of natural variation
of strontium isotopic composition, the ¥Sr/%Sr of
Ermite Cave gypsum (0.708197 +0.000006 and
0.708291 +0.000008) is similar to the strontium
isotopic signatures of cave sump waters (0.707853
1+0.000007 for Ermite Cave and 0.707926 +0.000006
for Vapeur Cave) and those of the Triassic evaporites
(Koepnick et al., 1990; Song et al., 2015). Therefore,
our data are consistent with hydrothermal fluid being
responsible for the precipitation of the Ermite Cave
gypsum. In addition, 80 values of bulk gypsum
sampled in the Ermite Cave gives information on the
source of oxygen during cave sulfate precipitation and
oxidation of H,S (e.g. Onacet al., 2011; Temovski et al.,
2018). Two possible oxygen sources are: (i)
atmospheric oxygen 0, (mean 60 value of +23.8%o
V-SMOW; Horibe et al.,, 1973), and (ii) the H,0 in
underground water (60 of -9.9 +0.1%o V-SMOW for
the Ermite Cave at the time of water sampling, even if
it can vary over time during climate changes).
Considering the oxygen isotope enrichment factor
between sulfate and atmospheric oxygen (g'¥s04-02) or
water (g¥s04-n20), which varies between 0 and -11.4%o
V-SMOW for Oy, and between 0 and +9.7%. V-SMOW
for the H,O (Van Stempvoort and Krouse, 1994),
oxygen in the Ermite Cave gypsum (520 values of -0.6
and +0.6 £0.2%o. V-SMOW) mostly derived from the
cave sump water (between 69 and 100% of
contribution), possibly during evaporation-
condensation.

However, the 634S values of sulfate ions dissolved
within both cave sumps (+6.1 £0.2%. V-CDT for Ermite
Cave and +4.9 +0.2%o. V-CDT for Vapeur Cave) are
different from those measured in Triassic evaporites
(+15.34 £0.01 and +17.38 £0.005%, V-CDT) and also in
the S9 borehole water (+14.8 +0.2%0 V-CDT) (Fig.10).
This difference in sulfur isotopic signatures does not
support precipitation by supersaturation of sulfates
from the warm water, which would rather induce
negligible fractionation and thus similar &S values
(Raab and Spiro, 1991). In addition, the absence of
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Figure 11: Photo of the interface between cave gypsum and host limestone in the Ermite Cave, indicating the position of
samples and 63*S values (in %o V-CDT) of trace sulfate minerals used to identify the carbonate-gypsum substitution front.

pyrite in the cave host rock also excludes the impact of
local pyrite oxidation in the precipitation of gypsum.

Large fractionation of 6*S values observed between
cave gypsum, cave dissolved sulfate ions and Triassic
evaporites (A345Triassic evaporites-gypsum  Values between
18.87 and 24.66%o0 and A34STriassic evaporites-dissolved sulfates
values between 9.24 and 12.48%o) is commonly
associated with sulfate reduction (reaction SO4> >
H.S), either Microbial Sulfate Reduction (MSR, below
80 °C; Machel et al., 1995; Machel, 2001; Farquhar et
al., 2003; Johnston, 2011) or Thermochemical Sulfate
Reaction (TSR, above 100 °C; Heydari and Moore,
1989; Worden and Smalley, 1996; Machel, 2001; Cai et
al., 2003). In both reactions, cave gypsum finally
results from the oxidation of 3*S-depleted H,S, and is
thus necessarily derived from the production of
sulfuric acid, as opposed to reprecipitation of
previously dissolved gypsum. Given that MSR and TSR
are associated with distinct fractionation of &S and
53%S values, negative values of A¥S for Ermite Cave
gypsum (between -0.004 and -0.043%.; Fig.10)
confirms the TSR and exclude the MSR, the latter
instead implying: (i) an increase in A%S values up to
+0.2 %o compared to the initial sulfates (see the MSR
grey interval in Fig.10; Farquhar et al., 2007; Johnston
et al., 2007), and (ii) a higher fractionation of §3*S with
value up to +72%o (Machel et al., 1995; Wortmann et
al., 2001; Farquhar et al., 2007; Johnston, 2011; Sim et
al.,, 2011). Moreover, no such a bacterial activity is
evidenced in the caves as neither filaments on cave
walls (using ultraviolet observations) nor superficial

microbially-derived H,S has been observed. Sulfate
reduction is typically associated with significant
amounts of organic matter which act as an electron
donor for the reaction to occur. At the scale of the
sedimentary basin, the possible sources for organic
matter are the Middle to Late Liassic marly limestones
at depth. Indeed, these sediments constitute one of
the main petroleum source rocks in the Northern
Pyrenees and South Agquitaine Basin (Connan and
Lacrampe-Couloume, 1993; Biteau et al., 2006). Liassic
series are now buried between 600 and 1500 m in the
studied basin (Fig.1b), at a temperature too high for
MSR (MSR is only efficient below 60°C; Machel et al.,
1995; Machel, 2001), given that first hydrothermal
arrivals in the borehole S9 occur at 261 m with a water
temperature of 55.5 °C (Antea, 2009). On the contrary,
TSR occurs at temperatures above 100 °C (Orr, 1977;
Goldstein and Aizenshtat, 1994; Machel et al., 1995;
Worden et al., 1995). This minimum temperature can
be reached if waters supplying the caves migrate
across or along Triassic evaporites through the faults
in contact with the gneissic massif of Saint Barthélémy
in the eastern part of the Tarascon-sur-Ariége basin
(Fig.1b). Considering the high temperature measured
in the S9 borehole, it is plausible that the geothermal
gradient is abnormally high in this basin, with
temperatures at depth reaching the condition for TSR,
thereby producing H,S in the more buried sedimentary
series. High geothermal gradients up to 50°C/km have
been recently identified in the Pyrenean Paleozoic
Axial Zone and in the sedimentary cover close to the
North Pyrenean Frontal Thrust (Bellahsen et al., 2019).



Proximity of the caves to the Pyrenean Axial Zone may
thus explain a current high gradient.

To better constrain the role of TSR in H,S production,
and more particularly a partial reduction of Triassic
evaporites in H,S (coexistence of SO4* and H,S in the
hydrothermal fluid), we built different mixing curves
of MSI signatures between: (i) the Triassic evaporitic
minerals at depth (sampled in the Arignac quarry) by
considering dissolved SO4* in ascending hydrothermal
water, and (ii) the signatures of theoretic
thermochemical H,S poles which can be produced by
TSR at respectively 100, 125 and 150°C (green and
orange mixing interval in Fig.10) and also conveyed by
the same hydrothermal fluid. MSI “mass-conservation
effects” mixing curves between sulfur pools describe a
convex hyperbolic A¥S- §%*S relationship (not a
straight line) typical of a mixing between two sulfur
pools according to the following equation (Farquhar et
al., 2007):

6XSmix
1000

(3)

where x =33 or 34, and Xrsr and Xsos correspond to the
fraction (between 0 and 1) of the TSR-derived H,S and
the Triassic evaporites respectively.

The A33S value is then calculated using the equation
(2). According to this calculation, mixing between two
sulfur reservoirs thus leads to the generation of 33S-
depleted mixing products.

For the MSI signatures of TSR-derived H,S, we
calculated sulfur isotope fractionation values between
Triassic sulfate minerals and the H,S produced at 100,
125 and 150 °C by using fractionation equations
between SO4* and H,S(.q from Eldridge et al. (2016).
For these calculations, it is assumed that the H,S is
generated at isotopic equilibrium from the initial
Triassic sulfates and HS(,q). Fractionation calculations
give three potential poles of pure TSR-derived H,S: (i)
534S value of -27.04%0 and A®3S value of 0.027%o at
100 °C, (ii) 6*S value of -22.44%0 and A*S value of
0.025%o at 125 °C, and (iii) 6**S value of -18.44%o and
A%S value of 0.023%o at 150 °C (Fig.10).

This method shows that the MSI signatures of two
Ermite Cave gypsums (Erm2: &3S value of -5.06
+0.01%o0 V-CDT and A®S value of -0.034 +0.013%o;
Erm3: 6*S value of -7.33 +0.008%o0 V-CDT and A33S
value of -0.043 +0.014%o) fall in the mixing trend
between Triassic sulfate minerals and the TSR-derived

6 XS 6XS riassic Evaporites
+ 1): ( 10&5; +1 )x Xrsrt (W*‘ 1 ) X X Triassic Evaporites
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H,S poles, with a slightly more important relative
contribution close to 55% of TSR-derived H,S (Fig.10).
Such MSI interpretations suggest that TSR is active
today in the Northeastern Pyrenees, a fact not
documented yet in the literature to our knowledge.
The H,S produced at great depth is subsequently
conveyed through the anticline below Ussat-les-Bains
by the hydrothermal water, along the faults and
fractures affecting both Jurassic and Cretaceous
carbonate formations to reach the studied caves
(Fig.1b). This TSR-derived H,S is mixed with unreduced
SO4* derived from leaching of Triassic evaporite
formations at depth. As the ascending thermal fluid is
poorly oxidizing (0.8 mg/| of dissolved oxygen against
mean value of 8.07 mg/l in cave groundwater water
close to the surface; Table 1), H,S does not oxidize to
sulfate before reaching the caves. Unfortunately, the
lack of A*3S value of dissolved sulfate ions in cave sump
waters does not allow us to constrain the origin of §3S
values of +4.9 and +6.1 +0.2%. V-CDT, which is lower
than Triassic evaporite signatures but higher than
those of cave gypsum. It is likely that dissolved sulfate
ions MSI signatures represent an intermediary state
on the mixing curve in Figure 10, and potentially linked
to the subsequent dissolution of gypsum during later
cave evolution.

In addition, 8C value of degassing-derived calcites
close to the thermal sump water in caves (§'3C values
of -7.3 £0.2%. V-PDB for calcite rafts in Vapeur Cave
and -6.7/-6.6 +0.2%o V-PDB for folia in Ermite Cave)
are lower than the host rock (8*3C value of +0.3 +0.2%o
V-PDB) (Fig.9a). It indicates either (i) biogenic carbon
issued from CO; produced in overlying organic matter-
rich soil, or (ii) thermochemical CO, (Palmer, 1991), as
the TSR produces CO; during hydrocarbon oxidation
(e.g. Hill, 1987; Machel, 2001). The evidence for active
TSR inferred from MSI interpretation, and clear
evidences of thermal water degassing (bubbles and
abnormally high content of CO, in the cave
atmosphere), indicate that at least a part of the CO; is
of hydrothermal origin.

The MSI signature of one of the Ermite Cave gypsum
sample (Erm1: 63*S of -3.56 +0.008%o V-CDT and A33S
of -0.004 +£0.007%o) does not fall along the mixing
trend between the Triassic evaporites and TSR-derived
H,S, but is much closer to the signatures of pyrites
sampled in the Triassic evaporitic series in the Arignac
underground quarry (63S of +1.66 +0.008 and +2.09
+0.003%o V-CDT, and A*3S of -0.003 +0.008%. and -
0.010 #+0.010%o, respectively) (Fig.10). This could
indicate that the leaching of pyrite veins, only
reported in Triassic series at depth, can be a



supplementary source of sulfur to the caves. Abiotic
oxidation of sulfides may induce a small &3S
fractionation up to 5%o (Fry et al., 1988; Findlay et al.,
2019), which can be compatible with the signature of
the cave gypsum Erm1. A thermodynamic model was
performed using the PhreeqC software (Parkhurst and
Appelo, 1999) and using the SUPCRT92 database
(Johnson et al., 1992), to determine the concentration
of sulfides released during pyrite oxidation between
25 and 200 °C. The fluid composition of the thermo-
mineral water from S9 borehole (Antea, 2009) was
used in equilibrium with excess of pyrite and heated
between 25 and 200 °C. This model shows that the
more the temperature increases, the more H,S is
released. Dissolved sulfide concentration is significant
at 150 °C with 3x103 mmol/kgh20 and rises to 4x1072
mmol/kgna0 at 200 °C. As iron is necessarily released
during the hydrothermal leaching of pyrites, iron can
precipitate at 150 °C as hematite and goethite (e.g.
Collon et al., 2006), which would explain its absence in
the hydrothermal fluids (Table 1). In addition, former
air pockets in caves are coated by iron- and
manganese-rich incrustations (Fig.7a), which suggest
that iron can also be present in the cave and could
derived from: (i) the alteration of silicate rocks from
glacial karstic sediments stored in the shaft, and (ii)
Fe?* from pyrite alteration conveyed by hydrothermal
fluids up to the caves and deposited early during
mixing with meteoric infiltrations at water-air
interface. These small amounts of H,S released by
pyrite leaching can thus be added to the TSR-derived
H,S and Triassic sulfate mixing in the hydrothermal
water that reached the karstic network to form the
sulfuric acid in the oxidizing cave atmosphere.

Sulfate-carbonate substitution front inferred from
6*S values of trace sulfate minerals

In hypogenic sulfuric caves, reactions between sulfuric
acid and calcium, the latter being released during
sulfuric acid dissolution of the host carbonate rock, are
responsible for the precipitation of gypsum in
replacement of the host rock (e.g. Egemeier, 1981,
1987; Galdenzi and Maruoka, 2003). The sulfate-
carbonate substitution rate is higher than the invasion
rate of sulfuric acid and consequently does not allow
the development of thick alteration zones. It is thus
commonly assumed that the sulfate-substitution
front, if present, is only 1 mm-thick (Plan et al., 2012).
However, the negative values of §3S of trace sulfates
in the host carbonate rock of the Ermite Cave, up to
ca. 1 cm from the gypsum-carbonate interface,
indicate the invasion of substitution sulfates and thus
a more developed substitution front than those
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described in previous studies (Fig.11). This
substitution is only possible in the case of SAS,
confirming the hypogenic influence associated with
the gypsum formation. The gradual increase of §34S
values from gypsum values to those of the unaltered
carbonate (from -9.5 to +9.3 +0.2%. V-CDT) is here
attributed to a buffering effect of the sulfur isotopic
signatures of replacement sulfate minerals by the CAS
(carbonate-associated sulfates) of the host rock during
the progressive invasion of sulfuric acid and associated
carbonate dissolution. Analyses of trace sulfate
minerals present in the cave host rock thus represent
a proxy to identify the action of hypogenic sulfuric acid
dissolution if replacement gypsum has been removed
by subsequent leaching.

5.3. Epigenic vs. hypogenic karstification during
glacial/interglacial periods

Analyses of cave morphologies and sedimentary
fillings reveal that the studied karstic networks can be
subdivided into two distinct parts: (i) an upper
horizontal part having recorded a former base-level
and significant meltwater glacier flow marks, without
notable evidence of hypogenic influence; and (ii) an
underlying sub-vertical shaft which corresponds to a
typical per ascensum "feeder", at least partially
formed by carbonic and sulfuric condensation-
corrosion during a more pronounced hypogenic
component linked to the degassing of a hydrothermal
water table.

However, various morphological and mineral markers
observable today are inherited from a recent phase of
the cave evolution, and are most certainly related to
the last glacial/interglacial cycle (last glacier retreat in
the valley between 19 and 18 ka; Delmas et al., 2012).
This partial destruction of ancient evolution marks
limits the interpretation of the cave genesis. The
dating of cave sediments and speleothems carried out
in nearby Niaux-Lombrives-Sabart karstic systems
(other side of the same Ariége Valley) revealed that
several rejuvenations of the karsts by subterranean
epigenic invasions took place during all the
glacial/interglacial successions occurring during the
last 450 kyr (Sorriaux et al., 2016), but also highlighted
epigenic events as early as c.a. 8 Myr ago (Sartégou et
al., 2020). This 8 Ma date therefore confirms that the
genesis of karsts along the Ariege Valley was initiated
during the Late Miocene or even before, and the
evolution was certainly continuous from that time.

Significant hydrothermal circulations in the Eastern
Pyrenees took place during two extensional phases
linked to the opening of the Gulf of Lion, with the
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Figure 12: Speleogenetic model in the Ermite and Vapeur caves during Quaternary glacial/interglacial cycles alternations. a.
and b. “Epigenic mechanical-dominant” karstification: ice- and meltwater-related abrasion when the Ariege valley was covered
by icefield in glacial periods (regional scale (a) and cave scale (b)). Meltwater invasion led to the weakening of hydrothermal
input influence in caves through dilution process and plugging by cave sediments in the lower shaft. c. and d. “Hypogenic
chemical-dominant” speleogenesis following the base-level drop during interglacial epoch: vadose domain favored the impact
of thermochemical CO,- and H,S-rich hydrothermal fluids on karstification, linked to carbonic and sulfuric acid condensation-
corrosion in the cave atmosphere generated by warm sump water degassing.

base-level higher than today, and linked to glacial
meltwater circulations during Quaternary
glacial/interglacial periods.

activation and reactivation of NW-SE and NE-SW
trending faults occurring from the Early Oligocene to
the Early Miocene, and from the Early Miocene to the
Late Pliocene (e.g. Séranne, 1999). The tectonic
activity of these faults was associated with the onset
of hydrothermalism in the Pyrenean Axial Zone (e.g.
Taillefer et al., 2017) and could also be at the origin of
the thermal activity in the Ariege Valley.
Consequently, even in the absence of intact
morphological markers, a plausible hypothesis is that
the initiation phase of both Vapeur and Ermite caves
would correspond to the development of hypogene
sub-vertical feeders, possibly during the Miocene,
resulting from hydrothermal upwelling through
fractures and bedding planes. It is therefore only in
later phases that the sub-vertical parts of the caves
were intersected and rejuvenated by sub-horizontal
epigenic galleries connected to a former Ariege valley

The discussion in the next sections will be based on the
interpretation of morphologies and minerals visible
today, and consequently only focuses on the evolution
of the Vapeur and Ermite caves during the last
glacial/interglacial cycle. Analysis of the last climatic
cycle provides a speleogenetic model in which two
distinct processes alternated, depending on the
intensity of the meteoric component during a constant
hydrothermal circulation: (i) an “epigenic mechanical-
dominant” karstification during glacial periods, and (ii)
a “hypogenic chemical-dominant” speleogenesis
during interglacial epochs and still active today.



“Epigenic = mechanical-dominant”  karstification

during glacial periods

During Quaternary glacial periods, hydrological base-
level of the Ariege Valley was higher than today,
controlled by the icefield dynamics (Delmas et al.,
2012). Consequently, pre-existing karstic networks on
both sides of the valley (Lombrives-Niaux-Sabart and
Vapeur-Ermite caves) were affected by flooding
torrents of glacier meltwater, more particularly during
cataglacial phases (Sorriaux et al., 2016) (Fig.12a), and
were locally invaded by short subterranean ice
tongues near cave entrances (Fig.12b). During glacier
advance, the increase of hydraulic gradients through
higher pressure and water supply can enlarge active
galleries through subterranean abrasion (Lauritzen,
2006). In the upper galleries of both the Ermite and
Vapeur caves, meltwater conveyed clastic particles, as
confirmed by relics of coarse clastic infillings and
intense polishing of some cave walls (Fig.5). The
polishing process was likely related to rapid
movements of sand particles inducing wall abrasion
during water invasion with high hydraulic head, as
expected during seasonally hydraulic changes within
moving ice tongues. Geometry of scallops in the
Ermite Cave, slightly carving the cave wall, shows an
overall NE-SW-oriented flow, indicating that the
current entrances of the cave represented the outlet
of meltwater invasions towards the Ariege Valley (but
the former entrance in the NE remains unexplored).
The surface water (rainfall, ice and snow meltwaters)
circulating into the karst was probably weakly acid
because of poorly vegetated soils. This process thus
disadvantaged limestone dissolution and speleothem
precipitation (e.g. Audra et al., 2007b) and both Ermite
and Vapeur cave probably only slightly enlarged by
dissolution during these epochs. At this time, only
horizontal conduits were active as cave sediments
progressively entirely plugged the underlying sub-
vertical feeder located at depth below the water table
(as observed on relics of cave sediments on the ceiling;
Fig.4b), and thus representing a sub-horizontal by-
pass for water toward the valley (Fig.12b). In addition,
fine fluvioglacial sediments in the upper galleries can
even more protect the cave wall from chemical
weathering (e.g. Audra et al., 2007b). A high surface
water supply implied that the hydrothermal flow,
which probably still rose up from the bottom of the
drowned Ermite and Vapeur caves (as observed
today), was strongly diluted with meltwater inputs.
This complete filling by cave sediments therefore
decreased the influence of hypogenic CO, and H,S
inputs on the karstic processes, probably limited only
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to ceiling channels at the interface between karstic
sediments and cave ceiling (Fig.12b).

4

“Hypogenic  chemical-dominant karstification

during interglacial periods

Retreat of glaciers at the beginning of the interglacial
period inevitably led to a modification of hydrological
regime in both Ermite and Vapeur caves, their upper
parts becoming perched several tens of meters above
the base-level, and consecutively abandoned by water
flows (Fig.12c). In the upper phreatic zone and in the
lower vadose zone, the low flux of warm water and gas
rising at cave terminal sumps (0.7 to 1.4% of CO; in the
Ermite Cave atmosphere) played an important role in
speleogenesis, particularly through sulfuric and
carbonic acid speleogenesis (Fig.12d). In such
hypogenic conditions, CO, and H,S degassing and
hydration/oxidation is most efficient at or
immediately above the water surface (De Waele et al.,
2016; D’Angeli et al., 2019), meaning that such caves
are reliable indicators of past water table levels and
can help in determining base-level changes over time
(Piccini et al., 2015; De Waele et al., 2016). Above the
water table, various corrosion features and minerals
(ceiling channels, ceiling cupolas, aerial convection
niches, corrosion furrows and karren, popcorn-like
calcite, folia, calcite rafts) confirm that the most
significant karstification process was linked to a

thermal condensation-corrosion associated to a
vadose domain during thermo-mineral water
degassing.  Precipitated in these hypogene

morphologies, calcite and substitution gypsum in the
host carbonate rocks show typical carbon and multiple
sulfur isotopic composition of carbonic and sulfuric
karstification (i.e. negative values for §3C of related
calcites (Fig.9a) and for 6®S and 6%S of sulfate
minerals; Fig.10 and 11), which confirm the link
between dissolution features and neoformed
minerals/alteration linked to the action of carbonic
and sulfuric acids. As only a small amount of cave
sediments is still preserved on the cave floor and
ceiling, and intensively corroded (Fig.7e), it indicates a
subsequent complete erosion of sedimentary infilling
that previously obstructed this part of the cave. Cave
sediments were probably first weathered in phreatic
conditions before the complete retreat of the glacier,
and was followed by a partial dissolution and
destabilization through sub-aerial condensation-
corrosion in vadose conditions that dissolved the
carbonate part (15 to 20%) and led to the hydrolyze of
the clay fraction (e.g. Audra et al., 2016). Then, the
sandy residual sediments (not easily altered by
condensation-corrosion) could be evacuated by



sudden hydraulic purge during late melting phases of
perched residual glaciers, either directly to the cave
outlet toward the Ariege Valley or to the base of the
caves, thus clogging a part of the sump. In the
Lombrives-Niaux-Sabart karstic networks, located on
the other side of the same valley, an almost complete
cave sediment removal took place during MIS4 and
MIS2 (Wirm; Sorriaux et al., 2016), which gives the
timing of cessation of significant surface water input,
and thus can correspond to the peak of the
hydrothermal influence in both Vapeur and Ermite
caves.

Nowadays, before reaching the cave sumps, CO,- and
H,S-rich hydrothermal fluids leach Triassic evaporite
formations before migrating along fractures
structuring the faulted anticline below the studied
caves (Fig.12c). Hypogenic fluids also reach and diffuse
within fluvio-glacial alluviums of the Arieége valley
feeding several warm springs. In the lower parts of
Ermite and Vapeur caves, several observations
demonstrate that the influence of CO, and H,S inputs
was not constant, with alternation of periods of
precipitation and dissolution of calcite and/or gypsum.
Indeed, if the current absence of H,S in the cave
atmosphere (during our field investigations) is
probably linked to its fast oxidation into sulfuric acid
and gypsum, and dilution by air flow entering the cave
in cold days, texture analyses of cave gypsum highlight
different  steps of  dissolution-reprecipitation
processes (needles and blisters vs. saccharoidal crusts;
Fig.8c and 8d). Textures of dissolution-reprecipitation
of cave gypsum can be associated with either a lower
H,S content in the cave atmosphere at a specific time,
or an increase of CO; degassing which enhanced the
carbonic condensation-corrosion on the cave wall.
Hypogenic carbonic speleogenesis and strong
condensation can be the reason for the lack of gypsum
in the unsheltered areas of the Ermite Cave and its
complete absence from the Vapeur Cave, in addition
to a slight dissolution by discrete meteoric
infiltrations. Confirming the variable CO, degassing,
cave walls exhibit several generations of calcite
coatings, some of them affected by corrosion furrows
while more recent ones covered these dissolution
features (Fig.7c). Periodic CO; and H,S content in caves
can also be associated with local climate variations
that induced changes in the intensity of airflow
convection in the cave atmosphere. Indeed, CO;
concentration in the Ermite Cave atmosphere is twice
thatin summer (1.4%) respect to that in winter (0.7%).
During the winter, cold air sinks into the deepest part
of the karstic networks and induces the dilution of gas
in the cave atmosphere, which explains the lower CO;
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concentration. On the contrary, during summer
periods, warm air from the cave sump rises toward the
surface and is not diluted. Higher magnitudes of
climate changes during interglacial and deglaciation
periods was probably responsible for larger variations
of CO, and H,S contents during the whole history of
caves. In addition to climate impact, the periodic
inputs of deep CO; and HS can be also attributed to
potential hydrothermal pulses during tectonic
reactivation of deep faults structuring the anticline
(Fig.12c) (earthquakes and fluid overpressure such as
seismic valve process; e.g. Sibson, 1992; Laurent et al.,
2017).

As previously mentioned, our climate-driven
speleogenetic model describes the recent evolution of
the karstic networks since the Wirm glaciation.
However, as the genesis of these caves would started
during the Miocene, same scenarios could have taken
place during all Quaternary glacial/interglacial cycles.
In this case, the “hypogenic chemical-dominant
speleogenesis” was dominant until icefields cover the
valley again, reactivating karstic systems through
glacier tongues and meltwater invasion. These
invasions indeed weakened the hypogenic influence
and, possibly, even displaced upward this hypogenic
influence toward more elevated and unknown non-
flooded parts of the karstic networks located along the
valley flank.

6. Conclusions and perspectives

This study proposes an integrated method combining
the geomorphological analysis of two partially
hypogenic caves in the Ariege Valley (Ermite and
Vapeur caves), the mineralogy and texture of specific
cave minerals (calcite and sulfate minerals), together
with geochemistry and various isotope studies (S, C,
Sr, O, H) of thermo-mineral waters and cave minerals.
From this methodology, a multi-phase history of
alternating epigenic and hypogenic speleogenesis
phases was identified. These events were driven by
climate changes related to Quaternary
glacial/interglacial periods in the valley.

Several points can be retained from this study:

e Deciphering epigenic from hypogenic
speleogenesis requires the identification of
hydrothermal fluid nature and migration
pathways at both regional and cave scales. In
this objective, multiple sulfur isotopy (MSI)
appears necessary to really constrain the
nature and mixing of sulfur-rich fluids and the



potential role of Sulfuric Acid Speleogenesis
(SAS). In particular, we prove the relevance of
mixing curves in a A¥S vs. &3S diagram to
identify the different poles of sulfur implied in
the hypogenic speleogenesis. In addition to
SAS evidences, this method allows, for the
first time in the Pyrenees, the identification of
currently active Thermochemical Sulfate
Reduction (TSR) of the Triassic evaporites at
depth;

In such a karstic region concerned by a
perennial  hydrothermal  activity, the
respective impact of epigenic and hypogenic
speleogenesis is controlled by the base-level
changes during glacier advance/retreat
dynamics (phreatic vs. vadose domain in
caves), and the degree of meltwater invasion
in the karst. Two superimposed speleogenetic
processes during karst history are highlighted
here: (i) “epigenic mechanical-dominant”
speleogenesis during glacial periods, linked to
the penetration of torrential glacial meltwater
in caves and to the dilution of ascending
hydrothermal water; and (ii) a “hypogenic
chemical-dominant” karstification in vadose
domain, during an interglacial base-level drop,
associated with sulfuric and carbonic acid
condensation-corrosion above the thermal
water table (inferred from the association
between typical cave condensation-corrosion
morphologies, negative §3C values of related
calcites, and negative 63S and &°*S values of
gypsum occurring in substitution of the host
rock). Condensation-corrosion were able, not
only to enlarge cave passages by acidic
solution, but also to partially remove the
previous fluvio-glacial infilling of conduits;

Hypogenic cave atmosphere can be
characterized by unstable conditions due to
climate changes (that modify the airflow
circulation in the caves). Moreover, seismic-
controlled sudden and unpredictable
hydrothermal H,S and CO,-rich pulses might
also have occurred. Consequently, such caves
constitute preferential seep areas for
dangerous gas emissions for speleologists
(Ermite and Vapeur caves are often used for
visits). For instance, high level of H,S
(commonly > 150 ppm) cannot be smelled but
can be fatal. Thus, in order to better
understand their atmospheric dynamics and
to prevent accidents, it would be relevant to
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monitor the gas concentration in such

hydrothermal cavities.
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