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Abstract. Ice caves are one of the least studied parts of the
cryosphere, particularly those located in inaccessible per-
mafrost areas at high altitudes or high latitudes. We charac-
terize the climate dynamics and the geomorphological fea-
tures of Devaux cave, an outstanding ice cave in the Central
Pyrenees on the French–Spanish border. Two distinct cave
sectors were identified based on air temperature and geo-
morphological observations. The first one comprises well-
ventilated galleries with large temperature oscillations likely
influenced by a cave river. The second sector corresponds
to more isolated chambers, where air and rock temperatures
stay below 0 ◦C throughout the year. Seasonal layered ice and
hoarfrost occupy the first sector, while transparent, massive
perennial ice is present in the isolated chambers. Cryogenic
calcite and gypsum are mainly present within the perennial
ice. During winter, the cave river freezes at the outlet, result-
ing in a damming and backflooding of the cave. We suggest
that relict ice formations record past damming events with
the subsequent formation of congelation ice. δ34S values of
gypsum indicate that the sulfate originated from the oxida-
tion of pyrite present in the bedrock. Several features includ-
ing air and rock temperatures, the absence of drips, the small
loss of ice in the past 7 decades, and the location of ice bod-

ies in the cave indicate that the cave permafrost is the result
of a combination of undercooling by ventilation and diffu-
sive heat transfer from the surrounding permafrost, reaching
a thickness of ∼ 200 m.

1 Introduction

Mountain areas are among those environments most affected
by current climate change (Hock et al., 2019). In the mid-
latitudes, high-altitude areas are subject to mountain per-
mafrost, a very sensitive and unstable phenomenon that re-
sponds quickly to environmental changes (Harris et al., 2003;
Biskaborn et al., 2019) due to the number of factors. Snow
cover distribution and thickness, topography, water availabil-
ity, and surface and rock temperature influence the spatial
distribution of mountain permafrost (Gruber and Haeberli,
2009). In light of these processes, multidisciplinary stud-
ies including, among others, measurements of rock temper-
ature in boreholes and bottom temperatures of snow cover
(BTS), geophysical techniques, and detailed mapping (geo-
morphology, thermal) are needed to gain a comprehensive
understanding of mountain permafrost (e.g. Lewkowicz and
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Ednie, 2004; Serrano et al., 2019; Biskaborn et al., 2019).
On the other hand, integrated studies of palaeo-permafrost
(e.g. Vaks et al., 2020) and modern permafrost, specifically
mountain permafrost (e.g. Supper et al., 2014; Scandroglio
et al., 2021), shed light on past, present, and future devel-
opments of permafrost areas, an issue of vital importance in
the context of global warming. Studies of past permafrost
require sedimentary records, which are locally preserved in
caves located at high altitudes and/or high latitudes. Tempo-
ral and spatial changes in past permafrost distribution have
been identified using speleothems (stalagmites, flowstones)
in high-latitude and polar regions (e.g. Vaks et al., 2013,
2020; Moseley et al., 2021; Li et al., 2021), as well as in
mid-latitude regions (e.g. Lundberg and McFarlane, 2007;
Fankhauser et al., 2016; Lechleitner et al., 2020).

Ice caves are cavities in rock hosting perennial ice that
results from the transformation of snow and/or the freezing
of infiltrating water (Perşoiu and Lauritzen, 2018). Cave ice
can be dated and used as a valuable palaeoclimate archive in
non-polar areas (e.g. Stoffel et al., 2009; Spötl et al., 2014;
Pers, oiu et al., 2017; Kern et al., 2018; Sancho et al., 2018a;
Leunda et al., 2019; Munroe, 2021; Racine et al., 2022). Re-
cently, coarse cryogenic cave carbonates (CCCcoarse), which
form during the slow freezing of water inside caves, have
been used as an indicator of permafrost degradation, per-
mafrost thickness, and subsurface ice formation (Žák et al.,
2004, 2012; Richter et al., 2010a; Luetscher et al., 2013; Or-
vošová et al., 2014; Spötl and Cheng, 2014; Bartolomé et al.,
2015; Dublyansky et al., 2018; Koltai et al., 2021; Munroe et
al., 2021; Spötl et al., 2021).

Many ice caves are located in areas where the mean an-
nual air temperature (MAAT) outside the cave is above 0 ◦C
(Perşoiu and Lauritzen, 2018) and, therefore, are highly sus-
ceptible to future climate warming (Kern and Perşoiu, 2013).
These ice caves are local thermal anomalies which are con-
trolled by the cave geometry and the associated ventilation
pattern. Their ice deposits represent sporadic permafrost oc-
currences and do not provide information about the wider
thermal environment. In contrast, at high altitudes and high
latitudes subsurface ice deposits are still preserved by the
presence of permafrost under the current climate condi-
tions. There, mountain permafrost is limited to areas where a
periglacial belt is present, with MAAT≤ 0 ◦C. For example,
in the European Alps, discontinuous mountain permafrost is
observed above 2600 to 3000 m a.s.l. (Boeckli et al., 2012),
while in southern Europe permafrost is generally absent (i.e.
not observed even on the highest massif of the Iberian Penin-
sula; Gómez-Ortiz et al., 2019). In the Central Pyrenees few
studies suggest the possible presence of permafrost above
2750 m a.s.l. (Serrano et al., 2019, 2020; Rico et al., 2021),
and the presence of a few ice caves has only recently been
documented (e.g. Sancho et al., 2018a; Serrano et al., 2018)
providing information about the occurrence of sporadic per-
mafrost.

The aim of this study is to characterize the permafrost con-
ditions in Devaux cave, a high-altitude ice cave in the Cen-
tral Pyrenees. We monitored air, water, and rock tempera-
tures and used cryogenic cave deposits (i) to document the
distribution of permafrost within this cave and (ii) to study
the processes that resulted in perennial cave ice bodies and
associated cryogenic mineral occurrences.

2 Study site

Devaux cave opens at ∼ 2838 m a.s.l. on the northeast cliff
of Gavarnie cirque (France) of the Monte Perdido massif
(MPm) in the Central Pyrenees (Fig. 1a). The cave is located
between the Parc National des Pyrénées (France) and the Par-
que Nacional de Ordesa y Monte Perdido (Spain). Named af-
ter Joseph Devaux who discovered and explored it in 1928,
the cave was later investigated with respect to its hydroge-
ology and microclimatology, and preliminary descriptions of
its deposits were reported (e.g. Devaux, 1929, 1933; Rösch
and Rösch, 1935; Rösch, 1949; du Cailar and Dubois, 1953;
Requirand, 2014).

The area is dominated by limestones and dolostones rang-
ing from the Upper Cretaceous to the Eocene–Palaeocene.
MPm is the highest limestone karst area in Europe reach-
ing up to 3355 m a.s.l. (Monte Perdido peak) (Fig. 1b). The
nearest peaks to Devaux cave are Marboré (3248 m a.s.l.) and
the three Cascada peaks (3164, 3111, and 3098 m a.s.l.). The
limestone thickness above the cave varies between ∼ 200
and 250 m (Fig. 2a). In Devaux, the galleries follow the
axis of a northwest–southeast striking syncline (Fig. 1b).
A river runs along the cave (Fig. 2a, b). The cave has two
known entrances: the lower one corresponds to the main out-
let of the cave river (Brulle spring, North 1, ∼ 2821 m a.s.l.),
while the upper entrance is known as the “Porche” (South,
∼ 2836 m a.s.l.) (Figs. 1c and 2b). Between these two en-
trances, a small gallery (Spring North 2) opens+1.2 m above
Brulle spring (Fig. 1c). Brulle is one of the main springs
in the Gavarnie cirque. This spring drains a catchment of
∼ 2.6 km2 (polje) located on the southern face of MPm be-
tween ∼ 2850 and 3355 m a.s.l. (Fig. 1b and d). Major water
flow is observed during late spring and early summer when
snowmelt occurs in a catchment characterized by shafts,
sinkholes, and small closed depressions (Fig. 1d). The wa-
ter of Brulle spring feeds, together with some other springs
located a few hundred metres below, the Gavarnie waterfall
(Fig. 1b). A tracer experiment (du Cailar et al., 1953) indi-
cated that part of the water of the Gavarnie waterfall, and
thus likely also from Brulle spring, comes from a ponor in
the Lago Helado (lake; Fig. 1e) located ∼ 2.3 km to the east
of Devaux cave (Figs. 1b and 2a). The Gavarnie waterfall
(Fig. 1b) turned green within ∼ 21 h after injection of the
tracer, but the water at Brulle spring was not directly checked
(du Cailar et al., 1953). During the colder months, the spring
and the Gavarnie waterfall freeze.
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Figure 1. (a) Location of Devaux cave in the Central Pyrenees (ASTER GDEM, NASA v3, 2019). (b) Satellite image and location of Devaux
cave, main peaks, lakes, glaciers, and cirques in the study area (3D © Google Earth). The yellow arrows indicate the underground flow path
from Lago Helado to the Gavarnie waterfall according to the dye-tracing experiment of du Cailar et al. (1953). (c) View towards the entrances
of Devaux cave. The lower entrance (∼ 2821 m a.s.l.) corresponds to the Brulle spring (Spring North 1), while the upper one corresponds
to the main entrance (Porche (South), ∼ 2836 m a.s.l.). Spring North 2 is located between both entrances. Note person for scale (within the
white circle). Remnants of ice partially blocking Brulle and Spring North 2 (July 2021). (d) Landscape view of the catchment area and
approximate location of Devaux cave (in dark pink; photo: Paul Cluzon). (e) Ponor located on the southern shore of Lago Helado.

The geomorphology of the area is dominated by karst,
glacial, and periglacial landforms. The area was strongly
glaciated during the last glacial period on both sides of the
massif (e.g. Reille and Andrieu, 1995; Sancho et al., 2018b;
Bartolomé et al., 2021). Today, only two glacier relicts cov-

ered by scree deposits are present in the Gavarnie cirque
(Fig. 1b): (1) the Cascada dead ice which is located several
hundred metres below Devaux cave and (2) a dead-ice accu-
mulation in the northeast wall of the cirque. Till present close
to Brulle spring, near to Devaux and in the Cascada glacier,
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Figure 2. (a) Schematic west–east cross-section from Lago Helado to Devaux cave, the assumed extent of mountain permafrost, and the
interpreted underground flow path according to du Cailar et al. (1953). (b) Longitudinal section and plan view of Devaux cave showing the
locations of sensors and cave deposits. Labels R, W, and T refer to rock, water, and air temperature sensors, respectively. The enlarged area
corresponds to the first ∼ 345 m of the studied sector. Red labels correspond to the approximate location of the photographs in Fig. 6. Cave
survey by Marc Galy, Groupe Spéléologique des Pyrénées (GSPY 86).

points to a much larger glacier extent in the past, maybe cor-
responding to the Little Ice Age or even the Neoglacial ad-
vance recognized in the nearby Tucarroya (Fig. 1b) and Trou-
mouse cirques (Gellatly et al., 1992; González Trueba et al.,
2008; García-Ruiz et al., 2014, 2020).

The study area lies at the transition between the Atlantic
and Mediterranean climates, with generally cold and dry
winters and warm and dry summers. In MPm, the annual

0 ◦C isotherm is located at ∼ 2900 m a.s.l. (López-Moreno et
al., 2016; Serrano et al., 2019). The wet seasons are autumn
and spring. The annual precipitation at the Góriz meteoro-
logical station (2150 m a.s.l. and 3 km southeast of the cave)
averages 1650 mm. However, mass balance calculations of
the nearby Monte Perdido glacier, where more than 3 m of
snow (density 450 kg m−3) accumulates between November
and April, indicates a minimum amount of 1500 mm water
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equivalent; therefore the total annual precipitation in high
parts of the massif exceeds 2500 mm (López-Moreno et al.,
2019). In the MPm, discontinuous permafrost is present be-
tween ∼ 2750 and ∼ 2900 m a.s.l. and becomes more fre-
quent above ∼ 2900 m a.s.l. on the northern side (Serrano
et al., 2019). Periglacial activity is characterized by rock
glaciers, solifluction lobes, and patterned ground (Feuillet,
2011).

3 Material and methods

3.1 Cave survey and mapping

A survey of Devaux cave was conducted using a compass
and clinometer, as well as a laser distometer (Disto-X; Heeb,
2014). In addition to cave ice, chemical and clastic deposits
were mapped in the cave (Fig. 2b). The labelling of the cave
chambers (A to K) follows the nomenclature introduced by
Devaux (1929) and Rösch and Rösch (1935).

A map of potential solar radiation (RAD) of the MPm was
obtained using an algorithm which considers the effects of
the surrounding topography on shadowing considering the
position of the sun. RAD was calculated for every month and
was then averaged to obtain an annual mean. Details of this
computation can be found in Pons and Ninyerola (2008).

3.2 Cave monitoring

The cave consists of large rooms (e.g. room F and those lo-
cated beyond SCAL chatière) connected by small galleries
(Fig. 2b), locally with narrow passages (e.g. galleries close
to room SPD or SCAL chatière; Fig. 2b). A total of 15 sta-
tions were installed in the outmost ∼ 350 m of the cave to
monitor air (11 sensors), water (2 sensors), and rock temper-
ature (2 sensors) (Fig. 2b). Cave air temperature variations
were recorded using different devices: HOBO Pro v2 U23-
001 (accuracy± 0.25 ◦C, resolution 0.02 ◦C), Tinytag Talk 2
(accuracy± 0.5 ◦C, resolution 0.04 ◦C), and ELUSB2 (accu-
racy± 0.21 ◦C, resolution 0.5 ◦C). The cave river tempera-
ture was recorded at two points. The first site (W7) was lo-
cated close to the Brulle spring (Fig. 2b; HOBO TidbiT V2,
accuracy± 0.21 ◦C, resolution 0.02 ◦C), and the second site
(W6) was located in room F (Fig. 2b; HOBO UA-001-08;
accuracy± 0.53 ◦C, resolution 0.4 ◦C). Both sensors were
installed at a water depth of 20 cm. Finally, the rock tem-
perature was recorded at two sites (R1 and R2 in room D
and K, respectively) using a HOBO U23-003 device (accu-
racy± 0.25 ◦C, resolution 0.02 ◦C). Each sensor has two ex-
ternal temperature probes (channels 1 and 2). These temper-
ature probes were installed in two horizontal drill holes of
60 cm depth, ∼ 1.5 to 2 m from each other.

We monitored sporadically the cave during different inter-
vals between 2011 and 2015, while a continuous monitoring
was carried out between July 2017 and July 2021. Maximum,
minimum, and mean temperatures, as well as the number of

frost and/or warm days, were obtained for each sensor and
site (Fig. 2b). Changes in the ice morphology were evalu-
ated using wall marks measured at four points since 2013 in
room G and using one point during 2020–2021 in room SPD
(Fig. 2b) using a digital sliding caliper.

The outside temperature was measured at the “Porche”
entrance (∼ 2836 m a.s.l.) and on the southern face of
MPm at ∼ 2690 m a.s.l. For comparison, these temperature
records were corrected assuming an adiabatic lapse rate of
5.5 ◦C km−1 (López-Moreno et al., 2016; Navarro-Serrano
et al., 2018) to an elevation of∼ 2850 m a.s.l., corresponding
approximately to the lower limit of the hydrological catch-
ment area of Devaux. In both cases, the temperature was
measured using Tinytag Talk 2 sensors equipped with a ra-
diation shield. These data were compared to the tempera-
ture record from the Pic du Midi de Bigorre meteorologi-
cal station (PMBS; 2011–2020) (2860 m a.s.l.,∼ 28 km north
of Devaux) obtained from Météo-France. Moreover, the ho-
mogenized data available since 1882 from PMBS (Bücher
and Dessens, 1991; Dessens and Bücher, 1995) were used to
identify long-term temperature trends.

3.3 X-ray diffraction, ion chromatography, and sulfur
isotopes

X-ray diffraction (XRD) analyses were performed on sulfate
and carbonate crystals from rooms G, D and K, as well as
on sulfide and oxidized crystals thereof from the host rock
(Fig. S1 in the Supplement). The analyses were performed at
the Geosciences Institute in Barcelona (GEO3-BCN-CSIC)
using a Bruker-AXS D5005 powder diffractometer config-
ured in θ/2θ mode (e.g. Rodríguez-Salgado et al., 2021).

Samples of cave drip water, ice, and river water were anal-
ysed for major ions by ion chromatography (IC) at the lab-
oratories of the Pyrenean Institute of Ecology (Zaragoza).
Carbonate alkalinity was determined by titration within 24 h
after sampling.

A total of 16 samples, including sulfate crystals, dissolved
sulfate, and pyrite crystals were selected for sulfur isotope
analysis at the Godwin Laboratory for Paleoclimate Research
of the University of Cambridge (UK), following the method-
ology of Giesemann et al. (1994). For gypsum samples,
∼ 5 mg of powdered gypsum were dissolved in deionized
water at 45 ◦C overnight. Then, a BaCl2 solution (50 g L−1)
was added to induce BaSO4 precipitation. In the case of wa-
ter samples, BaCl2 was added directly to the sample. Subse-
quently, 6 M HCl was added to remove any co-precipitated
carbonate minerals, and the BaSO4 precipitate was rinsed
several times with deionized water. Finally, BaSO4 was dried
at 45 ◦C overnight. Sulfate dissolved in water was precipi-
tated using the same method.

Isotope measurements were carried out using a Flash El-
emental Analyzer (Flash-EA) at 1030 ◦C. The samples were
folded in tin capsules. After sample combustion, the gener-
ated SO2 was measured by continuous-flow gas source iso-
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tope ratio mass spectrometry (Thermo Scientific, Delta V
Plus). Samples were run in duplicate and calibration was ac-
complished using NBS-127. The reproducibility (1σ ) of δ34S
was better than 0.2 ‰, similar to the long-term reproducibil-
ity of the standard over the run (0.2 ‰). δ34S isotope val-
ues are reported relative to VCDT (Vienna Canyon Diablo
troilite).

4 Results

4.1 Devaux cave description

Devaux cave is ∼ 2500 m long and comprises three distinct
levels (Fig. 2b). The lower and the middle levels corre-
spond to the Brulle spring (0 m) and the “Porche” entrance
(∼+14.5 m), respectively. The third one comprises cham-
bers and galleries +21 to +29 m above the Brulle spring
(Fig. 2b). In the inner part of the cave, some unexplored ver-
tical chimneys may connect to sinkholes in the catchment
above the cave (Fig. 2a). The main ice deposits are located
in rooms D, G, SPD, and K (Fig. 2b). Except for SPD, these
chambers located above the Porche entrance (between ∼+1
and +7 m) can be accessed via ascending passages.

During the cold season, the cave river starts freezing at
the spring, and the ice then expands backward into room F
(Fig. 2b). The ice totally or partially clogs the main gallery
and dams the water inside the cave, forming a small lake
(Rösch and Rösch, 1935). This process is important for the
seasonal ice extent as the flooding of the cave depends on
whether the springs (North 1 and North 2) are frozen or
not (e.g. Rösch and Rösch, 1935). Webcam observations
(Gavarnie, Oxygène hut) suggest a possible freezing of the
Brulle spring from late November to mid-May simultaneous
with the freezing of the Gavarnie waterfall. Moreover, his-
torical photos (e.g. Devaux, 1929; Rösch and Rösch, 1935)
and our own observations show that snow during winter and
spring can reach the Brulle entrance – a situation that also
favours the blocking of the springs. As a result of such flood-
ing events, slack water deposits formed in the cave entrance
zone but locally also further into the cave (e.g. in rooms I,
J, K, and SCAL chatière, along the main gallery; Fig. 2b),
while silty sediments are found at elevated positions with
respect to the river level (e.g. in rooms D and G). Sandy
sediments dominate in the large rooms located beyond the
SCAL chatière. Two such successions (∼ 1 m thick) com-
prising hundreds of rhythmitic fine sand and silt layers are
present in elevated areas with respect to the current river, wit-
nessing major events of backflooding.

Observations made during summer show a dominant air-
flow direction from the inner to the outer parts of the cave,
exiting through the Brulle and Porche entrances. Conversely,
the opposite is expected for the cold season (chimney effect).
When the Brulle spring is partially clogged by ice during
early summer forcing the stream to flow below the ice, air

flows from room F to C (Fig. 2b) (e.g. summer 2021). The
airflow is imperceptible in rooms D, G, and close to K lo-
cated away from the main cave passages.

4.2 Climate setting of Devaux cave

The MAAT at the elevation of Devaux cave is ∼ 0 ◦C
(−0.04 ◦C; 2017–2021). On the other hand, a positive MAAT
(1.8 ◦C) is recorded on the southern side of the MPm
at a similar altitude (Fig. 3a). Maximum and minimum
air temperatures outside the cave vary between 24.5 and
−17.2 ◦C (hourly values, 2017–2021). The PMBS MAAT
record (Fig. 3b) shows a warming trend of around +1.5 ◦C
since the beginning of the measurements in 1882. Before
1985, temperatures below 0 ◦C dominated the annual cy-
cle, while positive MAATs became more frequent in recent
years. Minimum temperatures also show an increasing trend
of∼+2.5 ◦C, while the maximal annual temperatures do not
show a clear trend. The north-facing Gavarnie cirque is as-
sociated with a clear RAD anomaly (Fig. 4). Values lower
than 215 kWh m−2 are observed at ∼ 2000 m and between
∼ 2800 and 2900 m a.s.l., corresponding to the cirque bot-
tom, the area located behind La Torre peak and the surround-
ings of Devaux cave. At the cave entrance the RAD value is
only 390 kWh m−2, in stark contrast to the summit areas and
surroundings where the RAD often exceeds 1500 kWh m−2

(Fig. 4).
While the mean daily air temperature (MDAT) at the cave

entrance (purple line in Fig. 5) and the temperature series
from PMBS (pink line in Fig. 5) agree in their absolute val-
ues, the variability in MDAT at the Devaux entrance is lower
than at the PMBS. This pattern could be related to local to-
pographic conditions, leading, for instance, to less RAD, or
to the position of the sensor on the cliff (less night emissiv-
ity). Given this radiation contrast, warmer temperatures pre-
vail on the southern side of the MPm (Fig. 4), favouring early
snowmelt in spring and early summer, while at the same time
the temperature stays below 0 ◦C in the cave’s surroundings.

4.3 Devaux cave temperature variations

The cave can be separated into distinct areas depending on
their thermal regime: ventilated galleries (rooms A, B, C,
and F and the main gallery from SPD to SCAL chatière) and
poorly ventilated parts off the main airflow path (rooms D,
G, K; Figs. 2b, 5).

4.3.1 Well-ventilated cave parts

Air (T2air, T5air, T10air, T11air) and water (W6water, W7water)
temperature data show large seasonal oscillations. All sen-
sors except T11air show a few days of positive temperatures
during summer. Sensor T2air (2011–2012; Fig. 5a), which
is also the closest to the Porche entrance, shows the high-
est correlation (r) with the external temperature (0.73, p <
0.001). Sensor T5air (2017–2021; Fig. 5d) in room B also
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Figure 3. (a) Monthly temperature variation on the northern and
southern side of the Monte Perdido massif. Red and blue triangles
correspond to the 4-year means. The dashed black line indicates
0 ◦C. Light red and blue shaded envelopes represent the maximum
and minimum mean monthly temperatures, respectively. (b) Maxi-
mum, mean, and minimum annual temperatures recorded at the Pic
du Midi de Bigorre station since 1882. The black line indicates the
general trend, and the dashed black line corresponds to 0 ◦C.

shows a high correlation and significant correlation (0.82,
p < 0.0005) with the outside temperature. During the major
cave cooling that takes place between the end of October and
May and the correlation is significant and ranges between
0.68 to 0.84. During summer and part of autumn, the correla-
tion decreases notably (−0.23 to 0.76). Sensor T11air (2018–
2021; Fig. 5d) is partly protected from the airflow and shows
a lower correlation (0.69, p < 0.001) despite being located in
a well-ventilated gallery (room SPD). Also during the win-

Figure 4. Solar radiation map of the study area. The solar radi-
ation anomaly observed in the Gavarnie cirque is explained by its
northerly orientation and the cirque morphology. Black triangles in-
dicate the main peaks above 3000 m. The red-white circle marks
Devaux cave, while the dashed white line delineates the approxi-
mate catchment.

ter months, the correlations are lower (0.49–0.62, p < 0.001)
than in T5air. Sensor T10 (2014–2015; Fig. 5c) does not show
any significant correlation with the external temperature.

Sensors W6water and W7water (Fig. 5b, c) recorded wa-
ter temperature variations during the years 2012–2013 and
2014–2015, respectively. Both sensors record a continuous
temperature decline from the end of November to mid-
January until the water freezes. At W7water, the tempera-
ture ranges between −0.3 and −5.8 ◦C between the end of
autumn and the beginning of winter, while the temperature
stays close to 0 ◦C between January and the beginning of
June. At W6water, the temperature reached a minimum of
−1.7 ◦C and shows smaller variations than at W7water. No
significant correlation was found between the external air
temperature and the river water temperature. Only W6water
shows a weak correlation with the external temperature when
ice is absent (0.39 p < 0.001 and 0.40 p < 0.001).

For each monitored interval, the mean annual cave temper-
ature at the T2air, T5air, and T11air sensors is lower than the
outside mean temperature (by 0.4, 2.0, and 3.3 ◦C, respec-
tively). The W6water, W7water, and T10air sensors show mean
temperatures higher than the external mean temperatures (by
1.6, 2.6, and 2.5 ◦C, respectively). The periods 2011–2012
and 2017–2018 (at T2air and T5air, respectively) represent
the coldest cave years of the monitoring period.
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Figure 5. Mean daily air temperature variations at the Pic du Midi de Bigorre station (2860 m a.s.l., red), daily outside air temperature at
Devaux cave (2836 m a.s.l., purple), and temperature variations in air, water, and rock in the cave for the different time windows since 2011.
Dark pink numbers are mean annual air temperatures (MAATs) at the Pic du Midi de Bigorre station (PMBS). Dashed lines indicate 0 ◦C.
Black squares labelled (a), (b), (c), and (d) in the upper panel correspond to the areas enlarged below. The continuous black line is the
external temperature trend during the monitoring period.
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4.3.2 Poorly ventilated cave parts

Sensors located in rooms D (T3air, T4air, T8air), G (T9air),
K (T12air), and rock temperature (R1rock, R2rock) show air
temperatures below 0 ◦C during the monitoring period with
small oscillations and a weak and/or insignificant correla-
tion with the external air temperature. Sensor R1rock (Fig. 5)
recorded rock temperatures consistently below 0 ◦C during
the entire monitoring period. This sensor shows constant
rock temperatures (−1.24 and −1.27 ◦C for channels 1 and
2, respectively), similar within error to the cave air temper-
ature (T3air, T9air; 2019–2021). All sensors except for T3air
(2011–2012; Fig. 5a) show mean air and rock temperatures
lower than the mean external temperature during the same
period (by 0.59 to 2.47 ◦C). The muted temperature varia-
tions in these chambers reflect reduced heat exchange com-
pared to the well-ventilated parts of the cave. Sensors T12air
and R2rock are located in room K, and similar to T11air, the
chamber morphology shields them from the airflow. Rock
temperature sensor R2rock shows a slightly more variable
temperature ranging between−0.19 and−0.28 ◦C (means of
−0.24 and−0.23 ◦C for channels 1 and 2, respectively). Sen-
sor T12air shows a low correlation with the external tempera-
ture (r2

= 0.35, p < 0.001 (2018–2021)), and the same is ob-
served for Text−R2rock (r2

= 0.35, p < 0.001 (2019–2021)).
Meanwhile the correlation between T12air and R2rock is high
but not significant (r2

= 0.93, p > 0.005 (2019–2021).

4.4 Cave deposits

4.4.1 Ice

Congelation ice formed by the freezing of water within the
cave is the most abundant type of ice, and four main ice de-
posits are located in chambers D, G, SPD, and K (Fig. 2b).
The most relevant feature of these ice bodies is their high
transparency and massive aspect, i.e. the lack of layering
(Fig. 6a, b). Transparent ice is present on the ceiling, block-
ing chimneys, galleries, and fractures. The local loss of trans-
parency is related to the presence of cryogenic cave minerals
and/or air inclusions (Fig. 6a, b, c, d).

A highly transparent ice deposit covers the southwest wall
of room D and blocks the access to a gallery (Fig. 6a). The
height of this deposit reaches ∼ 6 m, and its base is located
∼ 20 m above the Brulle spring. The thickness of this ice de-
posit ranges from 4.5 to 14.5 m (horizontal laser measure-
ments across the ice in the gallery blocked by ice), and the
estimated volume ranges from∼ 350 to∼ 710 m3. Three un-
conformities marked by cryogenic minerals were identified
in this ice body.

In room G, an ice body (∼ 25.8 to 29.6 m above the Brulle
spring) is present on the ceiling (Fig. 6b), and the estimated
ice volume is ∼ 180 m3. A comparison with a historical pho-
tograph shortly before 1953 (Casteret, 1953) suggests that
the ice body has not changed significantly during the last

∼ 69 years (Fig. 7a, b). Ice–rock distances measured at four
points, however, reveal small changes at three of them. The
first has retreated 9.8 mm since 2014 (mean 0.9 mm a−1,
n= 2), the second has retreated 19.2 mm since 2014 (mean
0.6 mm a−1, n= 5), and the third one has retreated 15.8 mm
since 2013 (mean 2.2 mm a−1, n= 7). At ∼ 80 m from the
entrance, a small descending room (SPD) (Figs. 2b, 6c) hosts
a small volume of ice. Measurements between 2020 and
2021 indicate a retreat of 20 mm a−1 (n= 1). A last ma-
jor ice deposit is present ∼ 280 m from the entrance (room
K), where transparent and massive ice (∼ 15.5 m above the
Brulle spring) currently fills a cupula or chimney (Figs. 2b,
6d). Additional ice bodies are present behind the SCAL
chatière in the upper gallery (Fig. 2b), but they have not been
studied.

In contrast to these massive ice deposits, layered ice of
seasonal origin is present in small chambers adjacent to the
river (E and F rooms) (Fig. 6e). This ice forms sheets of
about 10–15 cm in thickness which are present in room F
and nearby areas (Fig. 6f). This ice is related to the damming
and freezing of water inside the cave when the Brulle spring
freezes. Our visits from 2017 to 2021 revealed that most of
the damming and subsequent ice formation in room F took
place during winter and spring 2017–2018 corresponding
with the coldest months (both inside the cave and outside)
of the monitoring period (Fig. 5d). These ice slabs are char-
acterized by flat surfaces on both sides and obviously record
incomplete freezing of the dammed water. The ice sheets
largely disappeared during summer and autumn, and only
strongly degraded ice remained in elevated areas of room F.

On the other hand, ice sheets associated with earlier
episodes of river damming and freezing have disappeared,
and only linear colour changes remained as witnesses of such
events on the walls of room E (Fig. 8d). A historical pho-
tograph exemplifies these ice levels in the access between
rooms F and E (Fig. 8a). In August 1984 the ice was close to
the ceiling and nearly 1 m thick (Fig. 8a; Marc Galy, personal
communication, 2021). This contrasts with the low ice level
in recent years (Fig. 8b). In total, three ice-level marks were
identified in relation to backflooding and subsequent freezing
of ponded water (Fig. 8c, d). They appear at a lower elevation
than the Porche entrance (ca. +9.5, +9.2, and +8.8 m with
respect to the Brulle spring).

Another important feature is the presence of hoarfrost,
which was observed in rooms A, B, C, E, and F and along
the gallery between SPD and J (Figs. 2b, 6g, h). The crystal
size varies from a few millimetres to 4 cm and appears to be
upholstering some galleries and cupolas, forming aggregates
that hang from the ceiling (Fig. 6h). Finally, seasonal ice for-
mations (e.g. icicles and ice stalagmites), as well as drips, are
restricted to the outmost ∼ 15 m, in the vicinity of both en-
trances, and in the innermost part of the cave (∼ 500 m from
the entrance). Seasonal ice formations are absent in cave sec-
tors where transparent ice bodies and hoarfrost are present.
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Figure 6. (a) Upper part of the ice body in room D. (b) Ice body hanging from the ceiling and the southwest wall in room G. White spots
near the bottom of the deposit correspond to air inclusions, as well as cryogenic carbonates and gypsum in the ice. (c) Small ice body in room
SPD with CCC and CCG on and within the ice. Red knife (9 cm) for scale. (d) Ice body on the ceiling of room K (Terminus Devaux, TD).
(e) Brulle spring and remains of a layered ice body (September 2018). (f) Broken ice sheets in the flooded area in room F (September 2018).
(g) Millimetre- to centimetre-sized perennial hoarfrost in a blind gallery below room SPD. (h) Seasonal hoarfrost aggregates (> 30 cm long
in size) covering a cupola close to room J.
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Figure 7. (a) Photo of the ice body located in room G taken shortly before 1953 (Casteret, 1953). (b) Photo taken in 2017. In both pictures,
white patches on the ice surface correspond to small CCC accumulations released from the ice by sublimation. Red arrows indicate common
features in both images.

Firn deposits derived from snow are restricted to the Porche
entrance.

4.4.2 Mineral deposits

They comprise mainly cryogenic cave minerals (CCMs).
XRD analyses of samples from rooms D, G, and K yielded
gypsum and calcite, while the sulfide crystals and their ox-
idation products present in the host rock were identified as
pyrite and goethite, respectively. The presence of cryogenic
gypsum in Devaux was already reported by du Cailar and
Dubois (1953). In room D, gypsum was observed within the
ice and on boulders (Fig. 9a, b, c). A total of three gypsum
levels (lower, middle, and upper, located at ∼ 21.4, ∼ 22.6,
and ∼ 23.9 m, respectively, with respect to the Brulle spring)
were identified in the ice (Fig. 9a). Due to the progressive re-
treat of the ice body, some of these crystals are now present
on the ice surface. Gypsum levels comprise large single crys-
tals (0.5–1 cm in diameter), aggregates forming rafts (10 cm)
up to 1 cm in thickness (Fig. 9b), and a fine crystalline frac-
tion. Examination of the fine fraction using a binocular stereo
microscope indicates the presence of cryogenic cave carbon-
ates and gypsum (CCG) including globular, single, and twin
morphologies < 1 mm in diameter (Fig. 9d).

In room G, gypsum and carbonates crystals are present in
the lower part of the ice deposit (Fig. 10e) and on blocks.
There, CCCs are larger (> 10 mm) than in room D and in-

clude globular shapes and raft-like aggregates, similar to
those reported by Žák et al. (2012). Some of these CCCs
show gypsum overgrowths (Fig. 9f). Across the ice sur-
face, patches of globular CCCs (sub-millimetre size) have
been released by ice sublimation (Fig. 7a, b). In room SPD,
CCCs and CCG (≤ 2 mm) are present within and on the ice
(Figs. 2b, 7c). Finally, in room K, only a few CCCs were
still present within the ice, while most of them form heaps of
loose crystals covering blocks. Some of these CCCs exceed
5 mm in diameter. Crystal morphologies include rosettes,
skeletons, and rhombohedrons similar to those reported by
Žák et al. (2012), as well as white tapered crystal aggregates.
Beyond room K, regular carbonate speleothems (i.e. stalag-
mites, stalactites, and flowstones) are present. Gypsum coat-
ing walls or ceilings was not observed.

4.5 Cave water chemistry and sulfate isotopic
composition

The chemical composition of water in Devaux cave is dom-
inated by calcium and bicarbonate with relatively high Mg
concentrations and locally also elevated sulfate concentra-
tions (Table 1). Total dissolved solids (TDSs, n= 7) vary
from 57 to 315 mg L−1. Devaux’s drip water has higher
mean sulfate concentrations (65 mg L−1) than the cave river
(11 mg L−1) and massive and seasonal ice (2.8–18 mg L−1).
The δ34S value of dissolved sulfate in the drip water is
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Figure 8. (a) Photo taken close to the river sector that connects rooms F and E. The estimated ice level is 5 m higher than the Brulle spring.
Photo by Jean Luc Bernardin (8 August 1984). (b) Similar area in 2020, as well as the maximum extension of the seasonal lake ice formed
during winter. (c) Higher ice mark level (ca. +9.5 m with respect to the Brulle spring) and remnants of ice sheets from the frozen lake in
2018. (d) Two ice-level marks (ca. +9.2 and +8.8 m with respect to the Brulle spring) located between the highest mark and the elevation of
the ice in photo (a). In all images red arrows indicate the same rock edges, while green arrows show ice-level marks.

−14.4 ‰ (n= 1), which is significantly higher than in cave
river water (−28.5 ‰ to −27.3 ‰, n= 2; Table 2). Gyp-
sum crystals in room D show δ34S values ranging from
−15.1 ‰ to −15.8 ‰ (n= 7), while in room G they range
from −12.3 ‰ to −11.9 ‰ (n= 5). A pyrite sample from
the host rock yielded a δ34S value of −12.7 ‰ (n= 1).

5 Discussion

5.1 Processes controlling the thermal regime in Devaux
cave and the extent of permafrost

A complex spatial distribution and a high degree of hetero-
geneity are among the main characteristics of mountain per-
mafrost (Gruber and Haeberli, 2009). In Devaux cave the ex-
istence of permafrost can be related to a combination of two
processes: (i) cave atmospheric dynamics and (ii) conductive
heat transfer through the rock.

Devaux cave is characterized by mean air and rock tem-
peratures lower than the external mean annual temperature
(Fig. 5). The low cave temperatures in winter lead to an in-
ward airflow and an associated negative thermal anomaly be-
hind the entrance zone. In contrast, during summer the cold
and dense air flows out of the cave due to the temperature
difference between outside and inside air. The heat supplied

to the cave by the river also influences the cave air tempera-
ture by exporting thermal energy from the cave during win-
ter. Similar seasonal ventilation patterns have been observed
in ice caves elsewhere (e.g. Luetscher et al., 2008; Colucci
and Guglielmin, 2019; Perşoiu et al., 2021).

On the other hand, positive temperatures are observed both
in the cave river and in the air at the entrance (Fig. 5), re-
flecting heat advected by water (river) and the influence of
the external temperature (see Luetscher et al., 2008; Badino,
2010). The lack of correlation between the external and in-
ternal temperatures and the small temperature variability in
rooms D, G, and K reflect their thermal isolation from well-
ventilated cave parts. There, the apparent thermal equilib-
rium between the rock and the cave atmosphere (Trock = Tair)
supports the notion that heat exchange is dominated by con-
duction through the bedrock.

The MAAT at the altitude of the cave is −0.04 ◦C (2017–
2021) suggesting that the 0 ◦C isotherm is located close to the
cave. Using an array of techniques (geomatic surveys, tem-
perature monitoring, temperature at the base of the snowpack
(BTS), and geomorphological and thermal mapping), Ser-
rano et al. (2019) observed mean annual ground temperatures
between −1 and −2 ◦C on the northern slope of the MPm,
suggesting that discontinuous permafrost is present between
2750–2900 m a.s.l., with more continuous permafrost start-
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Figure 9. (a) Ice body in room G and three levels marked by cryogenic gypsum partially still in situ in the ice. The white area corresponds
to milky ice with a high abundance of air inclusions. Gypsum crystals cover parts of the surface of the ice body due to ice retreat. (b) Large
gypsum “raft” deposited on a block in room D. (c) Block in room D with gypsum overgrowths. (d) Microscopic image of euhedral CCG
with cores of CCCs (white arrows) and globular CCCs and enlarged image of euhedral gypsum crystal with a nucleus of globular CCCs.
(e) CCCs and CCG entrapped within milky ice in room G. (f) Detail of a CCC sample from room G covered by CCG.

ing at 2900 m a.s.l. The orientation of the Gavarnie cirque, as
well as the high slope angle and shadow from the surround-
ing peaks, favours the preservation of permafrost at lower
elevations (e.g. Gubler et al., 2011).

Given the high thermal inertia of the rock, the permafrost
temperature at depth is still under the influence of past cli-
mate conditions (e.g. Haeberli et al., 1984; Noetzli and Gru-
ber, 2009), and, therefore, part of the current permafrost in
the area could be inherited from previous colder times (e.g.
Colucci and Guglielmin, 2019). In particular, the low mean
annual temperatures recorded at PMBS in the late 19th cen-

tury were favourable conditions for permafrost development.
We surmise that the current permafrost could be inherited
from colder periods of the Little Ice Age.

In well-ventilated ice caves hoarfrost is the most dynamic
ice formation on seasonal timescales. The presence of peren-
nial hoarfrost is, however, indicative of a continuously frozen
bedrock and thus representative of caves within the per-
mafrost zone (e.g. Luetscher and Jeannin, 2018; Yonge et
al., 2018). In Devaux cave, perennial hoarfrost is observed
in rooms where the bedrock is surrounded by small ice bod-
ies (e.g. gallery close to room SPD; Fig. 6g). Devaux (1929)
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Table 1. Chemical composition of water and ice samples from Devaux cave (in mg L−1). ∗ signifies samples where TDSs (total dissolved
solids) were calculated.

Cations Anions

Date Sample Na+ NH+4 K+ Ca2+ Mg2+ F− Cl− NO−2 Br− NO−3 SO2−
4 HCO−3 CO2−

3 PO3−
4

15 Sep 2017 Devaux river 1 1.6 0.0 0.5 36.0 8.5 0.0 0.2 0.0 0.0 1.8 21.6 61.0 11.6 0.0
Devaux drip 1 0.9 0.1 0.5 50.5 18.2 0.1 0.5 0.0 0.0 6.8 67.4 95.2 0.0 0.0
Devaux drip 2 1.4 1.2 1.3 53.2 19.5 0.1 1.1 0.1 0.0 7.4 70.1 101.3 0.0 0.0
Devaux Ice 1 (room D) 2.3 0.0 0.3 24.8 2.7 0.1 1.3 0.0 0.0 0.7 19.0 23.9 1.0 0.0
Devaux Ice 2 (room D) 2.2 1.3 2.5 27.8 2.0 0.0 2.1 0.0 0.0 1.5 17.0 30.7 0.0 0.0

22 Jul 2018 Devaux river 1 0.6 0.0 0.4 32.4 4.4 0.0 0.2 0.0 0.0 0.9 5.1 53.7 4.0 0.1
Devaux river 2 0.6 0.0 0.4 32.2 4.4 0.0 0.2 0.0 0.0 0.9 5.1 56.1 2.6 0.0
Devaux drip 1 1.4 0.0 3.2 61.0 20.8 0.2 2.2 0.0 0.0 14.1 76.0 84.2 5.6 0.0
Devaux drip 2 2.3 0.1 1.7 60.8 21.0 0.2 2.2 0.0 0.0 14.1 76.9 91.5 4.4 0.0

22 Sep 2018 Devaux river 1∗ 1.3 0.0 0.4 40.5 7.9 0.0 0.3 0.0 0.0 2.0 17.0 65.9 0.0 0.0
Devaux drip 1∗ 1.6 0.0 1.2 70.6 27.2 0.2 1.1 0.0 0.0 19.8 116.5 90.3 0.0 0.0

28 Jul 2020 Devaux ice (seasonal)∗ 0.4 0.0 0.5 28.2 1.1 0.1 0.5 0.0 0.0 0.5 2.8 36.6 0.0 0.0
Devaux river 1∗ 0.6 0.0 0.3 31.5 4.1 0.0 0.2 0.0 0.0 0.8 5.9 58.6 0.0 0.0
Devaux drip 1∗ 1.1 0.2 1.1 42.3 12.5 0.1 0.5 0.0 0.0 2.9 38.4 101.3 0.0 0.0
Devaux drip 2∗ 1.1 0.1 1.0 43.6 13.5 0.1 0.4 0.0 0.0 2.7 38.2 89.1 0.0 0.0
Devaux drip 3∗ 1.6 0.7 1.5 47.9 13.1 0.1 1.1 0.0 0.0 2.2 36.7 107.4 0.0 0.0

26 Jul 2021 Devaux drip 1 2.9 0.0 1.1 83 35.9 0.3 5.9 0.6 0.1 40.2 269.3 104.9 0.0 0.0
Devaux drip 2 3.3 0.4 2.0 73.2 29.3 0.2 6.0 0.1 0.0 28.6 212 112.2 0.0 0.0
Devaux river 1 0.4 0.0 0.1 25.7 4.3 0.1 2.6 0.1 0.0 3.2 16.3 68.3 0.0 0.0

13 Aug 2021 Devaux river 1 0.7 0.0 0.2 28.6 4.9 0.1 2.6 0.0 0.0 1.5 20.4 74.4 0.0 0.0
Devaux drip 1 7.5 2.2 5.1 49.5 15.2 0.2 10.3 0.3 0.0 6.9 77.3 130.5 0.0 0.0
Devaux drip 2 5.1 1.3 2.8 49.3 15.6 0.2 6.5 0.1 0.0 6.5 80.5 129.3 0.0 0.0

Table 2. Sulfur isotope values of gypsum, water, and pyrite from Devaux.

Location Sample and description δ34S (‰) VCDT

Room D Gypsum crystal (part of large raft) −15.8
Room D Gypsum crystal (part of large raft) −15.5
Room D; lower gypsum level Gypsum crystal (individual) −15.6
Room D; middle gypsum level Gypsum crystal (individual) −15.0
Room D; middle gypsum level Gypsum crystal (individual) −15.6
Room D; upper gypsum level Tiny gypsum crystals (aliquot) −15.3
Room D Gypsum crystal (individual) −15.1
Room G Gypsum crystal (individual) −12.3
Room G Gypsum overgrowth (individual) −12.1
Room G Gypsum overgrowth (individual) −11.9
Room G Gypsum overgrowth (individual) −12.1
Room G Gypsum overgrowth (individual) −12.0
Limestone above cave Pyrite crystal (individual) −12.7
Entrance “Porche” Drip water (1 L) −14.4
Brulle spring River water 1 (1 L) −28.5
Brulle spring River water 2 (1 L) −27.3

indicated the presence of ice crystals on the ceiling at the en-
trance of room D. In the same way, du Cailar and Dubois
(1953) showed a schematic cross-section of room D, where
ice crystals are present at the beginning of the room. These
historical reports suggest these areas were probably more
ventilated in the past, which favoured the hoarfrost forma-
tion. On the other hand, seasonal hoarfrost is present in ven-
tilated galleries (A, B, C, and F and between SPD and J).

Seasonal hoarfrost in room B and C and in the area between
H to J disappears at the end of summer probably because of
the heat delivered by the cave river, as recorded by the T5
sensor (Fig. 5).

The presence of permafrost in Devaux’s catchment is sup-
ported by the absence of drips and/or seepage in the investi-
gated cave passages (e.g. Luetscher and Jeannin, 2018; Vaks
et al., 2020). Active drips and seasonal ice formations are
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limited to the first ∼ 15 m of the cave, as well as to the in-
ner part (beyond room K). Mountain permafrost thus pen-
etrates ∼ 350 m longitudinally from the eastern cliff of the
Gavarnie cirque to the southern side of the massif. On the
other hand, given the elevation of the cave and the topogra-
phy above the cave, the current maximum permafrost thick-
ness on the southern side of the MPm is ∼ 200 m (without
taking into account the active layer).

5.2 The origin of ice in Devaux cave

The transparent and massive character of Devaux’s cave ice,
as well as the presence of CCCs, whose formation requires
low congelation rates (Žák et al., 2004), suggests that this
ice formed by the slow freezing of water dammed by ice at
the spring. This model is consistent with the climate of the
Gavarnie cirque, cave geomorphological observations, cave
air and water temperatures, and historical reports. The cave
water level can rise by several metres as indicated by slack
water deposits upstream of the Brulle spring.

The distribution and characteristics of ice bodies in De-
vaux cave indicate that the hydraulic head rose by at least
∼ 15–29 m, which is the elevation of the ice bodies in rooms
G, F, and K. This situation requires that all springs (including
Porche) are blocked for a sufficiently long time to allow for
complete freezing of these cave lakes. The lack of important
unconformities in this massive ice (e.g. detrital layers), which
are usually related to seasonal ablation (e.g. Luetscher et al.,
2007; Stoffel et al., 2009; Hercman et al., 2010; Spötl et al.,
2014), suggests that the ice deposit in room G is the result
of a single flood event. In contrast, the small unconformities
recognized in the ice body in room D suggest that several
cycles of damming and subsequent ice formation cannot be
discarded in the formation of this ice deposit.

These observations indicate that under the current climate
(both in the cave and outside) only part of the water dammed
in rooms F and E freezes during winter and spring. This
strongly suggests that the ice bodies in Devaux cave must
have been associated with colder and/or longer events of
ponding and freezing than today, when the cave was effec-
tively sealed from the outside for prolonged times. We hy-
pothesize that the advance of a glacier on the steep slopes of
Devaux’s surroundings could have contributed to the block-
age of the spring, leading to backflooding and the formation
of large ice bodies in the cave. In the study area, such pe-
riods of glacier growth occurred during the Little Ice Age
and/or the Neoglacial advance (González Trueba et al., 2008;
García-Ruiz et al., 2014, 2020).

The freezing of a flooded cave passage cannot be ex-
plained by the advection of cold air alone. It is thus sur-
mised that heat transfer through the host rock is a more plau-
sible mechanism for the complete freezing of ponded wa-
ter. The cave ice bodies, as well as the presence of cryo-
genic minerals, therefore record a long cold period or several
shorter episodes. Although cryogenic minerals and in partic-

ular CCCcoarse are typically associated with permafrost thaw-
ing during warm spells (Žák et al., 2004; Richter et al., 2010;
Žák et al., 2012; Luetscher et al., 2013), permafrost condi-
tions prevailed during ice formation in Devaux cave. The wa-
ter that feeds Devaux’s springs infiltrated during late spring
and summer from ponors at Lago Helado and/or surrounding
poljes. However, the heat supplied by this water may have
probably not been enough to thaw the frozen host rock. It
is thus very likely that the host rock temperature was lower
and/or the outlets remained closed for longer periods than
today to allow for the complete slow freezing of the ponded
water.

5.2.1 Ice volume changes

The colour changes in the walls close to the river (room E),
the historical photograph, and speleological reports point to
large changes (several metres) in the height of the seasonal
ice in the flood-prone sector of the cave (Fig. 8a, b). This ice
is influenced by the heat exchanged between the water and
the cave.

In contrast, changes in the ice volume are almost negligi-
ble in rooms D and G where the temperature is more con-
stant and below 0 ◦C (Fig. 7a, b). The ice body in room G
has been retreating by only∼ 0.6 to∼ 2.2 mm a−1. A similar
value (3 mm a−1) was observed in Coulthard Cave (Alberta,
British Columbia; Marshall and Brown, 1974), a cave located
in permafrost (Yonge et al., 2018). Changes in the ice body
in this cave were related to slow sublimation due to convec-
tive airflow inside the cave (Marshall and Brown, 1974). On
the other hand, the ice in room SPD shows higher ice retreat
rates (∼ 20 mm a−1). Similar sublimation rates have been re-
ported in ice caves in the Pamir Mountains and the northern
part of the Russian Platform (Žák et al., 2018). Overall, De-
vaux’s cave ice deposits show a remarkable stability which
contrasts with the rapid changes observed in ice caves out-
side permafrost areas (Kern and Perşoiu, 2013; Perşoiu et
al., 2021; Wind et al., 2022), including other ice caves in the
Pyrenees and Picos de Europa (Belmonte-Ribas et al., 2014;
Gomez-Lende et al., 2014, 2016).

5.3 Cryogenic cave minerals

In Devaux cave, CCCs and CCG are still present within the
ice (Fig. 9a, e). Worldwide, only very few in situ observa-
tions of coarse-grained cryogenic cave minerals are known
(e.g. Bartolomé et al., 2015; Colucci et al., 2017). Du Cailar
and Dubois (1953) reported the presence of gypsum crystals
at ∼ 50 cm depth within the ice in Devaux cave. The first
evidence of in situ CCCcoarse in cave ice was reported from
Sarrios 6, an ice cave at 2780 m a.s.l. on the southern slope of
the MPm (Bartolomé et al., 2015). Colucci et al. (2017) doc-
umented the presence of CCCcoarse in a small ice cave in the
Italian Alps. Recently, Munroe et al. (2021) found CCCcoarse
in ice of Winter Wonderland Cave (Utah, USA). Because of
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the abundance of cryogenic cave minerals, the size of indi-
vidual crystals and aggregates thereof, as well as their differ-
ent mineralogy, Devaux cave provides an additional opportu-
nity for studying the origin of such cryogenic cave minerals.

CCG in Devaux cave represents, to our knowledge, the
first occurrence of its kind in a carbonate karst terrain. So
far, CCG have only been reported from gypsum karst areas
in Russia and Ukraine (Korshunov and Shavrina, 1998; Žák
et al., 2018, and references therein). In those caves, tiny gyp-
sum crystals form during the rapid freezing of water. When
ice sublimates in winter, these particles are released and ac-
cumulate as powdery deposits on the ice surface. Eventu-
ally, they partly dissolve during spring and summer due to
the increase in cave air humidity, and they later recrystallize,
forming a wide variety of crystal morphologies. CCG from
Devaux cave shows features that do not correspond to those
previously published from gypsum karst caves. In particular,
(i) the Devaux cave CCG appears together with CCCcoarse
crystals (≥ 5 mm in some cases, in rooms D and G), (ii) the
(raft-like) gypsum crystals are large (Fig. 9b) and, in some
cases, are still found within the ice (Fig. 9a) and surrounded
by milky ice rich in air inclusions (Fig. 9a, e), and (iii) boul-
ders are locally overgrown by gypsum (Fig. 9c).

Coarse-grained cryogenic cave minerals form in a semi-
closed system when water freezes very slowly (Žák et al.,
2004). Once supersaturation is reached, CCMs start to crys-
tallize. The formation of gypsum crystals requires the pres-
ence of elevated concentrations of dissolved sulfate which
may relate to (i) sedimentary gypsum deposits intercalated
within carbonates (e.g. Sancho et al., 2004), (ii) the presence
of hydrothermal water containing H2S related to hydrocar-
bons (e.g. Hill, 1987), or (iii) the oxidation of sulfides (e.g.
pyrite) disseminated in carbonate rocks (e.g. Bottrell, 1991).
In the case of Devaux cave marine evaporite rocks (e.g. of the
Upper Triassic Keuper facies) and hydrocarbons are absent
in the catchment of the cave. The most plausible explanation
for the presence of dissolved sulfate in Devaux’s water is the
oxidation of pyrite present in the limestone (du Cailar and
Dubois, 1953; Requirand, 2014).
δ34S values of gypsum (−11.9 ‰ to −15.8 ‰), pyrite

(−12.7 ‰), and dissolved sulfate (−14.4 ‰ in drip water
and −28.5 ‰ to −27.3 ‰ in Brulle spring water) are within
the range of biogenic pyrite and differ notably from values
of marine evaporites (10 ‰–35 ‰) (Seal, 2006). Thus, the
δ34S values, together with the geological setting of the cave,
support the hypothesis that disseminated pyrite in the host
limestone is the main source of dissolved sulfate and subse-
quently of CCG. Only the dissolved sulfate δ34S values of
Brulle spring are considerably more negative (−28.5 ‰ and
−27.3 ‰). This may be a consequence of microbially medi-
ated redox processes in the karst that discriminate against
34S (Zerkle et al., 2016; Temovski et al., 2018). Further
studies on the microbiology of the cave may shed light on
these mechanisms and how the local sulfur cycle may have
changed in the recent past.

In gypsum caves, dissolved sulfate dominates over the bi-
carbonate, and the typical crystallization sequence during the
freezing of water with high TDSs is gypsum → carbonate
(commonly calcite) → celestine (Žák et al., 2018). In De-
vaux cave, however, bicarbonate dominates over sulfate, and
our observations show that gypsum crystals partly nucleated
on CCCcoarse. Accordingly, the crystallization sequence at
Devaux cave is calcite → gypsum, taking place in a semi-
closed system at low freezing rates.

The second aspect that makes the CCG in Devaux cave
unique is the size and euhedral shapes of the crystals
(Fig. 9b), which differ notably from the much smaller sizes
of gypsum crystals (20–200 µm) and gypsum powders (1–
30 µm) found in gypsum caves in Russia and Ukraine (Žák et
al., 2018, and references therein). Another characteristic of
CCC and CCG occurrences in Devaux cave is the presence
of milky ice surrounding them (Fig. 9a, e) which seems to be
related to the freezing process during the formation of cryo-
genic minerals in a subaqueous environment. Similar to that,
CCCs were found within the ice and surrounded by bubbles
in the Sarrios 6 ice cave (Bartolomé et al., 2015). However,
the scarce presence of CCCs within the ice today, together
with the very few sites where this topic is investigated, leads
to a lack of studies about gas inclusions and CO2 degassing
during CCC formation.

Finally, the presence of gypsum aggregates overgrowing
blocks (Fig. 9c) supports the hypothesis of subaqueous gyp-
sum formation. On the other hand, the absence of gypsum
growing on the ceiling or on the walls allows us to discard its
formation from seepage water followed by precipitation due
to evaporation in the cave (e.g. Gázquez et al., 2017, 2020).
In essence, all observations indicate that gypsum precipitated
in a semi-closed subaqueous environment and has been pre-
served from later dissolution by the exceptionally dry envi-
ronment of this ice cave. Gypsum precipitating from freez-
ing waters has been also documented in the Arctic and the
Antarctica (Losiak et al., 2016; Wollenburg et al., 2018) and
has been proposed as a mechanism for gypsum formation on
Mars (Losiak et al., 2016).

6 Conclusions

The investigation of Devaux ice cave, based on cave moni-
toring, geomorphology, and geochemical analyses, provides
exceptional insights into the origin of modern and past moun-
tain permafrost and associated processes and deposits.

Devaux cave consists of two parts characterized by differ-
ent thermal regimes. (1) The near-entrance parts and the main
gallery show large temperature fluctuations and cave air tem-
peratures seasonally exceeding 0 ◦C. These passages are in-
fluenced by advective airflow and heat released by the cave
river. (2) The inner sector and isolated chambers are charac-
terized by muted thermal oscillations and temperatures con-

The Cryosphere, 17, 477–497, 2023 https://doi.org/10.5194/tc-17-477-2023



M. Bartolomé et al.: Mountain permafrost in the Central Pyrenees 493

stantly below 0 ◦C. There, the cave air temperature is mainly
controlled by heat conduction through the bedrock.

Devaux cave is impacted by backflooding in late win-
ter/early spring when the main outlets freeze, damming the
water inside the cave and forming a lake. The blocking of
the outlets requires temperatures below 0 ◦C in the Gavarnie
cirque, while on the southern side of the Monte Perdido mas-
sif, temperatures above 0 ◦C allow water infiltration.

The absence of drip water in most parts of the cave, to-
gether with the presence of perennial/seasonal hoarfrost, and
the location of massive ice bodies on the ceiling and/or filling
cupulas and galleries are indicative of frozen bedrock sur-
rounding the cave. Permafrost at Devaux cave is attributed to
a combination of rock undercooling by cave air ventilation
and the local climate setting giving rise to the development
and/or preservation of permafrost inherited from past colder
periods. Currently, permafrost seems to be present above the
cave reaching a maximum thickness of ∼ 200 m and a lateral
extension of∼ 350 m towards the southern face of the Monte
Perdido massif.

We report the first deposits of cryogenic gypsum in a
limestone-hosted ice cave. Most of the cryogenic minerals
are still within the ice and surrounded by milky ice rich in
air inclusions. Gypsum precipitation occurred subaqueously
as a result of slow freezing, following CCC formation. δ34S
values show that the sulfate originated from the oxidation of
pyrite present in the limestone.

Current climate conditions seem to be still favourable for
the preservation of ice within this cave. This situation is in
contrast to the large ice mass loss in other ice caves else-
where. The ice deposits in Devaux cave allow unique in-
sights into processes leading to the formation of cryogenic
carbonates and sulfates and represents a unique site to better
understand the mountain permafrost evolution in the Monte
Perdido massif and the Pyrenees in general.
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Kern, Z., Bočić, N., and Sipos, G.: Radiocarbon-Dated
Vegetal Remains from the Cave Ice Deposits of
Velebit Mountain, Croatia, Radiocarbon, 60, 1391–1402,
https://doi.org/10.1017/RDC.2018.108, 2018.

Koltai, G., Spötl, C., Jarosch, A. H., and Cheng, H.: Cryogenic
cave carbonates in the Dolomites (northern Italy): insights into
Younger Dryas cooling and seasonal precipitation, Clim. Past,
17, 775–789, https://doi.org/10.5194/cp-17-775-2021, 2021.

Korshunov, V. V. and Shavrina, E. V.: Gypsum speleothems of
freezing origin, J. Cave Karst Stud., 60, 146–150, 1998.

Lechleitner, F. A., Mason, A. J., Breitenbach, S. F. M., Vaks, A.,
Haghipour, N., and Henderson, G. M.: Permafrost-related hia-
tuses in stalagmites: Evaluating the potential for reconstruc-
tion of carbon cycle dynamics, Quat. Geochronol., 56, 101037,
https://doi.org/10.1016/j.quageo.2019.101037, 2020.

Leunda, M., González-Sampériz, P., Gil-Romera, G., Bartolomé,
M., Belmonte-Ribas, Á., Gómez-García, D., Kaltenrieder, P.,
Rubiales, J. M., Schwörer, C., Tinner, W., Morales-Molino,
C., and Sancho, C.: Ice cave reveals environmental forcing of
long-term Pyrenean tree line dynamics, J. Ecol., 107, 814–828,
https://doi.org/10.1111/1365-2745.13077, 2019.

Lewkowicz, A. G. and Ednie, M.: Probability mapping of
mountain permafrost using the BTS method, Wolf Creek,
Yukon Territory, Canada, Permafrost Periglac., 15, 67–80,
https://doi.org/10.1002/ppp.480, 2004.

Li, T.-Y., Baker, J. L., Wang, T., Zhang, J., Wu, Y., Li, H.-C.,
Blyakharchuk, T., Yu, T.-L., Shen, C.-C., Cheng, H., Kong,
X.-G., Xie, W.-L., and Edwards, R. L.: Early Holocene per-
mafrost retreat in West Siberia amplified by reorganization
of westerly wind systems, Commun. Earth Environ., 2, 1–11,
https://doi.org/10.1038/s43247-021-00238-z, 2021.

López-Moreno, J. I., Revuelto, J., Rico, I., Chueca-Cía, J., Julián,
A., Serreta, A., Serrano, E., Vicente-Serrano, S. M., Azorin-
Molina, C., Alonso-González, E., and García-Ruiz, J. M.: Thin-
ning of the Monte Perdido Glacier in the Spanish Pyrenees since
1981, The Cryosphere, 10, 681–694, https://doi.org/10.5194/tc-
10-681-2016, 2016.

López-Moreno, J. I., Alonso-González, E., Monserrat, O., Del Río,
L. M., Otero, J., Lapazaran, J., Luzi, G., Dematteis, N., Serreta,
A., Rico, I., Serrano-Cañadas, E., Bartolomé, M., Moreno, A.,
Buisan, S., and Revuelto, J.: Ground-based remote-sensing tech-
niques for diagnosis of the current state and recent evolution of
the Monte Perdido Glacier, Spanish Pyrenees, J. Glaciol., 65, 85–
100, https://doi.org/10.1017/jog.2018.96, 2019.

Losiak, A., Derkowski, A., Skała, A., and Trzciński, J.: Evaporites
on ice: how to form gypsum on Antartica and on Martian North
polar residual cap?, in: 47th Lunar and Planetary Science Con-
ference, Program of technical sessions, 21–25 March 2016, The
Woodlands, Texas (USA), 2016.

Luetscher, M. and Jeannin, P.-Y.: Chapter 12 – Ice Caves in Switzer-
land, in: Ice Caves, edited by: Perşoiu, A. and Lauritzen, S.-E.,
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by: Perşoiu, A. and Lauritzen, S.-E., Elsevier, 285–334,
https://doi.org/10.1016/B978-0-12-811739-2.00015-2, 2018.

Žák, K., Urban, J., Cıìlek, V., and Hercman, H.: Cryogenic cave cal-
cite from several Central European caves: age, carbon and oxy-
gen isotopes and a genetic model, Chem. Geol., 206, 119–136,
https://doi.org/10.1016/j.chemgeo.2004.01.012, 2004.

Žák, K., Richter, D. K., Filippi, M., Živor, R., Deininger, M.,
Mangini, A., and Scholz, D.: Coarsely crystalline cryogenic cave
carbonate – a new archive to estimate the Last Glacial minimum
permafrost depth in Central Europe, Clim. Past, 8, 1821–1837,
https://doi.org/10.5194/cp-8-1821-2012, 2012.

Žák, K., Onac, B. P., Kadebskaya, O. I., Filippi, M., Dublyansky,
Y., and Luetscher, M.: Chapter 6 – Cryogenic Mineral Forma-
tion in Caves, in: Ice Caves, edited by: Perşoiu, A. and Lau-
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