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ABSTRACT 25 

Ice caves are understudied environments within the cryosphere, hosting unique ice 26 

deposits valuable for paleoclimate studies. Recently, many of these deposits have 27 

experienced accelerated retreat due to global warming, threatening their existence. 28 

The A294 cave contains the world’s known oldest firn cave deposit (6100 yr cal BP), 29 
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which is progressively waning. This study presents 12 years (2009-2021) of 30 

monitoring of A294 cave, including temperature measurements both outside and 31 

inside the cave, meteoric precipitation, and ice loss measurements by comparing 32 

historical cave surveys (1978, 2012, 2019), photographs, and ice measurements 33 

within the cave. Our findings indicate a continuous increase in cave air temperature 34 

(~1.07 to 1.56 ºC over 12 years), increases in the Thaw Index, and a decrease in the 35 

number of freezing days (i.e., days below 0 °C) as well as in the Freezing Index. 36 

Calculated melting rates based on cave surveys and measurements show significant 37 

variations depending on the cave sector, ranging from ~15 to ~192 cm per year. The 38 

retreat of the ice body is primarily driven by an increase in winter temperatures, 39 

more rainfall during the warm season, and a decrease in snowfall and snow cover 40 

duration. The ice stratigraphy and local paleoclimate records suggest 41 

unprecedented melting conditions since this ice began to form about 6100 years 42 

ago. This study highlights the urgent need to recover all possible information from 43 

these unique subterranean ice deposits before they disappear. 44 

1. Introduction 45 

The mean global temperature has risen by 0.8 to 1.1 ºC since the early 20th century 46 

(IPCC, 2021). However, specific mountainous regions in Southern Europe, such as 47 

the Pyrenees, have experienced a temperature surge of ~1.3 ºC since 1949 48 

(Observatorio Pirenaico de Cambio Global, 2018), indicating a recent acceleration in 49 

warming nearly twice as much as the global average. This temperature increase is 50 

directly impacting the glaciers in the Pyrenees, which have receded significantly 51 

since the end of the Little Ice Age (González Trueba et al., 2008; García-Ruiz et al., 52 

2014). The pace of this retreat has notably accelerated in recent years (López-53 

Moreno et al., 2016; Vidaller et al., 2021, 2023). Glaciers are not the only elements of 54 

the cryosphere affected by global warming: Mountain permafrost and ice caves are 55 

also facing critical threats (Kern and Perşoiu, 2013; Biskaborn et al., 2019), with ice 56 

caves representing the least studied system. 57 
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The scientific community has recognized the pressing need for a comprehensive 58 

research initiative aimed at recovering untapped physical, chemical, and biological 59 

information stored within cave ice bodies prior to their complete disappearance 60 

(Kern and Perşoiu, 2013). In recent years, the growing scientific interest on ice 61 

caves—driven by their rapid degradation—has led to a notable increase in 62 

interdisciplinary research efforts (e.g., Barabach and Stasiewicz, 2025.) Unlike 63 

glaciers, mid-latitude ice caves are less vulnerable to summer temperature 64 

fluctuations and thus have the potential to preserve paleoclimate proxy information 65 

over longer periods. Ice caves have therefore attracted a great deal of attention for 66 

research into this unique repository of past climatic conditions (Luetscher et al., 67 

2005; Stoffel et al., 2009; Feurdean et al., 2011; Žák et al., 2012; Perșoiu et al., 2017; 68 

Sancho et al., 2018; Leunda et al., 2019; Racine et al., 2022a; Racine et al., 2022b;  69 

Bartolomé et al., 2023; Ruiz-Blas et al., 2023).  70 

In static (i.e., sag-type) ice caves, cold and dense air enters the cave during the winter 71 

season (open phase), cooling the cave environment. During the warm season 72 

(closed phase), the cave acts as a thermal trap, largely isolating the interior from 73 

external temperature fluctuations (Luetscher et al., 2008). However, although 74 

external temperatures have minimal direct influence during the closed phase, the 75 

thermal state of the cave is still affected by the heat exchange that occurred during 76 

the preceding open phase (Wind et al., 2022). This residual heat influences the cave’s 77 

internal temperature and, consequently, the rate of ice melting. Additionally, 78 

increased rainfall and extreme precipitation events during the closed phase 79 

contribute to ice loss, as infiltrating water releases heat into the cave environment 80 

(Luetscher et al., 2008; Perşoiu et al., 2021). Overall, ice retreat in these caves is 81 

primarily driven by reduced winter precipitation, rising winter temperatures, and the 82 

thermal effects of water infiltration during warmer months (Luetscher et al., 2005, 83 

2008). 84 

Monitoring the current cave dynamics helps to understand how caves work and thus 85 

to recognize the factors that influence the melting of cave ice (Luetscher et al., 2008; 86 

Perşoiu et al., 2021; Wind et al., 2022; Bartolomé et al., 2023).    87 
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In this study, we present a comprehensive dataset derived from a 12-year 88 

monitoring campaign (2009-2021) in A294 ice cave, situated in the Central Pyrenees. 89 

The rise in cave temperature and the increase in summer and fall precipitation pose 90 

a significant threat to the oldest documented firn in the world, which is preserved in 91 

a cave and is between 6100 and 1880 years old (Sancho et al., 2018). The data we 92 

have gathered and the analysis of ice stratigraphy and climate reconstructions since 93 

the onset of the Neoglacial period provide compelling evidence that the ongoing 94 

melting of this exceptional ice body represents the most significant retreat since its 95 

accumulation began some 6100 years ago. 96 

2. The A294 ice cave 97 

This ice cave is located in the Central Pyrenees (Belmonte-Ribas et al., 2014), in the 98 

north-eastern part of the Iberian Peninsula (Fig. 1a). The cave is situated in the 99 

Cotiella massif, at an elevation of 2238 m a.s.l. This massif belongs to the Central 100 

South Pyrenean Unit and it consists mainly of Upper Cretaceous limestones as well 101 

as Eocene limestones and marls (Supplementary material, Fig. S1). The highest point 102 

in this area is the Cotiella peak at 2912 m a.s.l. (Fig. 1b). The Armeña cirque is 103 

characterized by periglacial and karst landforms (Fig. 1b). In this region, there is a 104 

climatic transition between the Atlantic and Mediterranean mountain climates. The 105 

mean annual air temperature (MAAT) at the nearby Armeña weather station (AWS, 106 

Figs. 1b, c, d) at 2200 m a.s.l. elevation averages ~5.6 ºC (2009-2021; Fig. 1c). The 107 

wettest periods in this area are in April/May and October/November. Winters and 108 

summers are typified by cold and warm/dry periods, respectively (Fig. 1c). During 109 

the colder months, there are more than 20 snowfalls a year between November and 110 

April. In the Central Pyrenees, at 2000 m a.s.l. the average snow depth typically 111 

ranges between 20 and 80 cm (1985-1999) with annual peaks that often exceed 150 112 

cm. Superimposed on a very large interannual variability, the duration of the snow 113 

cover and the accumulation of snow depth have decreased statistically significant 114 

since the middle of the 20th century (López-Moreno, 2005; López-Moreno et al., 115 

2020). At higher altitudes, around 2600 m a.s.l., the snow depth at the end of winter 116 

is often more than 3 m (López-Moreno et al., 2019). 117 
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Figure 1. a) Location of the Cotiella massif in the Central Pyrenees and the different 

paleoclimate records and the weather station used in this study (1: A294 ice cave 

(A294), 2: Armeña weather station (AWS), 3: Basa de la Mora (lake, BSM), 4: Monte 

Perdido glacier (MP glacier), 5: Redó lake). b) Geomorphological map and location 
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of the A294 ice cave and the weather station (modified from Belmonte, 2014). c) 

Monthly mean temperature (red line), maximum and minimum mean 

temperatures (grey shaded area), annual mean temperature (dashed red line) and 

mean monthly rainfall (blue bars) over the last 12 years recorded at the Armeña 

weather station (AWS) located at 2200 m a.s.l., ~400 m east of the A294 cave 

entrance (d).  

 118 

The A294 cave is a sag-type cave, with a depth of ~40 m and two entrances (Fig. 2a, 119 

b). The primary entrance consists of a vertical shaft that is ~10 m deep and spans an 120 

area of roughly 30 m2. There is also a second, smaller shaft that is typically closed 121 

off by snow in the winter months. The primary entrance is connected via a snow 122 

ramp to the cave main chamber, which contains an old ice body (Fig. 2a). The 123 

thickness and extent of the snow ramp varies from year to year, depending on the 124 

frequency and intensity of snowfall (Belmonte-Ribas et al., 2014). Open conditions 125 

marked by a “chimney effect” characterize the winter phase (November–May). 126 

Ventilation occurs primarily via the main shaft, while the smaller shaft is usually 127 

blocked by snow during fall, winter and sometimes in spring. Conversely, the cave 128 

acts as a cold air trap during the closed phase (June–October) (Fig. 2b). Two areas in 129 

the cave host seasonal ice stalagmites (IS 1 and 2) underneath several active 130 

dripping points (Fig. 2a).  131 

 132 

 133 
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Figure 2: a) Geomorphological map superimposed on the 2019 cave survey. The 

locations of the temperature sensors are indicated by small red rectangles. The 

light blue colour represents seasonal snow and the dark blue colour represents 

the fossil ice body. IS1 and IS2 indicate seasonal ice stalagmites. b) Cave profile 

with a simplified model of air circulation during winter (open phase, left) and 

summer (closed phase, right). Blue arrows show the movement of cold air masses, 

while orange arrows represent warm air fluxes inside the cave. Photo: David 

Serrano. 

 134 

3. Material and methods 135 

3.1 Ice extent  136 

The ice retreat was assessed on the basis of cave surveys from different years 137 

(1978, 2012, 2019, Figs. 3a, b, c, d). Following Luetscher et al. (2005) we use a 138 

comparison of historical surveys to highlight changes over time, as it is a simple 139 

method to observe ice changes. The surveys of 1978 (Grupo de Espeleología 140 

Cataluña Aragón, G.E.C.A.) and 2012 (Belmonte-Ribas et al., 2014) were carried out 141 
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with a compass and clinometer. The North arrow in the original 1978 survey was 142 

not correctly positioned, and the crevasse between ice and bedrock is 143 

questionable, as in 2008 the old ice on the southern wall was in contact with the 144 

bedrock (Fig. S2). The crevasse must have been small, because the new gallery 145 

(called Gallery 90s) was found during the 1990s after the ice had retreated (Fig. 2). 146 

The survey in 2019 (Fig. 2) was conducted using a Leica DistoX2 (X310) modified 147 

with an electronic base plate to measure the direction and dip (Heeb, 2014). The 148 

precision associated with each measurement is ±1.5 mm. A total of 68 points were 149 

measured emphasizing the cave morphology and the ice perimeter. To determine 150 

the horizontal retreat of the ice body, the ice perimeter was determined at three 151 

reference points/sectors defined and well identified in the field (Fig. 3 (number 1 to 152 

3)). Potential errors may arise from the inclination of the laser line when taking the 153 

measurement. Several measurements were taken to ensure that there are no 154 

major variations. This human error could result in inaccuracies of up to 5 cm, 155 

which, for distances greater than 10 m, would represent less than 0.5% error 156 

(measurements from the Northern wall (1) and the Ice front (3), (Fig. 3d), and 157 

slightly more for the Rock Corner (2). Errors in topographic comparisons depend 158 

on the level of detail, the surveyor’s expertise, and inherent human measurement 159 

inaccuracies. However, the extent of ice loss is so pronounced that even when 160 

using only a rough outline of the cave, the measurements obtained from 161 

successive surveys are consistent with those reported by Belmonte et al. (2014). 162 

Complementary field measurements using fixed reference points (blocks, walls, 163 

dripping points) together with several photographs taken between 2008 and 2023 164 

were also used to reconstruct the changes in size of the ice body. For the Northern 165 

wall (1), the three cave surveys were compared. In contrast, for the Rock Corner (2) 166 

and the Ice front (3), the data consisted of a combination of cave surveys 167 

comparisons and field measurements. 168 

To evaluate vertical changes of the ice body during the monitored period, two 169 

stratigraphic logs were made (Sancho et al., 2018; Leunda et al., 2019) (Fig. S3). In 170 

2011, when the deposit was first sampled, the ice was 9.25 m thick and decreased 171 

to 7.90 m in 2015 when the second stratigraphic log was prepared. The internal 172 
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structure of the ice sequence also changed between 2011 and 2015 (Leunda et al., 173 

2019) as shown by the cross-stratified ice beds formed during snow deposition. 174 

Nevertheless, the identification of a same detrital layer (observed at 165 cm depth 175 

from the top in 2015 and at 240 cm depth in 2011) allows correlating the depth-176 

age models for both years (Fig. S3). The spatio-temporal reproducibility of the 177 

depth-age models together with the good correspondence between two 178 

independently dated terrestrial plant macrofossil remains reveals that, although 179 

decadal-scale melting periods may have occurred repeatedly, the macrofossil 180 

remains preserved in the detrital layers did not suffer significant movements 181 

within the ice deposit.  182 
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Figure 3: Three plan view maps of the A294 ice cave based on different surveys. a) 

Corrected cave topography from 1978 ((G.E.C.A), see Fig. S2 for details). *Note: 

The dashed galleries on the 1978 survey indicate a cave passage discovered in 

2012 and the corrected position of the southern gallery, respectively. b) Cave 

survey from 2012 (Belmonte et al., 2014). c) Cave survey from 2019 (this study). 

The insets, marked with black dashed circles, correspond to sectors where 

topographic changes were measured and indicated by numbers: (1) Northern 

wall, (2) Rock Corner (green point) and (3) Ice front. Red arrows correspond to 

distances selected for measurements on the cave surveys, and some of them in 

the field. d) Photograph taken from the main shaft, showing the approximate 

position of the ice body between 1978 and 2019. 

 183 

3.2 Environmental monitoring 184 

The cave air temperature was recorded over 12 years (2009-2021) (Fig. 4) using Hobo 185 

Pro v2 U23-001 sensors with an accuracy of ±0.21 ºC and a resolution of 0.02 ºC at 0 186 

ºC. In 2009, six sensors were installed in the cave, of which the three time series with 187 

the longest and most complete temperature records (CH1, CH2 and CH3) were used 188 

for this study (same labels as in Belmonte-Ribas et al., 2014). The sensors were set 189 

up with a 1-hour logging interval, from which the mean, maximum (max) and 190 

minimum (min) daily temperatures were calculated. The Freezing index (FI), defined 191 

as the integral of the temperatures below freezing during a given freezing season 192 

(approximately mid-October to April - Tuhkanen, 1980) was calculated for each 193 

station. Similarly, the Thaw Index (TI) was calculated for positive temperatures 194 

(Harris, 1981). To characterize the thermal regime of the cave, the temperatures 195 

were divided into different groups and the respective percentages (%) per month 196 

were calculated (Fig. 4). These groups include positive temperatures, and 197 

temperatures ranging from <0 to -2 ºC, <-2 to -3 ºC, <-3 to -4 ºC, and < -4 ºC. The 198 

thermally open phase begins on the first day (dd/mm/yy), when negative cave 199 

temperatures are recorded in the cave (even if they briefly become positive again), 200 

while their end corresponds to the last day with negative temperatures inside. The 201 
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closed phase is delimited by two open phases, when the cave temperature is 202 

constantly positive. Once the open and closed phase (dd/mm/yy) have been defined, 203 

the same periods were selected for outside temperature correlations. Correlations 204 

between the different parameters were calculated using the PAST software 205 

(Hammer et al., 2001). 206 

 207 

The Armeña weather station (AWS) was installed in 2011 and the air temperature is 208 

measured with an EL-USB-1 instrument with an accuracy of ±0.5 ºC and a resolution 209 

of 0.5 ºC. A radiation shield was installed to protect the sensor. The temperature 210 

gaps from 2009 to 2011 were filled using the two closest meteorological records 211 

available above 2000 m a.s.l., i.e., the Góriz and La Renclusa stations, located 28 and 212 

30 km from the cave, respectively. Given the difficulty of finding highly significant 213 

correlations between meteorological records located in an area with complex 214 

topography (Beguería et al., 2019), we used a quantile-based approach (Lompar et 215 

al., 2019) to reconstruct the temperature series. Accordingly, all temperature data 216 

were transformed to quantiles, based on their empirical cumulative distribution 217 

function. The gaps in the timeseries were filled using the quantile values of the Góriz 218 

station, and when data were also missing at this site (less than 1% of the records), 219 

we used the ones from La Renclusa. We tested this procedure using the period 2014-220 

2016 as validation, and we obtained 0.13 ºC and 0.55 ºC of Mean Bias Error (MBE) 221 

and Mean Absolute Error (MAE), respectively. Snow accumulation was recorded at 222 

the Góriz station. To register rainfall events, a pluviometer was installed and 223 

connected to a Hobo pendant event data logger (UA-003-64). Only liquid 224 

precipitation was recorded between April to November. 225 

 226 

3.3 Radiocarbon dating 227 

Terrestrial plant remains were retrieved from two pit holes formed in the ice ramp 228 

in 2022. The samples were analysed at Direct AMS (Seattle, USA) and were calibrated 229 

using the Clam 2.2 package (Blaauw, 2010) and R (R Core Team, 2020) and applying 230 

the INTCAL 20 calibration curve (Reimer et al., 2020). 231 
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Figure 4: Twelve years of cave and Armeña weather station temperature 

data and characterization of the thermal state based on five temperature 

clusters. The dashed red line marks 0 ºC; the black line represents the 

temperature trend. Note that the short green lines correspond to 

reconstructed datasets.  

 232 

4. Results 233 

a. The old ice body 234 

The ice body in the A294 cave originates mainly from snow that had fallen or slid 235 

into the cave (Belmonte-Ribas et al., 2014; Sancho et al., 2018; Leunda et al., 2019). 236 

This deposit is characterized by the presence of cross-stratified ice and detrital 237 

layers formed by clasts and terrestrial plant macro-remains (Sancho et al., 2018). 238 
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Notably, there are no indications of congelation ice in this succession. The deposit 239 

studied in 2011 and 2015 (Sancho et al., 2018; Leunda et al., 2019) comprised five 240 

units separated by ice unconformities (Figs. 5a, b, c). These unconformities were 241 

created by sedimentary contacts parallel to the ice beds (paraconformities) and 242 

erosional contacts that cut across underlying beds (disconformities). Detrital layers 243 

correspond to decadal-scale ablation periods (Sancho et al., 2018). However, three 244 

of these unconformities represent longer periods with low snow and ice 245 

accumulation between ~5515 - 4945, ~4250 - 3810, and ~3155 - 2450 yr cal BP 246 

indicating rather extended periods when the ice accumulation ceased, potentially 247 

due to drier and relatively warmer winters (Sancho et al., 2018). The ice 248 

accumulation ended about 1890 yr cal BP (Sancho et al., 2018). 249 

 

Figure 5. a) Panoramic picture of the cliff of the A294 ice body showing its internal 

structure as identified by Sancho et al. (2018). b) and c) details of the ice 

stratigraphy including unconformities recognized in 2011 (Sancho et al., 2018). 

 250 
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In 2022, for the first time in 13 years of observation, the snow on the ramp 251 

disappeared completely at the beginning of fall allowing to sample directly the ice 252 

underneath the annual snow layer (Fig. S4). At the base of the ramp, the ice layers 253 

follow the ramp's slope and become more horizontal towards the top of the deposit. 254 

Two ablation pits (Fig. 6 and Fig. S4) formed by drips during the exceptionally warm 255 

summer of 2022 (Serrano-Notivoli et al., 2023) allowed the recovery of plant macro 256 

remains. The first sample from the middle part of the ramp provided a 14C age 257 

ranging from 1509 to 1310 yr cal BP (A294 R-mid, mean age 1409±99 (614±99 258 

Common Era, CE)). The second sample, retrieved from about 1.5 m below the top of 259 

the deposit (approximately 15 m above the main ice body), ranges between 906 and 260 

736 yr cal  BP (A294 R-top; mean 821±85, (1202±85 CE)) (Fig. 6 and Table S1).  261 

Table 1: Radiocarbon dates of terrestrial plant macrofossils of the A294 ice cave 262 

sampled in December 2022. 263 

 264 

 

Lab. code 
Sample 

name 
Material 

Radiocarbon 

age (14C year 

BP) 

Radiocarbon 

age  2 (yr cal 

BP) 

D-AMS 049893 A294 R-top 
Terrestrial plant 

remains 
908±24 736-906 

D-AMS 049894 A294 R-mid 
Terrestrial plant 

remains 
1510±30 1310-1509 
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Figure 6. Ablation pit located close to the top of the ramp, horizontal 

detrital-rich ice layers, and location of sample A294 R-Top and its 

age. Photo taken on 27th December 2022. Note that the fresh snow 

dates from the fall, while in October 2022 the ramp was snow-free 

(see also Fig. S3). 

 265 

Abundant blocks cover the ice body at the base of the ramp, forming a protalus 266 

rampart (Belmonte-Ribas et al., 2014), reaching a thickness of 50-60 cm (Fig. 1d). This 267 

accumulation implies that the upper section of the ice body has remained relatively 268 

stable for an extended period. The earliest cave survey from 1978 indicates that the 269 

ice body was in contact with the entire cave perimeter, except for a small ablation 270 

pit hole and a narrow rimaye (Fig. S2). The current shape of the ice body in the lower 271 

part is characterized by an overhanging part, while the ice surface displays scallops 272 

ranging from decimeters to meters in scale (Fig. 2). 273 

 274 

4.2 Climate and cave environment variability over the last 12 years 275 

Analysis of the temperature data from the Armeña weather station depicts notable 276 

trends over the past 12 years. The mean winter temperature (WT) (Fig. 7a) shows a 277 

warming trend, with an increase of 0.07 ºC a-1 on average, resulting in a cumulative 278 

rise of 0.86 ºC over the study period. Concurrently, the number of freezing days 279 
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during winter exhibits a slight decrease at a rate of approximately 1 day a-1 (Fig. 7b). 280 

The Freezing Index (FI) and the Thaw Index (TI) (Fig. 7c) reveal an increase and a 281 

marginal decrease, respectively. 282 

In the A294 cave, sensors CH1 and CH2 are positioned at the top (around -23 m) and 283 

bottom (approximately -33 m) of the ice body, respectively, while CH3 is located near 284 

the cave entrance (at roughly -6 m). Over the 12-year period, the mean temperature 285 

displays negative values at CH1 (-0.45 ºC) and CH2 (-0.64 ºC), whereas CH3 recorded 286 

a positive mean value (+1.91 ºC). The mean annual cave air temperature increased 287 

significantly at all sensors over the 12 years (Fig. 2): CH1 increased by 0.08 ºC a-1, 288 

totalling 1.07 ºC; CH2 increased by 0.10 ºC a-1, totalling 1.28 ºC; CH3 increased by 289 

0.13 ºC a-1, summing up to 1.56 ºC. The number of freezing days (Fig. 2b) decreased 290 

at CH1 (3.3 days a-1, 40 days in total), CH3 (1.3 days a-1, 16 days in total), an in CH2 291 

(0.44 days a-1, 5.3 days in total). The record reveals a decreasing number of freezing 292 

days for all calculated temperature ranges (Fig. 4). 293 

The data from the AWS highlights a slight increase (decrease) in the FI and TI, 294 

respectively (Fig. 2c). Inside the cave, the CH2 and CH3 sensors exhibit the lowest 295 

mean FI values (-370 and -339 °C hours per year, respectively), whereas CH1 show a 296 

slightly higher mean value (-333 °C hours per year), which maybe is related to the 297 

position of the sensor close to the ice deposit. In contrast, CH2 and CH3 are more 298 

exposed to cold temperatures given their position. The TI shows slightly higher 299 

values at CH1 compared to CH2 (158 vs. 122 °C hours per year), while CH3 presents 300 

the highest values (962 °C hours per year), evidently influenced by the external 301 

temperature. 302 
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 303 

In terms of precipitation (Fig. 8), the Armeña cirque received monthly rainfall of more 304 

than 200 mm in October 2012, June 2015, November 2016, May 2017, November 305 

2019, April and October 2020, and September 2021. The rainiest periods, spanning 306 

from April to November (mainly liquid precipitation), occurred between 2013 and 307 

2016 (Fig. 8a). 2015 was particularly remarkable with 989 mm of rainfall. Similarly 308 

high values occurred between 2019 and 2021, with 1312 mm of annual rainfall in 309 

2020. These periods are also correlated with a higher frequency of rainy days. 2014 310 

recorded the highest number of rain events (126), of which 46 and 51 events 311 

occurred during summer and fall, respectively. Years 2013 and 2020 were also 312 

notable, with 122 (46 in summer; 39 in fall) and 123 (39 in spring; 39 in summer; 44 313 

in fall) rainfall events, respectively. Extreme rainfall events (exceeding 80 mm) 314 

  

Figure 7: a) Variation of winter mean temperature at Armeña weather station 

(AWS), and mean cave temperatures for each sensor during the open phase. b) 

Variation of the number of freezing days outside and inside of A294. c) Freezing 

and Thaw Indexes (°C hours per year) at the AWS and in A294 during the 

monitoring period. 
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occurred at the end of October and beginning of November 2011 (102 and 91 mm), 315 

in November 2016 (83 and 86 mm), and in July and October 2017 (131 and 111 mm). 316 

The amount of rainfall and the number of rainy days increased during the 317 

monitoring period (Fig. 8a). The cumulative snow accumulation (Góriz station) was 318 

close to or exceeded 2 m in the winters of 2008-2009, 2009-2010, 2012-2013, 2014-319 

2015, 2016-2017, and 2017-2018. In contrast, the winter of 2011-2012 was 320 

characterised by the lowest snow accumulation, reaching a maximum of 80 cm. 321 

  

 
Figure 8: a) Monthly rainfall (light blue vertical bars) and the number of rainy days 

(dark blue line) and total rainfall (purple line) from April to November (grey dashed 

lines). b) Mean cave air temperature and Thaw Index (TI) during the closed phase 

measured by sensors CH1 and CH2 compared to the number of rainy days (dark 

blue line) and total rainfall (purple line). 

 

4.3 Cave dynamics and external climate connections 322 

The cave sensors recorded pronounced seasonal fluctuations during the winter. 323 

CH3 and CH2 sensors exhibit the highest mean correlations (r) (n=12, 12 years) 324 

between the outside winter mean air temperature and the cave air temperature 325 

during the open phase, with values of 0.78 (p<0.001) and 0.72 (p<0.001), 326 

respectively. CH1 shows a slightly lower correlation of 0.69 (p<0.001). The highest 327 

correlation was observed during the coldest winters, such as in 2017-2018 (CH1: 328 

0.80, p<0.001) and 2012-2013 (CH2: 0.86, p<0.001). CH3 often shows high 329 
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correlations, for example in the years 2019-2020 and in the winters between 2011 330 

and 2013 (0.88, p<0.001; 0.86, p<0.001; and 0.83, p<0.001), indicating a stronger 331 

influence of the outside temperature in those periods. Conversely, during the 332 

warmest winter (2016-2017), the cave sensors recorded the lowest correlations 333 

(CH1: 0.46, p<0.001; CH2: 0.46, p<0.001; CH3: 0.50, p<0.001). The influence of winter 334 

temperature during the open phase causes a thermal impact in the subsequent 335 

closed phase, particularly at the deepest sensor, CH2 (Fig. S5).  336 

Rainfall exerts a considerable impact on the cave air temperature, leading to short 337 

temperature rises (around +1.2 ºC) during the closed phase (Fig. 8b). The trends 338 

observed in cave temperature and TI at CH1 and CH2 during the closed phase show 339 

a strong similarity with the total rainfall recorded at the AWS (Fig. 8b). The absence 340 

of distinct pattern at CH3 (not shown) may relate to its location close to the upper 341 

cave entrance. The Thaw Index, the temperature during the closed phases and the 342 

total rainfall (with the exception of the 2014 and 2017 periods, for which no data is 343 

available) exhibit strong correlations, but are not statistically significant (rainfall vs. 344 

TI-CH1: 0.71, p=0.03; rainfall vs. TI-CH2: 0.83, p=0.006; rainfall vs. T-CH1: 0.65, p=0.05; 345 

rainfall vs. TI-CH2: 0.82, p=0.0082). When removing the closed phase (due to the 346 

exceptionally cold winter of 2013), all correlations increase, and one (TI-CH2) 347 

becomes statistically significant (rainfall vs. TI-CH1: 0.76, p=0.03; rainfall vs. TI-CH2: 348 

0.90, p=0.002; rainfall vs. T-CH1: 0.69, p=0.06; rainfall vs. T-CH2: 0.88, p=0.007). The 349 

data indicate that extreme rainfall events (exceeding 80 mm) trigger a more 350 

substantial temperature increase compared to what is typically observed during the 351 

closed phase. This is particularly evident in the data from October and November 352 

2011 (Fig. S6). 353 

4.4 Ice Loss 354 

Throughout the 12-year monitoring period, substantial changes in the ice body have 355 

become apparent (Fig. 9). These observations are supported by photographic 356 

evidence, field measurements, and comparisons with cave surveys dating back to 357 

the late 1970s. The most significant changes are related to the lateral retreat of the 358 
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ice body from the northern (points 1 and 2) and the eastern (point 3) cave walls (Fig. 359 

3). 360 

A comparison of cave surveys (horizontal retreat) conducted on the North wall (point 361 

1) from 1978 to 2012 indicates a mean ice retreat of ~480 cm since 1978 (ranging 362 

between approximately 220 cm to 800 cm, n=9), equalling an annual loss of about 363 

14.3 cm. However, the most significant change was observed during the 2019 survey 364 

when sections of the ice had completely vanished between the North and South 365 

walls (Figs. 3c and 10 a, b, c, d, e, f). Between 2012 and 2019, the mean ice loss was 366 

approximately 1370 cm (ranging between ~1240 cm to 2100 cm, n=8), translating to 367 

an average loss of approximately 196 cm a-1. The Rock Corner (point 2) remained 368 

almost stable between 2008 and 2011 (Fig. 10a, b). Measurements taken by a laser 369 

distance meter between 2011 and 2023 (Fig. 10 c, d, e) revealed an ice loss of ~435 370 

cm (retreat rate of ~62 cm a-1, n=1, between 2011and 2018) and ~610 cm (retreat 371 

rate of ~43 cm a-1, n=1, between 2018 and 2022, Fig. 10e, f). In 2023, the total ice loss 372 

was ~753 cm (rate ~143 cm a-1, n=3, between 2022 and 2023). 373 

Concerning the East wall (point 3), the ice body was in contact with the wall until 374 

2014 (Figs. 9a, b, c). Observations of seasonal ice stalagmites indicate that IS1 375 

formed on the boulders at the cave floor from 2014 (Fig. 9c, July 2014), underlining 376 

the retreat of part of the ice deposit from the East wall. Nevertheless, IS2 remained 377 

over the ice deposit (Fig. 9c).  378 
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Figure 9: Panorama photos of the A294 ice body between 2009 and 2022 (a, b, c, 

d, e, f). The ice body was in contact with the East wall (3) between 1978, such as 

the cave survey shows, and 2014, when the ice body retreated. The retreat of ice 

body from the North wall (1) and the Rock Corner (2) is also documented by photos 

showing the width of the snow ramp. Seasonal ice stalagmites (IS1 and 2). 

Between 2014 and 2015, the ice retreated approximately 410 cm (n=2) due to the 379 

collapse of the overhanging sector (Figs. 9c, d). In 2018, IS2 formed on the boulders, 380 

as well as in 2022 (see Figs. 9e, f). The cave survey in 2019 indicates a mean ice loss 381 

of about 960 cm (retreat rate ~166 cm a-1, n=3, 2015-2019). This rate is similar to the 382 

one calculated for the North wall (196 cm a-1; 2012-2019). In 2023, the ice front was 383 

1300 cm (n=3) from the East wall (~100 cm a-1, 2019-2023). Lastly, vertical changes 384 

in the ice deposit based on stratigraphic comparisons (Sancho et al., 2018; Leunda 385 

et al., 2019; Fig. S3) reveal an ice retreat of about 60 cm between 2011 and 2015, 386 
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which corresponds to approximately ~15 cm a-1. The evolution of the overhanging 387 

shape was difficult to assess due to the continuous change in the cave floor 388 

morphology caused by rockfalls from the upper part of the deposit due as a result 389 

of ice retreat. A continuous decrease was observed from 2009 until 2015, when the 390 

overhanging ice collapsed. The presence of a warm airflow associated with a deeper 391 

karst system (e.g., Bertozzi et al., 2019), which would explain the overhanging shape, 392 

is ruled out as the CH2 sensor shows the coldest temperatures. Probably, this shape 393 

is related to ice sublimation associated with local air circulation, as suggested by the 394 

presence of scallops. 395 

 

Figure 10: Changes and evolution of point 2 (Rock Corner) between 2008 and 

2018. Red arrows show fix points. 

 396 

 397 

5. Discussion 398 
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5. 1 Climate control on the melting rate  399 

During winter, there is a strong correlation between cave air and outside air 400 

temperature, indicating the ingress of cold, dense air during open phases, leading 401 

to cave refrigeration. This open ventilation pattern is commonly observed in ice 402 

caves (e.g., Luetscher et al., 2008; Perşoiu et al., 2021; Wind et al., 2022). The 403 

correlation diminishes during warmer winters, such as in 2016-2017, implying 404 

reduced cave refrigeration. Additionally, the temperature recorded in A294 during 405 

open phases influences also the thermal regime during subsequent closed phases, 406 

similar to observations in other sag-type cave (Wind et al., 2022). Moreover, the 407 

positive temperatures recorded during closed phases indicate heat transfer from 408 

dripping points to the cave atmosphere consistent with the rainfall record, as 409 

evidenced by temperature increases following extreme rainfall events. Notably, 410 

during the exceptionally cold winter of 2012-2013, the cave was well refrigerated, 411 

resulting in low temperatures during the subsequent closed phase, while the impact 412 

of rainfall on cave temperature was almost negligible (Fig. 3b). This reduced 413 

influence of rainfall during the closed phase when the cave is well-refrigerated 414 

suggests that the heat transported by seepage water is exchanged primarily with 415 

the host rock and does not reach the cave atmosphere. Similarly, during snow-rich 416 

winters, the cave temperature during the closed phase may be impacted by the 417 

thermal inertia of snow accumulation in the cave. 418 

The temperature increase observed during the open phases in the cave (between 419 

~1.07 and 1.56 ºC) exceeded the increase in winter temperature (~0.86 ºC). Inside 420 

the cave, 2009-2010 marked the coldest winter of the monitoring period. In contrast, 421 

the winter of 2009-2010 was less cold and only 0.2 ºC below the reference period 422 

1971-2000, unlike 2011-2012 (third coldest winter of the 21st century) and 2017-423 

2018 (seventh coldest winter since the beginning of 21st century in Spain) (AEMET, 424 

2010, 2012, 2018). The analysis of the AWS data reveals that there were 41 days with 425 

temperatures below -4 °C during December, January, and February (D, J, F; the 426 

coldest months of the open phase). This is the highest number of days with 427 

temperatures below -4 °C in the entire external temperature record. The 428 
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predominance of cold days during the winter of 2009–2010 likely contributed to the 429 

lowest mean temperature in the cave. 430 

The calculated ice retreat is similar for the North wall (point 1) and the East wall 431 

(point 3). However, the retreat is lower for the Rock Corner (point 2) and along the 432 

vertical axis. These differences are due to the fact that the Rock Corner and the basal 433 

part of the ice ramp are supplied each year by snow (and previously by the formation 434 

of seasonal congelation ice). As a result, snow and ice must melt first every year 435 

before the old ice layers start to thaw. Our observations suggest that the continuous 436 

retreat of the ice body over the last decade is related to i) the steady increase in 437 

winter temperature, which has reduced the heat exchange (i.e. cooling) during the 438 

open phase, and ii) the increase in rainfall (amount and number of days) between 439 

April and November. The freezing capacity of the snow and water entering the cave 440 

seems to have diminished, promoting continuous melting. 441 

 442 

5.2 Unprecedented ice melt since 6100 years ago 443 

Following the Holocene Thermal Maximum (HTM, Fig. 11), during which the global 444 

mean surface temperature was 0.7 ºC warmer than the median of the 19th century 445 

(Kaufman et al., 2020), the onset of the Neoglacial period (~6000-5000 years ago) 446 

was accompanied by large glacier advances in the Pyrenees (García-Ruiz et al., 2020). 447 

Those advances were associated with cooling periods in the North Atlantic region 448 

leading to a progressive temperature drop (Wanner et al., 2011; Bohleber, 2019). In 449 

the nearby Basa de la Mora lake (BSM, 3.6 km NW of the cave), the beginning of the 450 

Neoglacial is characterized by a drop in July temperatures of ~1.5 ºC based on 451 

chironomids (Tarrats et al., 2018) (Fig. 11a).  452 
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Figure 11: a) July temperatures reconstructed from chironomids obtained from 

the Basa de la Mora lake in the study area (Tarrats et al., 2018). b) Winter-spring 

temperatures reconstructed from chrysophyte cysts in Lake Redón (Pla and 

Catalan, 2005). c) High snow accumulation in A294: purple from Sancho et al. 

(2018), pink from this study. d) Number of Dryas octopetala macrofossils in the 

A294 ice body (Leunda et al., 2019). e) Advances of Monte Perdido and Troumouse 

glaciers (Gellatly et al., 1992; García-Ruiz et al., 2014, 2020). f) Mean annual 

temperature (red) and winter anomaly (blue) 5 year running average from Pic du 

Midi de Bigorre (period 1882-2008) weather station (2860 m a.s.l., Bücher and 

Dessens, 1991; Dessens and Bücher, 1995). g) Glacier retreat in the Central 

Pyrenees (Marti et al., 2015). h) Annual precipitation (grey), summer (red), and fall 

(orange) from a Torla weather station located 39 km NW of A294 at 1053 m a.s.l. 

i) Evolution of freezing days calculated from the Pic du Midi de Bigorre weather 

station. j) Ice loss (cm) in A294: lines show vertical loss (pink), Rock Corner (blue, 

point 2), East wall (purple, point 3), and North wall (black, point 1). k) Changes in 

Pyrenean glacier area (ha) (Rico et al., 2017; Vidaller et al., 2021). l) Global cave ice 

loss - cumulative mass balance (m³) of ice caves (Kern and Perşoiu, 2013). 

 

This temperature drop, and the relative stable winter-spring temperatures 453 

reconstructed from chrysophyte cysts at lake Redón (Pla and Catalan, 2005) during 454 

most of the Neoglacial (Fig. 11b), the cessation of tufa during part of the HTM (from 455 

8700±134 to 6637±78 yr cal BP) in the San Bizién creek in the Cotiella massif 456 

(Belmonte, 2014), are coherent with the beginning of snow and ice accumulation in 457 

the A294 approximately 6100 years ago (Sancho et al., 2018) (Fig. 11c). In response 458 

to the relatively cold conditions following the HTM, an increase in the number of 459 

Dryas octopetala leaves found (Fig. 11d) within the ice body in A294 indicates the 460 

establishment of alpine meadows (dominated by D. octopetala), and a subsequent 461 

decline of the tree line ecotone (Leunda et al., 2019). Glaciers also responded to this 462 

cooling by advancing in the nearby cirques of Monte Perdido (García-Ruiz et al., 463 

2020; Fig. 1c) (6900±800 36Cl yr BP) and Troumuse (Gellatly et al., 1992) (6190 - 5735, 464 

5905 - 5485 yr cal BP) (28 km to the Northwest) (Fig. 11e). During the Neoglacial, 465 
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phases of high ice accumulation occurred at 6100 - 5515, 4945 - 4250, 3810 - 3155, 466 

and 2450 - 1890 yr cal BP in A294 (Fig. 11c), while other advances occurred in the 467 

Monte Perdido glacier at ~3500±400, ~2500±300, and ~1100±100 36Cl yr  BP, and 468 

during the Little Ice Age (LIA) (García-Ruiz et al., 2014). Sancho et al. (2018) and 469 

Leunda et al. (2019) suggested that the ice accumulation in the A294 ice cave ended 470 

in the Roman Period (RP), a well-known warm period on the Iberian Peninsula and 471 

in the Central Pyrenees (Morellón et al., 2009; Martín-Puertas et al., 2010; Cisneros 472 

et al., 2016; Margaritelli et al., 2020; Bartolomé et al., 2024).  473 

Our new radiocarbon dates, however, indicate that the ice accumulation continued 474 

during the Dark Ages (DA) (1409±99 yr cal BP), a cold period in the Pyrenees, 475 

(Bartolomé et al., 2024), while the final ice accumulation took place 821±85 yr cal BP 476 

corresponding to the end of the Medieval Climate Anomaly (MCA). During the MCA, 477 

summer temperature reconstructions based on Pyrenean tree-ring data show 478 

similar warm temperatures as those in the 20th century (Büntgen et al., 2017), while 479 

the Monte Perdido glacier suffered from important melting episodes (Moreno et al., 480 

2021). The age (821±85 yr cal BP) of the current top of the deposit, located ~15 m 481 

above the main ice body, suggests the cave could have been completely filled with 482 

snow and ice during the LIA. The lack of ice from the Little Ice Age (LIA), however, 483 

suggests two potential scenarios (Sancho et al., 2018): firstly, that ice may have 484 

formed during the LIA and then subsequently melted. Alternatively, it is plausible 485 

that the cave entrance was blocked due to the intensified and recurrent snowfall 486 

characteristic of the LIA, thereby preventing snow from entering the cave. 487 

 488 

The current thick accumulation of debris on top the ice body at the foot of the ramp 489 

may have resulted from ice melt since the end of the LIA. This is likely given the 490 

increasing temperatures that affected the ice body near the entrance, while the 491 

morphology of the ice ramp has been preserved by seasonal snow accumulation at 492 

the cave entrance. We suggest that the top of the ice body has been affected by a 493 

negative mass balance since the LIA, while the oldest layers of the deposit have only 494 

been affected more recently, as the oldest cave survey shows. 495 

 496 
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In the A294 ice cave, data about past ice accumulation rates can be obtained from 497 

the analysis of the ice stratigraphy. Steep and vertical surfaces similar to those 498 

resulting from the current melting are absent in the ice succession. If a similar 499 

melting phase had occurred in the past, the ice stratigraphy would show truncated 500 

strata and high-angle unconformities due to accommodation following aggradation 501 

phases. The ice stratigraphy and the local climate reconstructions (Sancho et al., 502 

2018; Tarrats et al., 2018; Leunda et al., 2019; García-Ruiz et al., 2020) therefore 503 

suggest that ice melt in the last 6100 years was never as significant as it is today. 504 

This interpretation is consistent with the ongoing retreat of the Monte Perdido 505 

glacier and others Pyrenean glaciers (e.g., López-Moreno et al., 2016, 2019; Vidaller 506 

et al., 2021, 2023), which suggests that the current warming in the Pyrenees is the 507 

fastest and the most intense of the last 2000 years (Moreno et al., 2021), while 508 

current global temperatures are the highest in the last 6500 years (Kaufman et al., 509 

2020). 510 

5.3 The beginning of the end 511 

The onset of the current ice retreat in A294 is difficult to determine. The 1978 cave 512 

survey indicates that the ice body covered almost the entire cave perimeter, except 513 

for a small pit hole and rimaye. The temperature (annual and winter) anomaly 514 

record of the Pyrenees (Midi de Bigorre station, at 2862 m a.s.l., Fig. 11f) shows a 515 

continuous temperature increase since 1880 (beginning of the record) with warm 516 

periods between 1890 and 1900, during the 1940s, around 1955-1970, and in recent 517 

decades (dashes rectangles, Fig. 11f). The Central Pyrenean glaciers (Marti et al., 518 

2015 and references therein) show three main retreat phases since the end of the 519 

LIA (~1850 – 1900; ~1924 – 1965; 1980 – today, Fig. 11g), with slightly heterogeneous 520 

responses, which could be attributed to the generally larger influence of the local 521 

topography on small glaciers (Vidaller et al., 2021). 522 

 523 

On the other hand, the annual regional precipitation anomaly series (1910-2013, 524 

2535 m a.s.l.) for the Central Pyrenees shows a high inter-annual variability and a 525 

slightly negative and not significant trend of -0.6 ºC decade−1 (Pérez-Zanón et al., 526 
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2017). Unfortunately, the high-altitude meteorological stations in the nearby areas 527 

only started in 1950. Therefore, to evaluate rainy periods, we used the nearest long-528 

term precipitation series (Fig. 11h) located 39 km NW of the A294 at 1053 m a.s.l. 529 

(Torla station). A relatively warm period associated with an increase in summer 530 

rainfall led to a glacier retreat in the 1960s and an increase in fall precipitation until 531 

the year 1970 (Fig. 11h). This precipitation increase in fall was also registered at a 532 

regional scale (Pérez-Zanón et al., 2017). These observations, together with the 1978 533 

cave survey, suggest that the observed ice retreat could have started as early as the 534 

1960s. 535 

Between 1978 and 2012, the ice body in the A294 ice cave retreated, particularly at 536 

the North wall. After 1980 an important drop in freezing days is observed (Fig. 11i), 537 

as a consequence of a general increase in winter temperature. This situation led to 538 

a long-term snow decline below 2000 m a.s.l. (López-Moreno et al., 2020), which, 539 

together with an increase in rainfall during the warm season, favoured ice melt in 540 

the cave. The clear increase in melting rate between 2014 and 2019 (Fig. 11j) 541 

coincides with an important ice loss of up to 15 m (~6.1 m on average) of the Monte 542 

Perdido glacier between 2011 and 2020 (Vidaller et al., 2021). The continuous loss of 543 

ice in A294 also coincided with an important phase of glacier retreat in the Pyrenees 544 

(Fig. 11k) (Rico et al., 2017; Vidaller et al., 2021). On a global scale, many ice caves are 545 

experiencing an important reduction in their ice volume (Fig. 11l) in response to the 546 

current climate warming (e.g., Luetscher et al., 2005; Kern and Perşoiu, 2013; 547 

Serrano et al., 2018; Colucci and Guglielmin, 2019; Perşoiu et al., 2021, Obleitner et 548 

al., 2024). However, the ice loss in A294 contrasts with other Pyrenean areas located 549 

in discontinuous mountain permafrost where the cave ice bodies are still protected 550 

from the current warming (Bartolomé et al., 2023).  551 

In terms of hydrological and environmental impacts, the contribution to the local 552 

and regional hydrology of the melting of all the ice in A294 and all the subterranean 553 

ice in the Pyrenees would be negligible, similar to the contribution of water if all 554 

Pyrenean glaciers melt, as calculated by López-Moreno et al., (2020). The ecological 555 

impact would primarily occur at the level of individual cave ecosystems. Ruiz-Blas et 556 

al. (2023) investigated prokaryotic and eukaryotic microbial communities within the 557 
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ice in cave A294 across different depositional layers. By simulating temperature 558 

increases, the study mimicked in vivo climate change effects to assess microbial 559 

responses. The results revealed molecular modifications associated with cellular 560 

adaptation under warmer conditions.  561 

The A294 ice cave is a clear example of the current rapid loss of paleoclimate 562 

information. Fortunately, some of this valuable information was recovered in time 563 

(Sancho et al., 2018; Leunda et al., 2019; Ruiz-Blas et al., 2023). Thus, we encourage 564 

the scientific community to study the valuable information stored in cave ice before 565 

these paleoenvironmental archives are lost forever. 566 

 567 

 568 

 569 

Conclusions 570 

The investigation of A294 ice cave, based on environmental monitoring and ice melt 571 

tracking, as well as the stratigraphy and chronology of the deposit and its 572 

comparison with other regional paleoclimate records, provides relevant information 573 

on the current ice melting and associated mechanisms. 574 

Cave air temperature has risen by approximately 1.07 to 1.56 °C from 2009 to 2021. 575 

This warming is attributed to i) an increase in winter temperature, affecting the cave 576 

temperature during the open phase of refrigeration, and ii) an increase in rainfall 577 

during late spring, summer, and early fall, which transports heat via seepage water 578 

during the closed phase.  579 

The increase in cave temperature and rainfall, along with reduced snowfall, has led 580 

to a continuous retreat of the ice body. The rising cave temperatures have resulted 581 

in a diminished capacity to freeze water and snow entering the cave. In cave areas 582 

affected by seasonal snow and ice formation, retreat rates are lower (~15 - 43 cm a-583 

1), whereas in other sectors the rates reached ~196 cm a-1. 584 

The new samples obtained in 2022 after the complete disappearance of the snow 585 

ramp indicate that ice accumulation was maintained during the Dark Ages and part 586 
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of the Medieval Climate Anomaly. The chronology, the ice stratigraphy, the ice 587 

retreat under current climate conditions, the regional paleoclimate record, as well 588 

as cave surveys indicate that the current ice melt is the most intense in the last 6100 589 

years, when the deposit began to form.   590 

At current and projected future rates of climate change, it is very likely that the 591 

melting will continue or even increase and that the ice deposit in A294 will vanish 592 

within the next decade, although a portion of the ice may remain partially preserved 593 

beneath the seasonal snow accumulation zone. 594 

 595 
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