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 14 

ABSTRACT: The structure and ice content of ice caves are poorly understood. 15 

Ground Penetrating Radar (GPR) can provide useful insights but has only rarely 16 

been applied to ice caves. This paper interprets GPR images (radargrams) in 17 

terms of internal structure, stratification, compaction, thickness and volume of 18 

the ice block in the Peña Castil ice cave (Central Massif of Picos de Europa, 19 

Northern Spain), providing the endokarst geometry of the ice cave in GPR data 20 

reflections. Eight radargrams were obtained by applying a shielded ground-21 

coupled antenna with a nominal frequency of 400 MHz. Although the 22 

radargrams do not depict the ice-basal bedrock interface, they suggest that the 23 

ice block is at least 54m deep and similarly thick. Some curved reflection 24 

signatures suggest a potential vertical displacement in the block of ice, and thus 25 
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certain dynamics in the ice body. Other images show numerous interbedded 26 

clasts and thin sediment layers imaged as banded reflections. In this particular 27 

cave a direct visual inspection of the ice stratigraphy is a difficult task but GPR 28 

provides clear reflectivity patterns of some of its internal features, making GPR 29 

a suitable instrument for this and future studies to achieve a better and broader 30 

understanding of the internal behavior of ice caves. 31 

 32 

KEYWORDS: ground-penetrating radar, ice cave, ice block, internal structure, 33 

Picos de Europa 34 

 35 

Introduction 36 

Ice caves can be defined as natural karstic cavities in which a perennial ice 37 

mass is preserved deriving from the metamorphism of accumulated snow 38 

and/or freezing water within it (filtered from outside or from internal melting of 39 

cryomorphologies). These caves have specific karst pattern and climatic 40 

conditions which, together with certain water and air circulations, mean that ice 41 

accumulations are preserved inside them forming stratified ice blocks (perennial 42 

cave ice) and cryospeleothems (generally seasonal and non-stratified 43 

morphologies). 44 

The attention of the scientific community and the importance given to ice caves 45 

is the result of the potential to make paleoclimatic reconstructions of what their 46 

ice blocks enclose. This relevance has recently been made clear on many 47 

occasions, thanks mainly to isotopic analysis of ice (e.g. Fórizs et al., 2004. 48 

2006; Viehmann et al., 2004; Kern et al., 2004, 2006, 2008; Luetscher, 2005; 49 

Holmlund et al., 2005; Filipov, 2005; Citterio et al., 2005; Vrana et al., 2006; 50 
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Clausen et al., 2006; Stoffel et al., 2009; Feurdean et al., 2011; Perşoiu et al., 51 

2011; May et al., 2011; Maggi et al., 2012; Sancho et al., 2012); and even more 52 

recently to the geochemical studies of cryogenic calcites (e.g. Lauriol and Clark, 53 

1993; Dickfoss, 1996; Žák et al., 2004, 2008; Lacelle, 2007; Lacelle et al., 2009; 54 

Richter and Riechelmann, 2008; Richter et al., 2010; Luetscher et al., 2013; 55 

Spötl and Cheng, 2014). 56 

This, together with an age that may be as much as thousands of years (e.g. 57 

5516±70 cal BP in “A294 ice cave” (Central Pyrenees - Sancho et al., 2012), or 58 

5180±130 BP in “Eisgruben-Eishöhle” (Sarstein, Austrian Alps, - Achleitner, 59 

1995) makes this periglacial phenomenon a powerful instrument for the 60 

reconstruction of recent paleoenvironments to complement the usual 61 

information sources. In this sense, the paleoclimatic records of the ice cave take 62 

on particular importance in mid and low-altitude environments in which there is 63 

no surface ice (e.g. Glacière de Monlési - Luetscher, 2005; Mammuthöhle - 64 

Kern et al., 2011; Vukušic Ice Cave - Kern et al., 2011b; Eisriesenwelt - May et 65 

al., 2011; or Scărişoara-Perşoiu, 2011), or in completely deglaciated high 66 

mountain areas, as is the case of Picos de Europa (Gómez-Lende, 2015). 67 

In spite of this importance and its being a phenomenon present and known in 68 

many parts of the world, scientific disciplines have paid little attention to ice 69 

caves, among other reasons because of how modestly representative they are 70 

in the context of ice volumes on a planetary scale. This has led to their being 71 

the least known element in the cryosphere today (Kern and Perşoiu, 2013) in 72 

spite of the intensification in efforts to study them in recent decades.  73 

Added to this demand for greater attention is the fact that in general most ice 74 

caves studied to date present a pronounced ice mass loss trend worldwide 75 
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(Kern and Perşoiu, 2013), which makes greater knowledge of ice caves 76 

necessary and urgent from several perspectives and using all instruments 77 

available in order to better understand them and to be able to obtain their 78 

maximum paleoclimatic potential before many of them disappear. One such 79 

instrument is the Ground Penetrating Radar (GPR).  80 

 81 

GPR studies in ice caves  82 

Due to its relative ease of use on site -it covers relatively large areas in a 83 

reasonably short time, its non-invasive nature and the fact that modern 84 

equipment can collect and process a lot of data relatively easily-, we find many 85 

radar studies of glaciers and permafrost, and its usefulness as a technique for 86 

surveying thicknesses and anomalies is widely agreed (Navarro et al., 2009; 87 

Arcone, 1996; Travassos and Simoes, 2004; Fukui et al., 2007). The 88 

morphology of permafrost and glacial ice differs considerably from that of ice 89 

caves, and even taking into account on the analysis of these media, the ice 90 

caves research has been centered exclusively on the application of the 91 

georadar to the type of ice. 92 

The usefulness of GPR as a tool in the study of ice blocks within ice caves has 93 

been demonstrated in previous studies (e.g. Hausmann and Behm, 2011). It 94 

facilitates the measurement of different parameters fundamental to the internal 95 

structure, which is why it has been used in the present study. It indicates the 96 

degree of melting and the weakness of an ice block, offering details, often not 97 

visible, of its compaction, and with it attempt to predict its evolution in the near 98 

future. It also permits us to know the degree of stratification and then interpret 99 

the polygenetic nature of the ice block, as well as the greater or lesser quantity 100 
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of clasts within it. This, together with the lie of the strata, helps us to determine 101 

internal flows and deformities to which the block is subjected, and therefore to 102 

interpret the origin, behavior and future evolution of the ice. Determining the 103 

geometry of the cavity and the volumes and thickness of the ice block is also 104 

possible through the application of GPR. And all of this can serve to select the 105 

best place in the ice block to carry out later research in order to go deeper into 106 

its paleoclimatic potential (e.g. drilling).  107 

Nowadays geophysical techniques for the study of ice blocks in ice caves have 108 

seldom been used. In the majority of cases the aim has been the quantification 109 

of volumes (Geczy and Kucharovi, 1995; Novotný and Tulis, 1995; Behm and 110 

Hausmann, 2007; Podsuhin and Stepanov, 2008; Colucci et al., 2012; Rojšek, 111 

2012; Stepanov et al., 2014; Garašić, 2014), whereas in others they have been 112 

of use in finding the largest ice thicknesses prior to drilling cores (Kern et al., 113 

2011; Colucci et al., 2014). On just a few occasions they have been used for the 114 

analysis of the internal structure of the block or to determine cave geometries 115 

(Behm and Hausmann, 2008; Behm et al., 2010; Hausmann and Behm, 2011). 116 

Also, GPR data have been acquired on ice blocks inside caves with the aim of 117 

checking the applicability of this technique in searching for underground water 118 

or ice on Mars (Ciarletti et al, 2013a, 2013b). 119 

In the Iberian Peninsula, ice cave studies are very recent. The only ice caves 120 

that have been studied scientifically are in the Pyrenees (Belmonte and Sancho, 121 

2010; Belmonte et al., 2011, 2012, 2014, Sancho et al., 2014; Leunda et al., 122 

2015); and Picos de Europa (Gómez-Lende et al., 2011, 2014; Berenguer et al., 123 

2014; Gómez-Lende 2015; Gómez-Lende and Serrano, 2012a, 2012b, 2012c, 124 

2013, 2014), however none of these studies involved the application of GPR. 125 
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Difficulty of access acts as a deterrent to scientific fieldwork applying electric or 126 

electromagnetic geophysical techniques in caves which have, nevertheless, 127 

been successfully applied in other periglacial studies on the surface in Picos de 128 

Europa, for example (Del Río et al., 2009; Serrano et al., 2010, 2011; Paniagua 129 

et al., 2004; Serrano et al., 2012) 130 

With the aim of improving knowledge of the internal structure and thickness of 131 

the ice block, which permits the interpretation of the current state of the ice, its 132 

organization and its evolution in the near future as well as determining possible 133 

places suitable for carrying out future research, in the present study we applied 134 

GPR to the ice block of the Peña Castil ice cave (Picos de Europa). 135 

 136 

Study Area and Cave Setting 137 

The Peña Castil ice cave is located in the high periglacial mountain environment 138 

of the Picos de Europa, an Atlantic glaciokarst high mountain in the north of the 139 

Cantabrian Range (northern Spain) with a maximum altitude of 2648 m.a.s.l. 140 

(Torrecerredo) (Figure 1). Actually, this high mountain environment is a 141 

marginal periglacial and totally deglaciated landscape in which perennial ice 142 

bodies remain at the surface (perennial snow and ice patches from the glaciers 143 

of the Little Ice Age) and below it (ice caves). 144 

The cave studied is located in the Central Massif of the Picos de Europa 145 

(43º1’21”N/4º47’48”W), under the Peña Castil summit (2444 m.a.s.l.) and 146 

hanging over the Duje valley (Figure 1). The lower and main entrance is located 147 

at 2095 m.a.s.l. with an eastern orientation without other entrances worth 148 

consideration. Speleological surveys have not revealed any other lower 149 

entrances, although the cave morphology suggests minor upper entrances 150 
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(Figure 2). The horizontal development is around 65 m and the vertical is still 151 

unknown (currently -84 m). The entrance comprises an “Entrance ramp” (snowy 152 

entrance slope; sector 1) leading to two main “Ice rooms” (“Lower room” and 153 

“Upper room”; sectors 2 and 3) in which the ice body is located, and a small 154 

“Terminal room” (sector 5) after passing through a narrow “Corridor” (sector 4). 155 

Neither the “Corridor” and “Terminal room” have perennial ice. There is a small 156 

“Filling shaft” that can be accessed from the “Lower room” by descending a 157 

narrow ramp.  158 

The perennial ice deposit at the surface is about 629 m2 and its thickness, as 159 

far as is known to date, is at least 54 m (the basal bedrock interface is 160 

unknown). It involves an estimated ice filling of at least 33.300 m3 (Gómez 161 

Lende, 2015). The air temperature inside is constant throughout the summer 162 

period and irregular during the winter period; however the annual average is 163 

below 0ºC (Gómez-Lende et al., 2014) (Table I). According to 164 

glacioclimatological criteria (Luetscher and Jeannin, 2004) it is a static ice cave 165 

with firn and congelation ice (Gómez-Lende, 2015). 166 

 167 

Method 168 

This study is based on speleological explorations made in 2011 (Sánchez et al., 169 

2011) and GPR surveys carried out in August 2014. Data acquisition was 170 

achieved with a shielded ground-coupled antenna manufactured by IDS 171 

(Ingenieria dei Sistemi) with a nominal frequency of 400 MHz (Figure 3). The 172 

transmitter (Tx) and receiver (Rx) elements are embedded in a common casing 173 

allowing data to be gathered by the common-offset method. The software used 174 
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to acquire the data was IDS-K2. To process raw signals GRESWINv1 (IDS-Spa, 175 

2005) was used. 176 

During fieldwork, different time window lengths (data time windows in which 177 

underground reflections are collected) were used: 120 ns, 160 ns, 320 ns and 178 

1280 ns with a variable number of samples between 512 and 4096. It is worth 179 

pointing out that 1 ns (10-9 s) is the time needed by light to travel 30 180 

centimetres (in a vacuum), thus the precision of measurements is very high. A 181 

window length of 120 ns with 512 samples was selected for the majority of the 182 

profiles shown in this work. 183 

The GPR survey was carried out using a 400 MHz antenna, commonly used in 184 

alpine ice caves (Hausmann and Behm, 2011). This makes a good compromise 185 

between resolution and depth of penetration, given that in general the lower 186 

frequency antennas are those that reach greater depth with lower resolution. On 187 

the other hand, the higher frequency radar antennas (in the range of 800 MHz – 188 

2 GHz) penetrate less but with better definition. The antennas of 200 to 600 189 

MHz are those most commonly used in mixed studies of similar characteristics 190 

to the present one. Such is the case of glaciers in which, among other things, 191 

snow cover and basal bedrock thicknesses are measured, although there are 192 

references to antennas of lower resolution and greater penetration, such as  50 193 

MHz (Travassos and Simoes, 2004) or 20MHz - 200MHz (Navarro et al., 2009).  194 

Data were acquired along eleven profiles on the surface of the ice block 195 

(profiles 1-11), but three profiles were rejected due to a lack of resolution 196 

(profiles 7, 8 and 11): profiles 1 to 6 in “lower room” and profiles 9 and 10 in 197 

“upper room”. Figure 4 shows the results of applying radar time windows 198 

Page 8 of 42

http://mc.manuscriptcentral.com/esp

Earth Surface Processes and Landforms

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

between 120 ns and 320 ns, and using standard physical parameters of ice 199 

proposed by previous authors (Hubbard and Glasser, 2005) (Table II). 200 

 201 

Results  202 

Pattern analysis of GPR profiles 203 

All the radargrams show different layering patterns and reflection intensities, on 204 

a marked and repetitive banding that can be seen in all the profiles and at all 205 

depths. 206 

In most of the radargrams two large reflection patterns can be generically 207 

distinguished with very distinctive sharpness (Figure 4): 208 

- “Pattern A” presents a sub-horizontal or slightly concave layering, continuous 209 

along a good part of profiles (pattern A in Figure 4). It is characterized by its 210 

relative homogeneity in the return signals, weak in its reflection, sporadically 211 

sharp and differently orientated. Reflection hyperbolae are also common, 212 

forming high amplitude features spaced randomly across the radargrams with a 213 

more intense reflection than the surrounding signals (a.1 in Figure 4). 214 

- “Pattern B” is defined by intense reflectivity characterized by very closely 215 

spaced hyperbolae (pattern B in Figure 4), in which the sub-horizontal banding 216 

is not clearly visible. Abrupt changes in electromagnetic properties explain the 217 

presence of hyperbolae and are characteristic of this pattern. They also show 218 

up randomly spread and as very highly energetic hyperbolae, though only in 219 

some profiles (e.g, profile 2 in Figure 4).  220 

Pattern A shows reflection signals of lesser intensity and greater homogeneity 221 

with respect to the reflections of pattern B, in which the reflections are more 222 

chaotic and irregular, but sharper. 223 
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Pronounced reflection signatures are observed in all the radargrams. These 224 

signatures reveal particularly intense diffractions down to one metre depth from 225 

the surface (although in some profiles they appear at greater depths and with 226 

lesser wave intensities; see profiles 1, 2, 3 and 9), or reflections that are 227 

prolonged at greater depths (see profiles 1, 2, 3, 4 and 9). 228 

In addition to these reflection hyperbolae, in all the “Lower room” radargrams, 229 

parallel straight-line signals at different depths are seen with good intensity 230 

(yellow arrows in the profiles from 1 to 6, Figure 4). As they do not present 231 

diffraction hyperbolae they correspond to continuous, homogeneous reflectors. 232 

They form a continuity in the reflected trace with an appreciable slope towards 233 

the centre of the profiles (the centre of the “Lower room”). In some of the 234 

profiles these signals form a broad arch that crosses the entire surveyed 235 

surface (profile 2). In most cases the signal is blurred at depth due to the 236 

profusion of the previously mentioned hyperbolae. The abovementioned signals 237 

are not reflected, however, in the “Upper room” (profiles 9 and 10). 238 

In the upper part (the first nanoseconds of GPR reflections) all radargrams 239 

exhibit reflections down to depths of around 10-20 cm. These features have not 240 

been completely eliminated by filtering. A more careful inspection reveals areas 241 

with parallel and perfectly horizontal reflection bands down to a depth of one 242 

metre, which introduces a strong interference between the shallow waves and 243 

the rest of the ice body surveyed (green boxes in Figure 4). 244 

Other reflections with different characteristics were found. On one hand, there 245 

are low amplitude hyperbolae, similar to those described earlier but located in 246 

the central parts of the room and of lesser amplitude, and on the other hand 247 
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there are intense hyperbolic reflections, located deeper (Figures 6 and 7 248 

respectively). 249 

Interpretation  250 

Thickness and volume of ice mass 251 

The bedrock at the bottom of the cave cannot be observed sharply in the 252 

radargrams and thus, neither could a thickness of the ice block be determined. 253 

All the profiles show a continuity of the ice block to at least 7 m depth, without 254 

noteworthy differences in thickness. Changes were not found in the reflection 255 

signatures as a result of the ice-basal bedrock interface in any of the cases, 256 

which indicates the vertical continuity of both the ice block and the cave.  257 

Cave geometry 258 

In the GPR profiles clear changes are observed in the reflections at the margins 259 

of the “Ice room”, corresponding to the sharp hyperbolae aligned in a vertical 260 

trace (B in Figure 4). According to the sections where they are found in each 261 

radargram and depending on the geometry of the cavity, we interpret them as 262 

the back reflections produced by the contact of the ice block with the end of the 263 

snow ramp entrance (profiles 1 to 4, Figure 5). The accumulation of clasts in the 264 

first strata (appreciated on the ground by visual inspections) could lead to many 265 

sharp reflection hyperbolae. Underneath, there are reflective signatures at the 266 

ends of nearly all profiles that do not correspond to the ice block (profiles 1, 2, 267 

3, 4 and 5 in Figure 5 for the “Lower room” and profile 9 in Figure 5 for the 268 

“Upper room”). These reflections can be interpreted as the basal bedrock of the 269 

cave. This correspondence with the ice-bedrock interface extends deeper 270 

revealing the possible vertical geometry of the cave. In this case, the ice block 271 

could fill a vertical shaft, which is coherent with the prevailing endokarstic 272 
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morphologies in the Picos de Europa and with the ice filling in other ice caves in 273 

these mountains (Gómez-Lende, 2015). 274 

Internal structure 275 

The reflection signatures with very acute angles and of smaller amplitudes 276 

located in the central areas of the “Lower room” may be caused by boulders 277 

embedded within the ice block both in the surface layers and in the lower strata 278 

(where the signals are fainter), as described in other cave ice GPR studies 279 

(Hausmann and Behm, 2011; Colucci et al., 2014).  280 

The origin of strong individual hyperbolae at greater depth is more difficult to 281 

determine. Their abundance from 2-3 m depth in almost all the profiles and the 282 

sharpness of their reflection signal has two possible origins:  283 

- The presence of internal tunnels in the ice block like those observed 284 

descending to 15 m below the surface of the block (Gómez-Lende et al., 2014). 285 

These tunnels may or not be filled with congelation ice. These individual and 286 

broad hyperbolae have previously been interpreted as the reflection of 287 

intraglacial tunnels in glaciers (e.g. Moorman and Michel, 2000).  288 

- The existence of numerous interbedded boulders. This hypothesis seems the 289 

most likely given that, in the former case, if the tunnels were filled with 290 

congelation ice or if they were air-filled cavities (Figure 7) a significant change in 291 

the reflected waves below the hyperbolae would be expected. 292 

Banded layering is reflected in the first metres of the radargrams. These 293 

reflections occur at depth along a parallel-subparallel plane. One of these 294 

reflections shows slight undulations with different amplitudes within the ice block 295 

(profile 2 in Figure 9). We attribute the different sharpness in its reflection to the 296 

different sedimentary content of the strata. Those strata with greater content in 297 
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cryogenic calcite produce a sharper signal return. These are fine sediments, 298 

since clasts may generate a more irregular signal with more acute reflection 299 

hyperbolae. This consideration is coherent with the observation during the 300 

speleological exploration of different cryogenic calcite contents in adjacent 301 

strata (Figure 8). 302 

Ciarletti et al. (2013b) attributed similar reflection signatures to internal fractures 303 

in the ice block. In this case, however, these prominent reflection waves in the 304 

upper part of the radargrams are not interpreted as internal fractures of the ice 305 

block due to their parallel orientation with respect to the stratification of the 306 

upper part of the radargrams. Although they sometimes appear oblique to the 307 

rest of the strata, this is not in contradiction with the proposed origin, as in this 308 

case they correspond to marked sedimentation hiatuses in the cave ice 309 

stratigraphy (black circle in Figure 8), as in the case of alpine ice caves (Colucci 310 

et al., 2014) and other ice caves in Picos de Europa currently under study 311 

(Altáiz and Verónica ice caves, Sánchez et al., 2011; Gómez-Lende et al., 312 

2011).  313 

The remaining continuous and less energetic reflections, parallel or sub-parallel 314 

to the previous ones, characterize the first metres of all radargrams, and at 315 

some specific sections they reach greater depths. We observe how these lines 316 

and the previous ones draw successive broad arches, curved in the central 317 

parts of the “Lower room” (profile 2 in Figure 9). These structures could be 318 

reflected by cave ice stratification and its deformation towards the central areas 319 

due to the shaft-shaped configuration previously mentioned and to the 320 

gravitational displacement of the ice mass accompanied by the potential melting 321 

or weakening of the ice block at its base. 322 
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In the upper parts (first centimetres from the surface) congelation ice layers are 323 

identified in agreement with field observations. All radargrams show that from 324 

20 cm depth the reflection pattern is homogenous throughout the ice block, 325 

except where there are surface clasts, and in the possible contact between the 326 

ice block and the “entrance ramp” (bedrock interface). At some sections parallel 327 

bands with reversed polarity appear (green squares in Figure 10).  These 328 

features can be interpreted as melting morphologies (melting channels, shallow 329 

melting ponds, etc.) on the surface of the ice block, later filled with congelation 330 

ice, which can reach over a metre in depth, as both radargrams and 331 

photographs reveal (Figure 10). 332 

Ice mass compaction 333 

If the broad reflection hyperbolae correspond to large embedded clasts, and not 334 

to internal tunnels or cryokarst cavities, the ice block can be considered, at least 335 

to the depths surveyed, to be a compact ice mass (no ablation morphologies 336 

are appreciated). The superficial fissures visible in some seasons of the year 337 

(melting periods in summer and autumn months) are not reflected in the 338 

interpreted profiles. In this way, considering that in the first 5-6 m depth of 339 

certain parts of the ice block hyperbolae that reflect the presence of clasts are 340 

absent suggests that the ice block forms a single-unit homogeneous mass in 341 

the first 7 m of its thickness (Figure 11). 342 

 343 

Discussion 344 

Behm and Hausmann (2007) applied different GPR frequencies (200, 400, 600 345 

and 1200 MHz) using shielded antennae and with recording time windows 346 

ranging between 100 and 400 ns, obtaining high quality results. Following their 347 
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methodology and in view of the results they obtained, we directly used 400 MHz 348 

antennae, given that they provide a good compromise between resolution and 349 

depth, with signal acquisition time windows of 120 ns. The results are very 350 

promising, as determined by the quality of the data gathered for the study of the 351 

ice block in the ice cave. 352 

Behm and Hausmann (2007) attributed the intense reflection bands at the base 353 

of the ice block to the abundance of thin sediments or liquid water content in the 354 

ice-bedrock interface, and the banding of its radargrams to the alternation of 355 

thin sediments (Behm and Hausmann, 2007; Hausmann and Behm, 2011). We 356 

cannot conclude that the different strata distinguished in the cave radargrams 357 

are produced by differences in the sedimentary content or to the different 358 

compositions of air bubbles due to the impossibility of making a direct 359 

observation of the strata. Nevertheless, its origin can be inferred as being a 360 

consequence of the different thin sediment content (cryogenic calcite) 361 

extrapolating the observations made of the ice block during speleological 362 

fieldwork. The reflection bands, therefore, may correspond to ice block 363 

stratification, ice layers alternating with thin sediments and cryogenic calcite 364 

layers. This is consistent with our visual observations during speleological 365 

fieldwork and studies in other ice caves (Hausmann and Behm, 2011). 366 

The GPR survey did not enable us to determine the depth of the ice block, nor 367 

to establish the ice-basal bedrock interface, which would suggest the real 368 

thickness of the ice mass. Speleological explorations reveal that the ice block 369 

might have a mean thickness of as much as 54 m (GELL, 1995), which would 370 

yield a volume of at least 33,000 m3. What has been established, however, is 371 

the underneath morphology of the cavity as a shaft of large dimensions and with 372 
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a high degree of verticality (ice-lateral bedrock interface in some radargram 373 

sections) down to a depth of 7 m. The main shaft would be found behind the 374 

entrance ramp, occupying entirely the “Ice room”, where the ice block is located. 375 

The thickness interpretation estimated, 7 metres depth of radargram signal, is 376 

coherent with the 54 m minimum ice block thickness suggested in explorations 377 

and topo-speleological studies (GELL, 1995; Sánchez et al., 2011, Gómez-378 

Lende et al., 2012).  379 

This is an ice block with a possible compact mass and sub-horizontal concave 380 

stratification, in which ice strata and strata with greater cryogenic calcite 381 

contents may alternate, as well as scattered and interbedded clasts. The curved 382 

signal of the strata, their disposition throughout the profiles and their continuity 383 

at depth suggest a deformation of the ice mass deriving from possible vertical 384 

gravitational displacement depending on the configuration of the shaft, with a 385 

potential basal melting of the ice block in the ice-basal bedrock interface 386 

(causing the downward movement of the ice block). This is the current situation 387 

of the blocks of nearby ice caves such as Altáiz, where intense basal melting 388 

has left the ice block completely suspended around 30 m over the base of the 389 

chasm, held up only by the shaft walls (Sánchez et al., 2011; Gómez-Lende et 390 

al., 2011; Gómez-Lende, 2015). Deformation by basal melting has been 391 

observed in many other ice caves (e.g. Citterio et al., 2003), with acceleration 392 

processes of basal melting due to the presence of air dynamics that circulate 393 

between the ice and rock (e.g. Kern et al., 2008). 394 

In case of the two main types of reflection hyperbolae distinguished, we can 395 

interpret in two ways. On the one hand, in the case of the hyperbolae with 396 

arches of broad curvature, they are the scattered back reflections produced by 397 
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internal clasts, ruling out possible tunnels or internal cryocaves. On the other 398 

hand, the reflection hyperbolae are interpreted as features produced by 399 

superficial embedded clasts in the ice block, which may be seen in the first 50-400 

100 cm of the congelation ice strata. It is consistent with the quantity of 401 

gravitational debris observed both in certain sub-surface sectors of the 402 

congelation ice in the ice block, as in the rooms immediate to the “Ice room” 403 

(“Corridor” or “Terminal Room”). Despite the fact that no boulders or clasts have 404 

been observed at the surface we can consider that the existence of internal 405 

boulders or clasts in the Peña Castil ice block is very probable due to the 406 

presence of these noticeable broad angle hyperbolae. The presence of 407 

embedded clasts in the ice block has been confirmed in field observations made 408 

in other ice caves in Picos de Europa (e.g. Verónica ice cave, Sánchez et al., 409 

2011; Gómez-Lende et al., 2011). Similar reflection hyperbolae have been 410 

interpreted as clasts buried in ice bodies (e.g. Hausmann and Behm, 2011; 411 

Colucci et al., 2014), and in geo-cryological near cases such as the Jou Negro 412 

ice patch (in Picos de Europa surface, Del Río et al., 2009). 413 

In the superficial strata there are reversed-polarity reflection bands compared to 414 

reflections from adjacent strata. They are interpreted as congelation ice layers 415 

with a greater water or air bubble content associated with melting morphologies 416 

(melting channels, ponds,Z). During the fieldwork no clasts or fine sediment 417 

strata were found that could explain these reversed polarity bands. Behm et al. 418 

(2007) described similar reflection waves in the Dachstein ice cave, attributed to 419 

the existence of melt waters under the superficial frozen layers and beneath the 420 

first congelation ice layers. In Peña Castil ice block the recorded reflections may 421 
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correspond to similar morphologies (ice-filled melting morphologies)(see photos 422 

in Figure 10). 423 

Upper congelation ice layers or pure ice layers (Behm et al., 2007) are imaged 424 

in the first centimetres of all radargrams and have been interpreted from the 425 

direct waves present in the GPR data. Highly homogeneous wave signals are 426 

recorded with hardly any irregularities to depths from 0,5 to 1 m (and even up to 427 

1,5 m in some places). These signals have been interpreted as congelation ice 428 

layers that remain from the last ice accumulation period (last spring). 429 

 430 

Conclusions 431 

The application of GPR to the study of the Peña Castil ice block has been 432 

shown to be a useful technique for the description of its ice mass, helping us to 433 

interpret the internal structure, stratification and compaction of the topmost 7 434 

metres using 400 MHz shielded antenna. Although basal interfaces of ice-basal 435 

bedrock contact have not been distinguished, interfaces with the bedrock walls 436 

have been observed, and the configuration of the vertical shaft-shaped cave 437 

has been determined. The ice block thickness shown in the GPR survey is 438 

consistent with estimated depth and volume of the ice block (54 m and 33,000 439 

m3) as has been observed in previous studies. 440 

Several embedded clasts were detected within the ice block as well as in its 441 

surface. Although it was not possible to determine the ice block thickness to its 442 

basal bedrock, the analysis of its structure and the disposition of its strata 443 

suggest a deformation of the ice body caused by possible basal melting that 444 

could generate its vertical displacement and the strata curvature. 445 
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GPR measurements are a very useful tool with great potential in the particular 446 

case of this ice cave. The results derived will be confirmed in the future if the 447 

evolution of its ice mass provides a suitable scenario for more complete and 448 

direct visual examinations, and these outcomes offer us the possibility of 449 

determining which parts of the ice block are suitable for future research, e.g. 450 

drilling cores, necessary to making any paleoclimatological interpretation.  451 
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Supporting Information 1 

Main parameters Peña Castil ice cave 

Location 
Central Massif 

(Picos de Europa; N Spain) 

Mean 
temperature 
(ice room) 

-0,9 ºC 

Altitude 
(entrance) 

2095 m 
Ice block 
surface 

629 m2 

Orientation 
entrance 

East 
Estimated ice 
block volume 

33.000 m3 

Horizontal 
develop. 

65 m 
Estimated 

depth ice block 
-84 m 

Vertical develop. -84 m 
Estimated 
thickness 
ice block 

54 m 

Table I. Ice cave parameters. 2 

 3 

Typical electrical properties of ice   

Relative electrical 
permittivity (εr) 

Electrical conductivity (σ) 
(ms m-1) 

Velocity (V)  
(x108 ms-1) 

Attenuation (α) 
(dB m-1) 

3-4 
3-4 

0.01 1.67 0.01 

Table II. Electrical properties of ice (from Hubbard and Glasser, 2005) 4 
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