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ABSTRACT: The structure and ice content of ice caves are poorly understood.
Ground Penetrating Radar (GPR) can provide useful insights but has only rarely
been applied to ice caves. This paper interprets GPR images (radargrams) in
terms of internal structure, stratification, compaction, thickness and volume of
the ice block in the Pefia Castil ice cave (Central Massif of Picos de Europa,
Northern Spain), providing the endokarst geometry of the ice cave in GPR data
reflections. Eight radargrams were obtained by applying a shielded ground-
coupled antenna with a nominal frequency of 400 MHz. Although the
radargrams do not depict the ice-basal bedrock interface, they suggest that the
ice block is at least 54m deep and similarly thick. Some curved reflection

signatures suggest a potential vertical displacement in the block of ice, and thus
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certain dynamics in the ice body. Other images show numerous interbedded
clasts and thin sediment layers imaged as banded reflections. In this particular
cave a direct visual inspection of the ice stratigraphy is a difficult task but GPR
provides clear reflectivity patterns of some of its internal features, making GPR
a suitable instrument for this and future studies to achieve a better and broader

understanding of the internal behavior of ice caves.

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

Picos de Europa

Introduction

Ice caves can be defined as natural karstic cavities in which a perennial ice
mass is preserved deriving from the metamorphism of accumulated snow
and/or freezing water within it (filtered from outside or from internal melting of
cryomorphologies). These caves have specific karst pattern and climatic
conditions which, together with certain water and air circulations, mean that ice
accumulations are preserved inside them forming stratified ice blocks (perennial
cave ice) and cryospeleothems (generally seasonal and non-stratified
morphologies).

The attention of the scientific community and the importance given to ice caves
is the result of the potential to make paleoclimatic reconstructions of what their
ice blocks enclose. This relevance has recently been made clear on many
occasions, thanks mainly to isotopic analysis of ice (e.g. Forizs et al., 2004.
2006; Vienmann et al., 2004; Kern et al., 2004, 2006, 2008; Luetscher, 2005;

Holmlund et al., 2005; Filipov, 2005; Citterio et al., 2005; Vrana et al., 2006;
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Clausen et al., 2006; Stoffel et al., 2009; Feurdean et al., 2011; Persoiu et al.,
2011; May et al., 2011; Maggi et al., 2012; Sancho et al., 2012); and even more
recently to the geochemical studies of cryogenic calcites (e.g. Lauriol and Clark,
1993:; Dickfoss, 1996; Zak et al., 2004, 2008; Lacelle, 2007; Lacelle et al., 2009;
Richter and Riechelmann, 2008; Richter et al.,, 2010; Luetscher et al., 2013;
Spotl and Cheng, 2014).

This, together with an age that may be as much as thousands of years (e.g.
5516170 cal BP in “A294 ice cave” (Central Pyrenees - Sancho et al., 2012), or
5180+£130 BP in “Eisgruben-Eishdhle” (Sarstein, Austrian Alps, - Achleitner,
1995) makes this periglacial phenomenon a powerful instrument for the
reconstruction of recent paleoenvironments to complement the usual
information sources. In this sense, the paleoclimatic records of the ice cave take
on particular importance in mid and low-altitude environments in which there is
no surface ice (e.g. Glaciére de Monlési - Luetscher, 2005; Mammuthéhle -
Kern et al., 2011; Vukusic Ice Cave - Kern et al., 2011b; Eisriesenwelt - May et
al., 2011; or Scarisoara-Persoiu, 2011), or in completely deglaciated high
mountain areas, as is the case of Picos de Europa (Gémez-Lende, 2015).

In spite of this importance and its being a phenomenon present and known in
many parts of the world, scientific disciplines have paid little attention to ice
caves, among other reasons because of how modestly representative they are
in the context of ice volumes on a planetary scale. This has led to their being
the least known element in the cryosphere today (Kern and Persoiu, 2013) in
spite of the intensification in efforts to study them in recent decades.

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

caves studied to date present a pronounced ice mass loss trend worldwide
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(Kern and Persoiu, 2013), which makes greater knowledge of ice caves
necessary and urgent from several perspectives and using all instruments
available in order to better understand them and to be able to obtain their
maximum paleoclimatic potential before many of them disappear. One such

instrument is the Ground Penetrating Radar (GPR).

GPR studies in ice caves

Due to its relative ease of use on site -it covers relatively large areas in a
reasonably short time, its non-invasive nature and the fact that modern
equipment can collect and process a lot of data relatively easily-, we find many
radar studies of glaciers and permafrost, and its usefulness as a technique for
surveying thicknesses and anomalies is widely agreed (Navarro et al., 2009;
Arcone, 1996; Travassos and Simoes, 2004; Fukui et al., 2007). The
morphology of permafrost and glacial ice differs considerably from that of ice
caves, and even taking into account on the analysis of these media, the ice
caves research has been centered exclusively on the application of the
georadar to the type of ice.

The usefulness of GPR as a tool in the study of ice blocks within ice caves has
been demonstrated in previous studies (e.g. Hausmann and Behm, 2011). It
facilitates the measurement of different parameters fundamental to the internal
structure, which is why it has been used in the present study. It indicates the
degree of melting and the weakness of an ice block, offering details, often not
visible, of its compaction, and with it attempt to predict its evolution in the near
future. It also permits us to know the degree of stratification and then interpret

the polygenetic nature of the ice block, as well as the greater or lesser quantity
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of clasts within it. This, together with the lie of the strata, helps us to determine
internal flows and deformities to which the block is subjected, and therefore to
interpret the origin, behavior and future evolution of the ice. Determining the
geometry of the cavity and the volumes and thickness of the ice block is also
possible through the application of GPR. And all of this can serve to select the
best place in the ice block to carry out later research in order to go deeper into
its paleoclimatic potential (e.g. drilling).

Nowadays geophysical techniques for the study of ice blocks in ice caves have
seldom been used. In the majority of cases the aim has been the quantification
of volumes (Geczy and Kucharovi, 1995; Novotny and Tulis, 1995; Behm and
Hausmann, 2007; Podsuhin and Stepanov, 2008; Colucci et al., 2012; RojSek,
2012; Stepanov et al., 2014; Garasic¢, 2014), whereas in others they have been
of use in finding the largest ice thicknesses prior to drilling cores (Kern et al.,
2011; Colucci et al., 2014). On just a few occasions they have been used for the
analysis of the internal structure of the block or to determine cave geometries
(Behm and Hausmann, 2008; Behm et al., 2010; Hausmann and Behm, 2011).
Also, GPR data have been acquired on ice blocks inside caves with the aim of
checking the applicability of this technique in searching for underground water
or ice on Mars (Ciarletti et al, 2013a, 2013b).

In the Iberian Peninsula, ice cave studies are very recent. The only ice caves
that have been studied scientifically are in the Pyrenees (Belmonte and Sancho,
2010; Belmonte et al., 2011, 2012, 2014, Sancho et al., 2014; Leunda et al.,
2015); and Picos de Europa (Gémez-Lende et al., 2011, 2014; Berenguer et al.,
2014; Gémez-Lende 2015; Gomez-Lende and Serrano, 2012a, 2012b, 2012c,

2013, 2014), however none of these studies involved the application of GPR.

http://mc.manuscriptcentral.com/esp



©CoO~NOUTA,WNPE

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

Earth Surface Processes and Landforms

Difficulty of access acts as a deterrent to scientific fieldwork applying electric or
electromagnetic geophysical techniques in caves which have, nevertheless,
been successfully applied in other periglacial studies on the surface in Picos de
Europa, for example (Del Rio et al., 2009; Serrano et al., 2010, 2011; Paniagua
et al., 2004; Serrano et al., 2012)

With the aim of improving knowledge of the internal structure and thickness of
the ice block, which permits the interpretation of the current state of the ice, its
organization and its evolution in the near future as well as determining possible
places suitable for carrying out future research, in the present study we applied

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

Study Area and Cave Setting

The Pena Castil ice cave is located in the high periglacial mountain environment
of the Picos de Europa, an Atlantic glaciokarst high mountain in the north of the
Cantabrian Range (northern Spain) with a maximum altitude of 2648 m.a.s.l.
(Torrecerredo) (Figure 1). Actually, this high mountain environment is a
marginal periglacial and totally deglaciated landscape in which perennial ice
bodies remain at the surface (perennial snow and ice patches from the glaciers
of the Little lce Age) and below it (ice caves).

The cave studied is located in the Central Massif of the Picos de Europa
(43°1°21"N/4°47°48"W), under the Pefia Castil summit (2444 m.a.s.l.) and
hanging over the Duje valley (Figure 1). The lower and main entrance is located
at 2095 m.a.s.l. with an eastern orientation without other entrances worth
consideration. Speleological surveys have not revealed any other lower

entrances, although the cave morphology suggests minor upper entrances
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(Figure 2). The horizontal development is around 65 m and the vertical is still
unknown (currently -84 m). The entrance comprises an “Entrance ramp” (snowy
entrance slope; sector 1) leading to two main “Ilce rooms” (“Lower room” and
“Upper room”; sectors 2 and 3) in which the ice body is located, and a small
“Terminal room” (sector 5) after passing through a narrow “Corridor” (sector 4).
Neither the “Corridor” and “Terminal room” have perennial ice. There is a small
“Filling shaft” that can be accessed from the “Lower room” by descending a
narrow ramp.

The perennial ice deposit at the surface is about 629 m? and its thickness, as
far as is known to date, is at least 54 m (the basal bedrock interface is
unknown). It involves an estimated ice filling of at least 33.300 m® (Gémez
Lende, 2015). The air temperature inside is constant throughout the summer
period and irregular during the winter period; however the annual average is
below 0°C (Goémez-Lende et al., 2014) (Table 1). According to
glacioclimatological criteria (Luetscher and Jeannin, 2004) it is a static ice cave

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

Method

This study is based on speleological explorations made in 2011 (Sanchez et al.,
2011) and GPR surveys carried out in August 2014. Data acquisition was
achieved with a shielded ground-coupled antenna manufactured by IDS
(Ingenieria dei Sistemi) with a nominal frequency of 400 MHz (Figure 3). The
transmitter (Tx) and receiver (Rx) elements are embedded in a common casing

allowing data to be gathered by the common-offset method. The software used
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to acquire the data was IDS-K2. To process raw signals GRESWINv1 (IDS-Spa,
2005) was used.

During fieldwork, different time window lengths (data time windows in which
underground reflections are collected) were used: 120 ns, 160 ns, 320 ns and
1280 ns with a variable number of samples between 512 and 4096. It is worth
pointing out that 1 ns (10-9 s) is the time needed by light to travel 30
centimetres (in a vacuum), thus the precision of measurements is very high. A
window length of 120 ns with 512 samples was selected for the maijority of the
profiles shown in this work.

The GPR survey was carried out using a 400 MHz antenna, commonly used in
alpine ice caves (Hausmann and Behm, 2011). This makes a good compromise
between resolution and depth of penetration, given that in general the lower
frequency antennas are those that reach greater depth with lower resolution. On
the other hand, the higher frequency radar antennas (in the range of 800 MHz —
2 GHz) penetrate less but with better definition. The antennas of 200 to 600
MHz are those most commonly used in mixed studies of similar characteristics
to the present one. Such is the case of glaciers in which, among other things,
snow cover and basal bedrock thicknesses are measured, although there are
references to antennas of lower resolution and greater penetration, such as 50
MHz (Travassos and Simoes, 2004) or 20MHz - 200MHz (Navarro et al., 2009).
Data were acquired along eleven profiles on the surface of the ice block
(profiles 1-11), but three profiles were rejected due to a lack of resolution
(profiles 7, 8 and 11): profiles 1 to 6 in “lower room” and profiles 9 and 10 in

‘upper room”. Figure 4 shows the results of applying radar time windows
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between 120 ns and 320 ns, and using standard physical parameters of ice

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

Results

Pattern analysis of GPR profiles

All the radargrams show different layering patterns and reflection intensities, on
a marked and repetitive banding that can be seen in all the profiles and at all
depths.

In most of the radargrams two large reflection patterns can be generically
distinguished with very distinctive sharpness (Figure 4):

- “Pattern A” presents a sub-horizontal or slightly concave layering, continuous
along a good part of profiles (pattern A in Figure 4). It is characterized by its
relative homogeneity in the return signals, weak in its reflection, sporadically
sharp and differently orientated. Reflection hyperbolae are also common,
forming high amplitude features spaced randomly across the radargrams with a
more intense reflection than the surrounding signals (a.1 in Figure 4).

- “Pattern B” is defined by intense reflectivity characterized by very closely
spaced hyperbolae (pattern B in Figure 4), in which the sub-horizontal banding
is not clearly visible. Abrupt changes in electromagnetic properties explain the
presence of hyperbolae and are characteristic of this pattern. They also show
up randomly spread and as very highly energetic hyperbolae, though only in
some profiles (e.g, profile 2 in Figure 4).

Pattern A shows reflection signals of lesser intensity and greater homogeneity
with respect to the reflections of pattern B, in which the reflections are more

chaotic and irregular, but sharper.
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Pronounced reflection signatures are observed in all the radargrams. These
signatures reveal particularly intense diffractions down to one metre depth from
the surface (although in some profiles they appear at greater depths and with
lesser wave intensities; see profiles 1, 2, 3 and 9), or reflections that are
prolonged at greater depths (see profiles 1, 2, 3, 4 and 9).

In addition to these reflection hyperbolae, in all the “Lower room” radargrams,
parallel straight-line signals at different depths are seen with good intensity
(yellow arrows in the profiles from 1 to 6, Figure 4). As they do not present
diffraction hyperbolae they correspond to continuous, homogeneous reflectors.
They form a continuity in the reflected trace with an appreciable slope towards
the centre of the profiles (the centre of the “Lower room”). In some of the
profiles these signals form a broad arch that crosses the entire surveyed
surface (profile 2). In most cases the signal is blurred at depth due to the
profusion of the previously mentioned hyperbolae. The abovementioned signals
are not reflected, however, in the “Upper room” (profiles 9 and 10).

In the upper part (the first nanoseconds of GPR reflections) all radargrams
exhibit reflections down to depths of around 10-20 cm. These features have not
been completely eliminated by filtering. A more careful inspection reveals areas
with parallel and perfectly horizontal reflection bands down to a depth of one
metre, which introduces a strong interference between the shallow waves and
the rest of the ice body surveyed (green boxes in Figure 4).

Other reflections with different characteristics were found. On one hand, there
are low amplitude hyperbolae, similar to those described earlier but located in

the central parts of the room and of lesser amplitude, and on the other hand

http://mc.manuscriptcentral.com/esp

Page 10 of 42



Page 11 of 42

©CoO~NOUTA,WNPE

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

Earth Surface Processes and Landforms

there are intense hyperbolic reflections, located deeper (Figures 6 and 7
respectively).

Interpretation

Thickness and volume of ice mass

The bedrock at the bottom of the cave cannot be observed sharply in the
radargrams and thus, neither could a thickness of the ice block be determined.
All the profiles show a continuity of the ice block to at least 7 m depth, without
noteworthy differences in thickness. Changes were not found in the reflection
signatures as a result of the ice-basal bedrock interface in any of the cases,
which indicates the vertical continuity of both the ice block and the cave.

Cave geometry

In the GPR profiles clear changes are observed in the reflections at the margins
of the “Ice room”, corresponding to the sharp hyperbolae aligned in a vertical
trace (B in Figure 4). According to the sections where they are found in each
radargram and depending on the geometry of the cavity, we interpret them as
the back reflections produced by the contact of the ice block with the end of the
snow ramp entrance (profiles 1 to 4, Figure 5). The accumulation of clasts in the
first strata (appreciated on the ground by visual inspections) could lead to many
sharp reflection hyperbolae. Underneath, there are reflective signatures at the
ends of nearly all profiles that do not correspond to the ice block (profiles 1, 2,
3, 4 and 5 in Figure 5 for the “Lower room” and profile 9 in Figure 5 for the
“Upper room”). These reflections can be interpreted as the basal bedrock of the
cave. This correspondence with the ice-bedrock interface extends deeper
revealing the possible vertical geometry of the cave. In this case, the ice block

could fill a vertical shaft, which is coherent with the prevailing endokarstic
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morphologies in the Picos de Europa and with the ice filling in other ice caves in
these mountains (Gomez-Lende, 2015).

Internal structure

The reflection signatures with very acute angles and of smaller amplitudes
located in the central areas of the “Lower room” may be caused by boulders
embedded within the ice block both in the surface layers and in the lower strata
(where the signals are fainter), as described in other cave ice GPR studies
(Hausmann and Behm, 2011; Colucci et al., 2014).

The origin of strong individual hyperbolae at greater depth is more difficult to
determine. Their abundance from 2-3 m depth in almost all the profiles and the
sharpness of their reflection signal has two possible origins:

- The presence of internal tunnels in the ice block like those observed
descending to 15 m below the surface of the block (Gomez-Lende et al., 2014).
These tunnels may or not be filled with congelation ice. These individual and
broad hyperbolae have previously been interpreted as the reflection of
intraglacial tunnels in glaciers (e.g. Moorman and Michel, 2000).

- The existence of numerous interbedded boulders. This hypothesis seems the
most likely given that, in the former case, if the tunnels were filled with
congelation ice or if they were air-filled cavities (Figure 7) a significant change in
the reflected waves below the hyperbolae would be expected.

Banded layering is reflected in the first metres of the radargrams. These
reflections occur at depth along a parallel-subparallel plane. One of these
reflections shows slight undulations with different amplitudes within the ice block
(profile 2 in Figure 9). We attribute the different sharpness in its reflection to the

different sedimentary content of the strata. Those strata with greater content in
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cryogenic calcite produce a sharper signal return. These are fine sediments,
since clasts may generate a more irregular signal with more acute reflection
hyperbolae. This consideration is coherent with the observation during the
speleological exploration of different cryogenic calcite contents in adjacent
strata (Figure 8).

Ciarletti et al. (2013b) attributed similar reflection signatures to internal fractures
in the ice block. In this case, however, these prominent reflection waves in the
upper part of the radargrams are not interpreted as internal fractures of the ice
block due to their parallel orientation with respect to the stratification of the
upper part of the radargrams. Although they sometimes appear oblique to the
rest of the strata, this is not in contradiction with the proposed origin, as in this
case they correspond to marked sedimentation hiatuses in the cave ice
stratigraphy (black circle in Figure 8), as in the case of alpine ice caves (Colucci
et al., 2014) and other ice caves in Picos de Europa currently under study
(Altaiz and Verédnica ice caves, Sanchez et al.,, 2011; Gémez-Lende et al.,
2011).

The remaining continuous and less energetic reflections, parallel or sub-parallel
to the previous ones, characterize the first metres of all radargrams, and at
some specific sections they reach greater depths. We observe how these lines
and the previous ones draw successive broad arches, curved in the central
parts of the “Lower room” (profile 2 in Figure 9). These structures could be
reflected by cave ice stratification and its deformation towards the central areas
due to the shaft-shaped configuration previously mentioned and to the
gravitational displacement of the ice mass accompanied by the potential melting

or weakening of the ice block at its base.
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In the upper parts (first centimetres from the surface) congelation ice layers are
identified in agreement with field observations. All radargrams show that from
20 cm depth the reflection pattern is homogenous throughout the ice block,
except where there are surface clasts, and in the possible contact between the
ice block and the “entrance ramp” (bedrock interface). At some sections parallel
bands with reversed polarity appear (green squares in Figure 10). These
features can be interpreted as melting morphologies (melting channels, shallow
melting ponds, etc.) on the surface of the ice block, later filled with congelation
ice, which can reach over a metre in depth, as both radargrams and
photographs reveal (Figure 10).

Ice mass compaction

If the broad reflection hyperbolae correspond to large embedded clasts, and not
to internal tunnels or cryokarst cavities, the ice block can be considered, at least
to the depths surveyed, to be a compact ice mass (no ablation morphologies
are appreciated). The superficial fissures visible in some seasons of the year
(melting periods in summer and autumn months) are not reflected in the
interpreted profiles. In this way, considering that in the first 5-6 m depth of
certain parts of the ice block hyperbolae that reflect the presence of clasts are
absent suggests that the ice block forms a single-unit homogeneous mass in

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

Discussion
Behm and Hausmann (2007) applied different GPR frequencies (200, 400, 600
and 1200 MHz) using shielded antennae and with recording time windows

ranging between 100 and 400 ns, obtaining high quality results. Following their
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methodology and in view of the results they obtained, we directly used 400 MHz
antennae, given that they provide a good compromise between resolution and
depth, with signal acquisition time windows of 120 ns. The results are very
promising, as determined by the quality of the data gathered for the study of the
ice block in the ice cave.

Behm and Hausmann (2007) attributed the intense reflection bands at the base
of the ice block to the abundance of thin sediments or liquid water content in the
ice-bedrock interface, and the banding of its radargrams to the alternation of
thin sediments (Behm and Hausmann, 2007; Hausmann and Behm, 2011). We
cannot conclude that the different strata distinguished in the cave radargrams
are produced by differences in the sedimentary content or to the different
compositions of air bubbles due to the impossibility of making a direct
observation of the strata. Nevertheless, its origin can be inferred as being a
consequence of the different thin sediment content (cryogenic calcite)
extrapolating the observations made of the ice block during speleological
fieldwork. The reflection bands, therefore, may correspond to ice block
stratification, ice layers alternating with thin sediments and cryogenic calcite
layers. This is consistent with our visual observations during speleological
fieldwork and studies in other ice caves (Hausmann and Behm, 2011).

The GPR survey did not enable us to determine the depth of the ice block, nor
to establish the ice-basal bedrock interface, which would suggest the real
thickness of the ice mass. Speleological explorations reveal that the ice block
might have a mean thickness of as much as 54 m (GELL, 1995), which would
yield a volume of at least 33,000 m*. What has been established, however, is

the underneath morphology of the cavity as a shaft of large dimensions and with
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a high degree of verticality (ice-lateral bedrock interface in some radargram
sections) down to a depth of 7 m. The main shaft would be found behind the
entrance ramp, occupying entirely the “Ice room”, where the ice block is located.
The thickness interpretation estimated, 7 metres depth of radargram signal, is
coherent with the 54 m minimum ice block thickness suggested in explorations
and topo-speleological studies (GELL, 1995; Sanchez et al., 2011, Gémez-
Lende et al., 2012).

This is an ice block with a possible compact mass and sub-horizontal concave
stratification, in which ice strata and strata with greater cryogenic calcite
contents may alternate, as well as scattered and interbedded clasts. The curved
signal of the strata, their disposition throughout the profiles and their continuity
at depth suggest a deformation of the ice mass deriving from possible vertical
gravitational displacement depending on the configuration of the shaft, with a
potential basal melting of the ice block in the ice-basal bedrock interface
(causing the downward movement of the ice block). This is the current situation
of the blocks of nearby ice caves such as Altaiz, where intense basal melting
has left the ice block completely suspended around 30 m over the base of the
chasm, held up only by the shaft walls (Sanchez et al., 2011; Gémez-Lende et
al., 2011; Gomez-Lende, 2015). Deformation by basal melting has been
observed in many other ice caves (e.g. Citterio et al., 2003), with acceleration
processes of basal melting due to the presence of air dynamics that circulate
between the ice and rock (e.g. Kern et al., 2008).

In case of the two main types of reflection hyperbolae distinguished, we can
interpret in two ways. On the one hand, in the case of the hyperbolae with

arches of broad curvature, they are the scattered back reflections produced by
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internal clasts, ruling out possible tunnels or internal cryocaves. On the other
hand, the reflection hyperbolae are interpreted as features produced by
superficial embedded clasts in the ice block, which may be seen in the first 50-
100 cm of the congelation ice strata. It is consistent with the quantity of
gravitational debris observed both in certain sub-surface sectors of the
congelation ice in the ice block, as in the rooms immediate to the “Ice room”
(“Corridor” or “Terminal Room”). Despite the fact that no boulders or clasts have
been observed at the surface we can consider that the existence of internal
boulders or clasts in the Pefia Castil ice block is very probable due to the
presence of these noticeable broad angle hyperbolae. The presence of
embedded clasts in the ice block has been confirmed in field observations made
in other ice caves in Picos de Europa (e.g. Verodnica ice cave, Sanchez et al.,
2011; Gomez-Lende et al., 2011). Similar reflection hyperbolae have been
interpreted as clasts buried in ice bodies (e.g. Hausmann and Behm, 2011;
Colucci et al., 2014), and in geo-cryological near cases such as the Jou Negro
ice patch (in Picos de Europa surface, Del Rio et al., 2009).

In the superficial strata there are reversed-polarity reflection bands compared to
reflections from adjacent strata. They are interpreted as congelation ice layers
with a greater water or air bubble content associated with melting morphologies
(melting channels, ponds,...). During the fieldwork no clasts or fine sediment
strata were found that could explain these reversed polarity bands. Behm et al.
(2007) described similar reflection waves in the Dachstein ice cave, attributed to
the existence of melt waters under the superficial frozen layers and beneath the

first congelation ice layers. In Pefia Castil ice block the recorded reflections may
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correspond to similar morphologies (ice-filled melting morphologies)(see photos
in Figure 10).

Upper congelation ice layers or pure ice layers (Behm et al., 2007) are imaged
in the first centimetres of all radargrams and have been interpreted from the
direct waves present in the GPR data. Highly homogeneous wave signals are
recorded with hardly any irregularities to depths from 0,5 to 1 m (and even up to
1,5 m in some places). These signals have been interpreted as congelation ice

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

Conclusions

The application of GPR to the study of the Pefia Castil ice block has been
shown to be a useful technique for the description of its ice mass, helping us to
interpret the internal structure, stratification and compaction of the topmost 7
metres using 400 MHz shielded antenna. Although basal interfaces of ice-basal
bedrock contact have not been distinguished, interfaces with the bedrock walls
have been observed, and the configuration of the vertical shaft-shaped cave
has been determined. The ice block thickness shown in the GPR survey is
consistent with estimated depth and volume of the ice block (54 m and 33,000
m3) as has been observed in previous studies.

Several embedded clasts were detected within the ice block as well as in its
surface. Although it was not possible to determine the ice block thickness to its
basal bedrock, the analysis of its structure and the disposition of its strata
suggest a deformation of the ice body caused by possible basal melting that

could generate its vertical displacement and the strata curvature.
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GPR measurements are a very useful tool with great potential in the particular
case of this ice cave. The results derived will be confirmed in the future if the
evolution of its ice mass provides a suitable scenario for more complete and
direct visual examinations, and these outcomes offer us the possibility of
determining which parts of the ice block are suitable for future research, e.g.
drilling cores, necessary to making any paleoclimatological interpretation.
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Main parameters Pefa Castil ice cave

Central Massif Mean
Location . ) . temperature -0,9°C
(Picos de Europa; N Spain) .
(ice room)
Altitude 2095 m Ice block 629 m?
(entrance) surface
Orientation East Estimated ice 33.000 m®
entrance block volume
Horizontal Estimated
develop. 65m depth ice block -84m
Estimated
Vertical develop. -84 m thickness 54 m
ice block

Table I. Ice cave parameters.

Typical electrical properties of ice

Relative electrical  Electrical conductivity (o) Velocity ( Attenuation (a)
permittivity (&) (msm™) (x108 ms™) (dBm™)
3-4 0.01 1.67 0.01

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