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Abstract. Several caves in high elevated alpine regions hostthe basics and fundamental knowledge on ice caves. This in-
up to several meters thick ice. The age of the ice may exceedludes the link between (Speleo-) meteorology and ice for-
some hundreds or thousands of years. However, structuremation, determining the age of the ice as well as local quan-
formation and development of the ice are not fully under- tification of ice volumes. Additionally, in regard of the cur-
stood and are subject to relatively recent investigation. Theent climate debates, the ice caves’ potential as possible cli-
application of ground-penetrating radar (GPR) enables to demate archives should be investigated. The presented GPR
termine thickness, volume, basal and internal structure of thelata have been acquired in this project.
ice and provides as such important constraints for related Based on the fact that the ice exists for at least several
studies. We present results from four caves located in theears, it can be classified as a permafrost phenomenon. The
Northern Calcareous Alps of Austria. application of geophysical methods to study glacial or frozen
We show that the ice is far from being uniform. The base materials depends on the physical properties of earth ma-
has variable reflection signatures, which is related to the typéerials which change with freezing of incorporated water
and size of underlying debris. The internal structure of theand therefore the formation of varying amounts of ground
cave ice is characterized by banded reflections. These réee. The relevant electric parameters are resistivity (real-
flection signatures are interpreted as thin layers of sedimenter complex-valued), relative permittivity, and loss tangent
and might help to understand the ice formation by represent{Scott et al., 1990). Variation in these physical properties
ing isochrones. Overall, the relatively low electromagnetic depends on liquid water content, air content, ice chemistry,
wave speed suggests that the ice is temperate, and that a lignd temperature conditions during permafrost genesis. EM
uid water content of about 2% is distributed homogenously(electrical and electromagnetic) techniques that operate at
in the ice. frequencies of a few Hz (e.g. D.C. resistivity sounding) are
sensitive to the resistivity of materials whereas frequencies
>100kHz (e.g. GPR) are influenced by both resistivity and
relative permittivity (Katsube et al., 1976). In this study, we
show that GPR can be successfully used to map the thickness
Ice caves (“Eishhle” in german) are natural cavities with and structure of the ice. Cave_ ice thic_kness meas_ureme_znts
the occurrence of ice which persists for at least severa}'vIth GPR ha_ve also been carried OUF in the Pobsmska Ice
years. Age, formation, development, conservation an ave (Slovakia) (Geczy and Kucharovic, 1995; Novotny and

degradation of the “underground ice” attracted scientific ulis, 1995) and in Kungur ice cave (Russia) (Podsuhin and

interest since the beginning of the 20th century and areStepan.ov, 2008). .
In this study we document the internal and basal struc-

also subject to relatively recent investigation (Luetscher, 2 ) - )
) y g ( ture of the ice in four different caves and highlight their pro-

2005, and references within). In 2006 a pilot study d diff Theref | ¥ d ad
(AUSTRO'ICE*CAVES*2100) has been started to encom- Nounced difierences. - Theretoreé we apply uniform and ad-
ditional processing techniques (migration) to the GPR data,

ass the above mentioned topics and primarily aims to forti ; . .
P P P y fyand focus on the internal ice structure and the associated re-

flection signatures. We further investigate particular features

Correspondence tad. Hausmann such as layering of the ice and relate them to the formation
BY (hausmann@mail.zserv.tuwien.ac.at)  of ice.
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2 lce caves
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Occurrence of ice in caves results mainly from water which A\
enters through the porous rock. If the temperature is below
zero, ice starts to form. Due to isolation by the surround-
ing rocks, the air temperature inside a cave is rather constan
throughout the year. It equals to the annual average of the
outside air temperature and therefore depends mainly on the ;_
elevation and geographic region. Additionally, most caves
have more than one entrance and are ventilated. In summel
the relatively cold and dense cave air sinks down and flows ¢,
out at the lower entrances. In winter, this regime changesv 9 10° 110 q20 q3° 140 150 160 17 18
and relatively warm cave air of lower density leaves through
the upper entrances. For compensation, cold outside air iSig. 1. Location of the investigated caves: 1 — Eisriesenwelt; 2, 3 —
sucked into the cave at the lower entrances (Cigna, 2004)Pachstein-Mammutbhle, Dachstein-Rieseneisie; 4 — Beilstein-
Ice grows therefore close to the lower entrances in winterEishohle. The broken line displayed over the digital elevation model
and early spring when the outside temperature still is low ancencompasses the Northern Calcareous Alps (NCA).
water enters the cave. On the other hand, the ice degrades in
summer and autumn. Recent investigations (Delaloye and
Lambiel, 2005; Phillips et al., 2009) found that the forma- 3 Method
tion of ice in ventilated talus slopes is controlled by a similar
effect. Ground-penetrating radar (GPR) is a geophysical method
Heat exchange with the surrounding rock and air, and subbased on the propagation and reflection of electromagnetic
limation are other factors controlling the dynamic behaviourwaves (Davies and Annan, 1989) in the radio band. A short
of the ice (Yonge, 2004). It is obvious that growth and electromagnetic pulse of suitable frequency is radiated and
degradation are very sensitive to (micro-) climatic changesthe propagating wave is partially reflected when permittiv-
Ice caves can be considered as environmental markers aty and/or conductivity inside the medium changes. Such a
the presence of ice is controlled by specific climatic con-change is either a first-order discontinuity (e.g. an air void)
ditions (e.g. winter precipitation, number of freezing days, or a zone with a strong gradient (e.g. continuously increasing
mean annual air temperature; Luetscher, 2005). Nonlineapore space) (Robin et al., 1969). The reflected energy from
effects also play importantroles: e.g., some entrances may bihe pulse is recorded as a function (amplitude and phase)
blocked by ice for a certain time and their opening changef time, in form of a single trace. A radargram is made
the ventilation which in turn leads to ice growth and blockage up of several traces, where the traces are recorded on adja-
of other entrances (Wimmer, 2008). Despite these various ineent surface locations along a profile. If the electromagnetic
fluences, we know from direct observation that massive icewave speed of the medium is known, the correct position
bodies can pertain for at least hundred years. Dating of orof subsurface reflectors can be imaged (“migration”). This
ganic inclusions in ice caves yields ages up to 518030) method is commonly employed to investigate the structure
years (Achleitner, 1995). It is important to stress out the dif- of the shallow underground. Since the 1960s GPR is applied
ference between seasonal ice (which completely disappearss a method for locating and mapping subglacial interfaces,
in summer and autumn and starts to form again in winter)and thereby to constrain ice volume and morphology (e.g.
and occurrences of ice bodies which exist for at least severaRobin et al., 1969; Arcone et al., 1995; Binder et al., 2009).
years. We only deal with the latter permafrost feature in thisChanges in crystal-orientation fabric, changes in conductiv-
study. ity or changes in the amount of bubbles (respectively density)
Approximately 13000 caves are currently known in the are considered to cause internal reflections in glaciers and
Northern Calcareous Alps and about 900 of them come-ice sheets (e.g. Harrison, 1973; Gudmandsen, 1975; Siegert,
prise ice (Stummer and Plan, 2002). On average, thel999; Eisen et al., 2007). Strong internal and basal reflectors
ice-filled parts are located in elevations ranging from can further be caused by layers of varying density within firn
1300 to 2000ma.s.. We investigate the ice of four and snow (Bingham and Siegert, 2007), sediments (Wood-
caves (Fig. 1): Eisriesenwelt, Dachstein-Mamnitile,  ward et al., 2003), debris (Arcone et al., 1995; Fukui et al.,
Dachstein-Rieseneishle and Beilstein-Eigthle. For the  2008) or subglacial lakes.
first three caves, detailed descriptions of the field measure- \We used the GSSI SIR 2000 and 3000 instruments with
ments and initial results (thickness) have already been pubshjelded antennas ranging from 200 to 500 MHz. Most
lished by Behm and Hausmann (2007, 2008). of the measurements were obtained from the 500 MHz
antenna. However, in one of the caves (Dachstein-
Rieseneisbhle), larger depths were expected and therefore a
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shielded 200 MHz antenna was applied. The measurementgrs
were carried out along crossing profiles in a time-based datal
collection mode. As 32 traces per second were recorded, thg
lateral trace spacing depends on the speed by which the an
tenna is moved along the ground. On average it was about
0.025m. ==

Marks at an interval of 2 m (using a measuring tape) were
added to the recordings to obtain precise positions. We es-
timate the positioning accuracy of the collected traces to be
£0.02 m per marker interval (2 m).

Since almost all profiles were obtained on planar surfaces, [
their geometry could be defined with a geodetic measuring =
tape. However, for profile “Feenpalast 2” we surveyed the
position of significant changes in the profile height with sim-
ple geodetic methods (laser distance meter and inclinome-
ter). Taking the expected depths into account, the record #
lengths ranged between 100 and 400 ns. An electromagneti

ipms\(/avf?if iOrO Mll_t'Z i[:]m[z/agg teISrWIthlat;Nivileggtht 8fgé3n3: rT]]- /IZ Fig. 2. Photographs of characteristic ba&atb) and internalc-g)
Ce, chresulls in a vertical resolution of about ©. ( structures in the ice cavéa) The ice at “Feenpalast 1" (Dachstein-

o_f the signal wavelength (Y_Ilqu, 200;")' It should be men- Mammuttohle) with an interbedded boulder. The basal substrate
tioned that a lower resolution is obtained when the lengthconsist of fine-grained sediments(b) The ice at “Saarhalle”

of the wavelet is considered instead of the wavelength (e.g¢pachstein-Mammuibhle) with large boulders on the bage) The
Eisen et. al., 2002). Recording parameters of each trace werdiaphanous ice at “Feenpalast 1” with embedded thin layers of ac-
2048 samples/scan and 16 bits/sample. Spatially equidistamumulated particles. A zone of high particle density is highlighted.
traces were interpolated for each radargram for intervals ofd) Subsurface parallel strata in the footwall and horizontal strata
0.025 m. The horizontal resolution is a function of depth andin the hanging wall found at “Feenpalast 2'(e) Detail of the

the wavelength and is defined by the first Fresnel zone (Y"_diaph.anous ice shown |n a). Slight stratification is indicated by
maz, 2001). For a investigation depth of 5m and an electro? variable content of millimetre-sized bubbles and a low amount

: of embedded particles.(f) The intransparent ice at Dachstein-
magnetic wave speed of 0.167 nTAghe Fresnel zone hasa . - ; . :
diameter of 1.8 m (500 MHz) and 2.9 m (200 MHz). Rieseneis@ihle with a hole (diameter2 m) which has been formed

h d d with L d by air currents(g) Side view of the intransparent ice at “Feenpalast
The raw data were processed with trace mixing (re UC->» and two sediment layers which are also seen as reflection bands

tion of antenna noise), _automatic gain control (15 ns length) i the radargram (Fig. 3d).

trapezoid band pass-filter for the 500 MHz records (250-

350-700-900 MHz) and 200 MHz records (50-100-400-600

MHz), migration (including velocity analyses), and static 4 Fjeld sites

corrections using the 2-D software ProMAX (Landmark).

For the migration we applied the Steep dip explicit FD time 4.1 Dachstein-Mammuttohle

migration algorithm with a maximum dip of 80 Electro-

magnetic wave speed was assessed by both reflection hypachstein-Mammuibhle has an overall passage length of

perbolae identified in numerous radargram sections and mié5km and a vertical extension of 1207 m. Ice occurrences

gration velocity analyses. It has to be pointed out that theare located close to the western entrance, which is situ-

use of shielded antennae was crucial since the surroundingted 800 m below the currently known highest entrances.

walls of the caves are strong reflectors. All discussed feaAt “Feenpalast” (1360 ma.s.l.) two locations with ice can

tures were carefully examined with regard to their possiblebe found. The location “Feenpalast 1” is dominated by a

origins. Since we focus on the documentation and compari25mx 10m wide and 3 to 4 m thick ice block (Fig. 2a)

son of different locations, the presented radargrams are corwhich is relatively homogenous, and appears clear and di-

sistently processed. In the following we show both the un-aphanous (Fig. 2e). Only a slight stratification is indicated by

migrated and migrated radargrams, and highlight details ofa variable content of millimetre-sized bubbles. The amount

characteristic internal and basal structures. of embedded particles is generally low. However, layers with
different grades of dispersal can still be discriminated. The
base consists of frozen clay and debris with a grain size of
a few centimetres. A 17m long profile was measured on
top of the ice. Temperature measurements during the GPR
campaign in January 2008 show that the lowermost temper-
ature is obtained at the ice surface2(7°C). Temperature
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N Profile distance (m) S W  profiedsancem E 4.2 Dachstein-Rieseneisihle
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Dachstein-Rieseneishle is located close to Dachstein-
Mammutldhle. Its passage length is only 2.7 km, but ice cov-
ers almost half of the cave. A 20 m long profile was recorded
with a 200 MHz antenna on a 5030 m wide ice surface.
The elevation of this location is 1460 ma.s.l. An outcrop in
the anterior part gives a first idea of the possible ice thick-
ness, as debris is partly exposed on the base and the maxi-
mum overall cave height is 20 m. In the vicinity of the pro-
file, relatively large voids with sizes of 1 to 2m are molten
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5 g out by episodic water channels and air currents (Fig. 2f).
: 3
T 8
2 g 4.3 Eisriesenwelt
i I
. ‘i‘mmiﬂﬁm_’ 7 The Eisriesenwelt has an overall passage length of 42 km.

The only known entrance is located 1642ma.s.l., and the
Fig. 3. Radargram sections of the ice at “Feenpalast 1” (Fig. 2a)ic€-covered part of the cave extends from there for almost
and “Feenpalast 2" (Fig. 2g) (Dachstein-Mamnilfite). (a, b) The 800'm. The Elspalast is an even ice ;urface at the end of
fairly diaphanous ice clearly exhibits the transition from ice to the the ice part with a slope of about.2 It is 50 mx 8-20m
fine-grained sediment. The blue line in the migrated secfign  wide (1740 ma.s.l.). The ice temperatures close to the sur-
shows the baseg(c, d) Radargram sections of the intransparent ice face vary from—1.5°C in late winter to—0.3°C in summer.
with strata found close to the previous location. Arrows indicate theThree meters inside the ice, the temperature is about°C
layers which are also seen on the side of the ice cliff (Fig. 2g) throughout the year (Obleitner and@p 2011).

measurements in 0.08 m depth of the ice yield values ot4'4 Beilsteineisibhle

—1°C in the bottom part and-0.4°C at the base. In gen- o )
eral liquid water could be observed at the surface of all iceBeilsteineisbhle is located in the eastern part of the North-
locations (in autumn), but was never encountered at the bas€m Calcareous Alps at an elevation of 1330ma.s.|. In con-

However, at “Feenpalast 1” refrozen water was found neafrast to the other ventilated caves, it represents a static ice
the base. cave. This type of ice caves exhibits only one (upper) en-

At the second location (“Feenpa|ast 2“), the ice appearérance. C0|d, dense air sinks down into the cave in winter and

mostly intransparent and has only thin layers of clear icelS conserved throughout the summer. If the amount of cold
(Fig. 2g). Additionally, numerous thin sub-horizontal strata &r iS large enough, negative temperatures and cave ice can
of a greyish to brownish particles are interposed. A similar Persist throughout the year. A 30 m long profile was recorded
stratum from Eisriesenwelt (see Sect. 4.3; May et al., 2011)Pn @ planar ice surface (1320ma.s.l.).
was analyzed and found out to be cryogenic calcited{iSp
2008; Obleitner and Stl, 2011). This form of calcite is pro-

; 5 Results
duced by decarbonation when saturated water transforms to

ice (Clarke and Lauriol, 1992). At the bottom, the ice trans-|n the last chapter photographs of cave ice locations were in-
forms into an ice-debris mixture. A 12m long profile was troduced to show the visual outcrop of layers within the ice
obtained at this location on a more than 9 m high ice cliff.  gnd to provide an impression of the diversity of the inves-
A 40m long profile was measured at the nearby locationtjgated ice. Here we present the unmigrated and migrated
“Saarhalle” which comprises an ice with a 40m5mwide  yagargrams of all investigated locations, the cave ice struc-
planar surface (Fig. 2b). In September 2009 a 5.3m longyre and specific basal and internal reflection characteristics
core was taken for isotopic analyses (Kern et al., 2011) abf the ice. Table 1 shows a summary of our result. This
the deepest part of the profile. During the drilling small jnc|ydes ice thickness and volume, visual inspections and re-

amounts of liquid water were extracted in depths betweenjection characteristics for the internal and basal structures
3.3 and 3.6 m. Positive air temperatures (&3 and thin  for the investigated sites.

(mm) layers of water were observed at several places on the

ice surface. However, at the base melting of the ice was no6.1 Dachstein-Mammuttohle

observed.
At “Feenpalast 1” the base is clearly visible in form of a con-
tinuous reflector (Fig. 3a, b). Weak sub-horizontal layering

The Cryosphere, 5, 32840, 2011 www.the-cryosphere.net/5/329/2011/
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Table 1. Type, elevation, ice thickness and volume, visual inspections and reflection characteristics for the internal and basal structures for

the investigated sites. The asterisk denotes locations where the calculation of the volume was not possible (irregular shape of the ice).

Location Max. Internal Visual Basal Visual Wave
Elevation Thickness reflections inspection of reflections inspection speed
Ventilation \Volume internal of basal (mns)
type structures structures Frequency
(MHz)

Feenpalast 1 4m Weak sub-surface Diaphanous ice, Sharp, Clay and 0.165
1360m ca.940m  parallel reflection slight stratification, reflective debris 500
Dynamic bands low particle and continuous < @.1m)

content
Feenpalast 2 >9m Multitude of sharp, Intransparent ice, Not Debris-ice 0.160
1360 m not strong, strata with observed mixture 500
Dynamic calculateti  reflection bands cryogenic calcites
Saarhalle 6m Strong , sharp, Diaphanous Large Large 0.165
1360 m ca. 3200/ subsurface parallel, ice hyperbolae boulders 500
Dynamic tilted layers (8) (1-2m)
Rieseneistihle >15m Large hyperbolae, Large voids Not clearly Debris 0.160
1460 m not few horizontal (1-2m), visible <0.5m) 200
Dynamic calculatetl layers intransparent ice
Eisriesenwelt 75m Sharp, strong, Not Small Debris 0.165
1740m ca. 3700/ tilted layers (3), accessible hyperbolae (0.5-1m) 500
Dynamic not sub-surface parallel in the E part
Beilsteineisibhle 11m Zones of increased Intransparent ice Highly reflective, Sedimentary layer 0.160
1320m ca. 4000/ reflectivity, tilted (outcrop beside continuous in in the 500
Static layers (up to 19 the profile) the SE part SE part

is seen above this reflector. Reflections from below the bas&.2 Dachstein-Rieseneisihle
are attributed to structures within the frozen sedimentary un-
derground.

) Y . The lower boundary of the ice is not clearly identifiable in the
At “Feenpalast 2" the radargram section shows very pro-

. . 4 . GPR data (Fig. 5), but the maximum thickness seems to be
nounced Iayenlng Of the ice (Fig. 3c, d). A multitude of re- about 15 m. Between 3.5 and 5m depth, short horizontal re-
flfe(itlon bands is vg,llble dowrll_to olze(jpths of 4_6;1' The Stra.taﬂection bands can be identified. Compared to the radargrams
0 IV_\f{O pronolurtme _thaye;lrs E 9. ﬂ; péesgrgat ylf_ryo??;mcfrom the other caves, reflection hyperbolae from within the

calcite) correlate with reflectors in the ata (Fig. 3d). ice are not associated with pronounced layering. The distinct

F'At 4SaaArhaIIe tIZe .m.axmumbfhmkness of tEe Lce IS 6T reflection hyperbola at 80 ns and 13 m profile distance may
(Fig. 4). Atone side it is possible to access the base at 4M g o oo o oo o e

depth which is dominated by large boulders (average sizes
of 1 to 2m, Fig. 2b). Opposed to “Feenpalast 1 & 2", the .
. . : 5.3 Eisriesenwelt

radargram section does not yield a continuous reflector at the

bottom, but represents a series of reflection hyperbolae with

mean wave velocities of 0.165 mmns Remarkable features Ice thickness in the eastern part ranges between 1.5m and

are multitudes of pronounced tilted reflection bands in the2.5m, while it rises to 7.5m in the southern part (Fig. 6).

eastern and central part of the ice which are also visible onThe reflections from the base are characterized by numerous

crossing profiles. The inclination of the internal layers is par-hyperbolae. In the shallow part, boulders with sizes rang-

allel to the base topography. Reflections from below the basdéng from 0.5 to 1 m are visible through the clear ice and it is

are numerous and strong, and are attributed to either fissurdikely that they account for the reflection hyperbolae. Again

in the bedrock or debris. We further find a shallow reflector multitudes of slightly dipping reflection bands occur which

(0.4 m to 1 m depth) in the eastern part. traverse the entire ice. These well-visible layers can be iden-
tified down to 5m depth. However, at this location the ice
can't be accessed from the side. To ascertain the origin of

www.the-cryosphere.net/5/329/2011/ The Cryosphere, 5,3%92011
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E _ Profile distance (m) W E Profile distance (m) W
0:: 10 20 30 40 0 5 10 15

Two-way travel time (ns)

120 R

sediment layer

Migrated depth (m)

Fig. 4. Radargram sectiorfa) from the location “Saarhalle”
(Dachstein-Mammuitbhle). The white star indicates the maximum Fig. 5. Radargram sectior(®) from Dachstein-Rieseneighle us-
depth of a core drilling taken for isotopic analyses (Kern, 2011). ing the 200 MHz antenna. The base of the ice is better imaged in
The blue line in the migrated secti@in) shows the interpreted base. the migrated sectio(b).

Note the strong layering inside the ice in the uppermost 4 m and
the marked visible shallow sediment layer (dipping from 0.4 to 1 m
depth). Remarkable is the inclination of the internal layers which is
parallel to the base topography. A picture of an outcrop which runs
perpendicular to the GPR section at the profile distance of 30m is
shown in Fig. 2b.

Profile distance (m) E

vel time (ns)

these reflections we compare the recorded data with synthetic2

>

data based on the results from the core drilling in the discus- €
sion (Sect. 6). g

5.4 Beilsteineiskhle 12095
0 | et T
f kpp

The base is rather reflective in the right part and reveals a -
maximum ice thickness of about 10m (Fig. 7). It is known
from direct observation that the ice partly lies on a sediment
layer. Further, in the south-eastern part the radargram ap-
pears relatively transparent in the upper 2 to 4m and more .
reflective below. The reflections are characterized by both g iz i e
tilted layers and individual reflection hyperbolae. In contrast = = =as
to the other caves, the layers are not as continuous.

ted depth (m

igra

M

5.5 Basal structure Fig. 6. Radargram sectiofa) from Eisriesenwelt. Note the strong
layering in within the ice in the first half of the profile. The blue
Visual inspections of transition from the ice to the ground in€ in the migrated sectiotb) shows the interpreted base. The
(Fig. 2) show that the base involves substrata such as sed|!N€ star denotes the maximum ice depth (7.12m) from the core
ment and debris (from fine-grained up to boulders of Severafnlh.ng reported in May et al. (2011). Note that the inclination of
o . he internal layers does not follow the base topography.
meters in diameter). Massive bedrock was never encoun-
tered. In general, the base recorded by GPR is character-
ized by a sudden increase in reflectivity and termination of

the internal layers (Fig. 8). The transition to a fine-grained

The Cryosphere, 5, 32840, 2011 www.the-cryosphere.net/5/329/2011/
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NW Profile distance (m) SE
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Two-way travel time (ns)
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1171, e LA i

Fig. 8. Details from characteristic basal structures displayed as mi-
grated sections.(a) Transition from ice to fine-grained sediment
(Figs. 2a, 3). The reflective zone in the left part originates from
a large boulder(b) Transition from ice to either debris or jointed
bedrock. The reflection signature is generated by large boulders
(Fig. 2b). (c) The situation shown in Fig. 6 exhibits a base charac-
terized by the termination of internal layers. The incoherent returns
from the base originate from either debris or bedro@k. A base
characterized by a sudden increase in reflectivity (see also Fig. 7).
In the right part base parallel internal layers near the basal zone are
visible.

Migrated depth (m)

Fig. 7. Radargram sectiofa) from Beilsteineisbhle. The blue line
in the migrated sectiotb) shows the interpreted base. In the right

part pronounced internal reflections represent both tilted layers and .. “ . - . . .
A : DU . Sulting from “conventional” dissolution of limestone. In Eis-
individual reflection hyperbolae. The inclination of the reflection

bands varies between almost horizontal and the slope of the inter[IesenWGIt embedd.ed- small boulders (up t0 0.1 m In d.|am—
preted base topography. eter) were found within the layers of the cryogenic calcites.
The strata of the ice in “Feenpalast 2" (Fig. 2d) show changes
of the temporal evolution of ice formation. Subsurface paral-
del strata in the footwall and horizontal strata in the hanging
Cy'vall indicate that the run-off of the seepage water changed.
In Rieseneistihle large voids £0.5m, Fig. 2f) formed by

sedimentary base is characterized by a short, high reflectiv
continuous reflector (Fig. 8a). The sediments are silts an
clays with significantly higher permittivity than ice (Davis S s ) i
and Annan, 1989). Their origin is either dissolved lime- episodic water channels and air currents were identified.

stone or remnants from glacial backfill. In contrast, a basal GPR images different internal reflection signatures from

structure composed of large boulders)(5 m) is identified 1€ ic€ (Fig. 9). Among them are tilted banded layers. Their
by a large number of high amplitude reflection hyperbolae'”dmat'on varies between horizontal and the slope ?f the
(Fig. 4a, Fig, 8a, b). It must be considered that the contrasBuP-surface topography. The latter was observed at “Feen-
in permittivity is relatively small between ice (3—4) and lime- P2alast 1" (Fig. 3b), at “Saarhalle” (Fig. 4b), ‘:cm.d partla},lly
stone (4-8) (Davis and Annan, 1989). In this case, the strongt the bottom at Beilsteineishle (Fig. 7b). At "Eispalast

amplitude of the reflections may be caused by increased h Fig. 6b) the layers are almost horizontal despite a strongly
midity or voids between ice and debris.

inclined subsurface topography.

At all locations reflections caused by point sources (e.g.,
small boulders) were found. They are either superimposed
on the layers (Fig. 9) or occur as individual reflections. The

, . . o . . point sources associated with layers are separated by regular
Visual inspection of the ice in the Dachstein-Caves (Fig. 2)and irregular intervals. Only at the location “Eispalast” the

exhibit that fabrics (voids, particles, opaqueness) are SIgnIfI'Iayers appear without point reflectors, but the termination of

gf"mﬂi/. d|fferSent a;[ ea;:h Ioiﬁt'og’ gn_d algo changeclln VertlCal%he layer is indicated by a pronounced diffraction hyperbola.
irection. Samples from the Dobsina ice cave (Clausen e At the location “Saarhalle” a curved structure is observed

al., 2007) reveal that intransparent, cloudy bands are causeg-. o
.9d). | f -
by layers of small bubbles. They are the most common fe _(11—‘|g 9d). Itis interpreted to be caused by subsurface undu

; lati g.al boulder). Int | def i f the i
ture, but abundant brownish dark layers were also found. W ation (¢.g 2 1arge bouk er). Intemal deformation of the ice
. . . ould require a much higher load.
also observe thin layers (up to 5mm thickness) of particles
(e.g. Fig. 2c). They most likely result from accumulation
of cryogenic calcites (Clark and Lauriol, 1992) or dust re-

5.6 Internal structure
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Table 2. Liquid water and calcite content calculated from the ob-
served EM wave speed and the mean density from the ice core at
the location Eisriesenwelt.

(mns™1) volumetric content (%)
EM wave speed  water calcite

maximum 0.169 0.6 34
mean 0.163 1.9 10.1
minimum 0.157 3.2 17.3

Fig. 9. Details from characteristic internal structures displayed in
wiggle trace and variable density modug) The detail of Fig. 4 The investigation of a 7.12 m long ice core from Eisriesen-
shows many point sources at regular interval superimposed on thgyelt (May et al., 2011) led also to an estimate of the density
banded layers(b) Much fewer point sources occur at irregular in- (May, personal communication, 2010). The average den-
tervals on the detail from Fig. 7(c) The layers appear without sity of the individual samples is87+0.03 g cnt3 which is
point reflectors, but the termination of a layer is indicated by a PrO-|ower than the densitv of pure ice (0.917 <Andersland
nounced diffraction hyperbola (see Fig. &) The curved structure d Lad i 2004 th. p Idb ) I g d by introduci
imaged in Fig. 4 probable originates from an underlain boulder. and La an_yl, ). This CO[,J ? ex.p ained by in .ro ucing
a volumetric amount of 5% air which in turn would increase
the wave speed to 0.172 mHs In order to lower the wave

6 Discussion speed to 0.163 m n$, we apply Looyenga’s mixing formula
again and estimate the corresponding volumetric amount of
6.1 The electromagnetic wave speed water and calcite powder (Table 2). With regard to the un-

certainty analysis, we also consider a maximum velocity of
In this chapter we discuss the electromagnetic (EM) wavep.169 m ns! and a minimum wave speed of 0.157 nthslt
speed as well as the possible origin of the observed layeringurns out that the occurrence of liquid water is more proba-
in the radargram sections. With regard to an uncertainty estible than the inclusion of calcite powder since the latter would
mation, analyses of the EM wave speed and density data frorfequire 10% of calcite powder. This would be in contradic-
the Eisriesenwelt ice core aim at calculating the volumetriction with the observed low density. On the other hand, the

amounts of air and liquid water in the ice. addition of 2% water would not change the density signifi-
The wave speed (m ns™?) for any medium can be calcu- cantly. This assumption is supported by the fact that coring
lated from the permittivity’ according to: proved to be rather difficult: the 7.12 m long core was consid-
0.3 erably fractured and broken up into more than 100 individual
v=—= (1) pieces. This could be explained by an increased presence of
Ve liquid water content in comparison to pure, cold ice.

For the permittivity of pure ice we use 3.2, which results in

a velocity of.0.168 mnst (Robin, 1975). The derived wave 6.2 The possible origin of the reflection bands

speeds are in the range from 0.160 to 0.165mn3he av-

erage from 6 locations is 0.163 mTs which is lower than ) ) o )
the wave speed for pure ice. Although the error analysis re-1N€ discussion of the origin of the observed reflection
sults in an accuracy af 0.006 mns (Appendix A) the low bands in the GPR data addresses the following questions:
average wave speed of 0.163nThss significant since all (i) Do these reflections correlate with results from visual
obtained velocities are below 0.168 nTAsLooyenga’s for-  Stratigraphy where available (Eisriesenwelt, “Feenpalast 27)?
mula (Looyenga, 1965) enables to calculate the permittivity(”) Couldmthe a.ccumulatlon.of calcite cause these internal
for mixed media, where it is assumed that both media are hol2yers? (i) Which are possible mechanisms for the forma-
mogenously mixed. In reverse, when the permittivity and/orion Of theses layers? Are they isochrones? _
wave speed of the two constituting media are known, we can At first we qualitatively compared the observed reflection
calculate their volumetric amounts in the mixture. To apply Pands at Eisriesenwelt with the available data from the core
Looyenga’s formula for a 3-phase media (ice, air and waterdrilling. The core was visually inspected for its stratification,
or calcite powder) we used the extension presented in Heiligdhd quasi-continuous depth profiles for gravimetric ice den-
etal. (2009). In the following, we introduce permittivity val- Sity, electrolytic conductivity and stable isotopes were per-

ues of 8 for calcite powder (Lebron et al., 2004), 80 for liquid formed in a laboratory (May et al., 2011). The visual inspec-
water, and 1 for air. tion of the stratification showed a significant correlation with

the GPR data. We also performed optical inspection of the
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Fig. 10. Recorded reflection bands from GPR and synthetic data based on the interpreted layers of calcite powder from the core drilling (May
et al., 2011) at the location Eisriesenwekl) representative GPR signal (stacked from 10 individual tragb¥)ynthetic signal(c) GPR
permittivity model,(d) recorded reflection band&) density profile (May, personal communication, 20d9)electrolytic conductivity after

May et al., 2010. The latter is shown for completeness. The red lines denote layers which produce significant reflections in the synthetic data
and that can be correlated with&ndd). The error bars ifa) show the estimated uncertainty of the GPR signal.

ice C,“ﬁ at the location “Feenpalast 2",' Based on the Ob_tamedTabIe 3. Physical parameters (permittivity, conductivity) which are
stratigraphy, we modelled the reflection bands by calcite lay- geq in the calculation of the synthetic traces.
ersin theice.

To compare the synthetic data from a model with the

Permittivity Conductivity Reference

recorded GPR data a representative trace was generated by & HSmy
sftackmg. At both locations the stack!ng was performed for o a2 9 Robin. 1975
single traces which were recorded within 0.5m to the clos-  cycite powder 8.0 100  Lebron et al. (2004)

est location of the visual stratigraphy. For the model we as-
sume pure ice with layers of homogenously distributed cal-
cite powder. Depth and thickness of these layers were ob-
tained from the visual inspection of the stratification. For ) ) ) _
the simulation of the EM wave propagation we chose thereflgctlons in th(_a synthetic _data (e.g.in 5.7 m depth) do not
FD-algorithm implemented in ReflexW, which is based on originate from dll’ECF reflectlon§ of the calcite layers, but are
the solution of Maxwell equations. For the 2-D-model we 'dentified to be multiple reflections.
used a center frequency of 500 MHz for the source wavelet (a The uncertainty of the wave speed (see error bars in
Kuepper wavelet with a |ength of 2 ns)' a Samp|e interval of Fig. 10a) is mostly smaller than the systematic shifts between
0.008m (in space) and 0.025 ns (in time), a range of 130 nsthe correlated field and synthetic data. Since the core has
as source the exploding reflectors, and linear absorbing-rangeeen extracted 3 m off-side the GPR profile, these systematic
as boundary condition. The physical parameters (permittiv-deviations are explained by the obliquity of the layers. The
ity, conductivity) are given in Table 3. For comparison we depth difference due to this dip can be estimated from an
show the representative and the synthetic trace with the sam@djacent GPR profile and result in a value of about 0.25m.
gain as well as the model and the reflections bands. Wherdhis value is an additive factor, since the layers dip towards
available we d|3p|ay a photograph of the visual inspection Ofthe borehole, and reduces the deviation for the correlated re-
the stratification and the density prof”e. flections Significantly. With regard to this estimation we cor-
Figure 10 displays the comparison of the recorded ref|ecf€|ate the reflection bands with the calcite Iayers from the
tion bands with synthetic data based on the stratification ofvisual inspections of the Eisriesenwelt core.
the Eisriesenwelt core. Seven significant reflections from the For the location “Feenpalast 2" the stratification exhibits
synthetic data can be correlated with the representative traciur pronounced sediment layers that were used for the
from the GPR data. Out of these seven reflections, three higlgeneration of the synthetic model. Figure 11 shows the result
amplitude reflection bands (in 0.7, 2.4, and 4.4 m depth) carof the synthetic data and the comparison with the represen-
be clearly correlated with the modelled calcite layers. Someative trace from the recorded GPR data. High amplitude
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(m) representative trace synthetictrace model radargram photograph
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Fig. 11. Recorded reflection bands from GPR and synthetic data based on the interpreted layers of calcite powder from the strata taken at
the location “Feenpalast 2" (Dachstein-Mammiitike): (a) representative GPR signal (stacked traflg) synthetic signal(c) GPR model,

(d) recorded reflection band&) photograph. The red lines denote layers which produce significant reflections in the synthetic data and that
can be correlated witta(andd). The error bars irfa) show the estimated uncertainty of the GPR signal.

reflections in a depth of 0.35 and 2.4 m can be correlatedvith materials from above (e.g. small boulders). This can
with the synthetic signal. Further, the most prominent sed-be observed at various locations (e.g. Eisriesenwel@itlSp
iment layer listed in the visual inspection of the stratification 2008), and it could explain why several point sources were
(in 2.6 m depth) produces a high amplitude reflection in theobserved along such reflection bands. While at first sight the
synthetic data which correlates clearly with a high amplitudeidea of isochrones seems plausible, the fact that some of them
reflection band. The correlation of the measured traces wittare tilted challenges this assumption. Possible mechanisms
the synthetic traces shows again different offsets and also difwhich are in accordance with the concept of isochrones and
ferent offset signs. We assume that an obliquely oriented intheir tilted appearance may invoke run-off of seepage wa-
clination of the layers account for the different offsets. Theter or post-sedimentary basal melting, but this is subject to
different offset signs could be developed if the ice was firstfurther studies. Wind action due to change in ventilation
formed by seepage water and then by backwater. Such prazould cause the accumulation of these particles at the surface.
cesses were interpreted in “Feenpalast 2” (Fig. 2d). HoweveiThe occurrence of the shallow reflector in the eastern part
we suggest that dense layers of calcite powder produce higbf “Saarhalle” is attributed to interbedded particles (presum-
amplitude reflection bands in cave ice. ably calcite powder), which are partially visible through the
So far we showed that both of the inclusions (water, cal-ice. This sediment layer and it's abrupt termination (Fig. 4a)
cite) can be incorporated in the ice and that layer of calcitemight be explained by such processes.
powder were presumably recorded as reflection bands by the
GPR. The latter argumentation is strengthened by the ob- _
served lateral changes in amplitude along reflection bandd ~Conclusions

(e.g. Figs. 3b, 7b) which are rather caused by mterbedde%PR in combination with shielded antennae has been proven

particles with different grades of dispersal than by changesto be well suited to investigate the thickness and volume of

in the water content or changes in crystal-orientation fabrlc.the cave ice as well as to image their basal and internal struc-

Further th|s. h.ypo.the5|s IS sup_pprted by the occurrence of "Cure. Centre frequencies between 200 and 500 MHz allow
flections originating from a visible shallow sediment layer

within the ice (Fig. 4). If we focus on the possible mecha- penetrating ice of at least 10-15m thickness. The inferred

nism for the formation of these sediment layers we have to'ce thickness could be confirmed by core drilling (May etal.,

precede a period of ice degradation (MAATO°C) to gen- 2011, k(er_n etal., 201_1) at the locations “Saarhalle and_ Eis-
. .palast”. Like on glaciers (Eisen et al., 2003), the punctiform
erate layers of accumulated particles. These layers consi

X : . . . d formation gained from ice cores can be linked to the obser-
of particles (sediments in general, cryogenic calcites) an

. : . _vation of continuous internal layers, and can thus be extended
represent isochrones which are related to the onset of in- " .

; : . ... to wider areas.
creased ablation Thus longer periods of degradation facili-

tates the formation of thicker layers that might be enriched
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