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Abstract
In this study we use a concept based on three geophysical methods (Ground-penetrating radar / GPR, seismic refraction, gravimetry) to provide new insight into the internal structure, ice content and dynamics of the two active rock glaciers Ölgrube and Kaiserberg. Both rock glaciers are located in side valleys of the Kauner Valley (Ötztal Alps, Austria) and consist of debris derived from
orthogneiss, paragneiss and mica schist. At both rock glaciers we determined a 4 - 6 m thick debris layer at the surface (active
layer), underlain by 20 - 30 m of ice-rich permafrost, and 10 - 15 m of ice-free sediments. The average depth to the bedrock was
found in 35 - 50 m. Estimated volumetric ice contents vary between 40 and 60 % based on our field measurements. Structural and
physical parameters derived from the mentioned surface based geophysical methods are used to explain the dynamics of the rock
glaciers. From the two rock glaciers that were investigated in this study and one additional rock glacier, which was investigated by
applying the same methodology in an earlier study, we found a parameter that describes their creep behaviour and shows that the
three geophysical models are conclusive. Concerning the dynamics of these active rock glaciers, the data indicate that a reduction
of the ice content causes an increase of internal friction, lower seismic P-wave velocities, and higher bulk densities. In order to
keep a degrading rock glacier in motion a thickening is required. The GPR-reflection patterns of the permafrost layer and their
relation to the structural and physical parameters primarily reveal that long reflectors parallel to the surface are found in regions
with high P-wave velocity and low density, indicating zones with high ice content.________________________________________
In dieser Arbeit wird eine Kombination aus drei geophysikalischen Methoden (Georadar, Refraktionsseismik, Gravimetrie) angewandt, um Erkenntnisse über die interne Struktur, den Eisgehalt und die Dynamik der beiden aktiven Blockgletscher Ölgrube und
Kaiserberg zu gewinnen. Die beiden Blockgletscher befinden sich in Seitentälern des Kaunertals (Ötztaler Alpen, Tirol) und bestehen aus Schuttmaterial, das durch die Verwitterung von Orthogneis, Paragneis und Glimmerschiefer im Einzugsgebiet entstanden
ist. Aus den geophysikalischen Modellen resultieren für beide Blockgletscher ein vierschichtiger Aufbau: eine 4 - 6 m dicke ungefrorene Schuttlage („active layer“), darunter 20 - 30 m eisreicher Permafrost und 10 - 15 m eisfreie Sedimente. Das Festgestein
schließlich wurde in 35 - 50 m Tiefe detektiert. Der Wert für den Eisgehalt variiert zwischen 40 und 60 vol%. Die Kenntnis der resultierenden Strukturen und physikalischen Parameter dient dazu, das dynamische Verhalten von Blockgletschern zu erklären. Durch
den Vergleich der beiden Blockgletscher und eines dritten, der mit denselben Methoden in einer früheren Studie bearbeitet wurde,
konnte eine gemeinsame Schätzgröße gefunden werden, die das Kriechverhalten beschreibt und die Ergebnisse der geophysikalischen Modelle unterstützt. Es konnte herausgefunden werden, dass eine Reduktion des Eisgehalts zu einer Erhöhung der internen Reibung, einer geringeren seismischen P-Wellengeschwindigkeit und einer höheren Dichte führt. Die Reflexionsmuster aus
dem Permafrost zeigen, dass lange, oberflächen-parallele Reflektoren in Gebieten mit höherer seismischer P-Wellengeschwindigkeit
und geringer Dichte vorkommen und daher eisreiche Zonen repräsentieren._____________________________________________

1. Introduction
The internal structure and the ice content of active rock gla-

like drilling or geophysical prospecting are useful tools (Aren-

ciers are important for investigating the geotechnical beha-

son and Jakob, 2010). This study quantitatively provides struc-

viour of alpine permafrost, for understanding the genesis of

tural and physical parameters for the questions mentioned

these landforms and for predicting their future response to cli-

above and focuses on the lateral assessment of hitherto poor-

mate change. Other questions are based on structural and

ly or sparsely determined parameters, such as ice content,

physical parameters and relate to the sediment storage where

permafrost thickness, and depth to bedrock found below the

rock glaciers are important parameters for sediment budget

surface debris layer._________________________________

analyses (Barsch and Jakob, 1998; Otto et al., 2009). To stu-

Core drilling on rock glaciers (e.g. Haeberli et al., 2006; Tab.

dy the influence of rock glaciers on the hydrological regime

1) showed that the internal structure and distribution of ice can

(Haeberli, 1990; Haeberli et al., 1993; Burger et al., 1999;

change significantly in vertical and lateral direction (Barsch et

Brenning, 2005; Azocar and Brenning, 2010), field methods

al., 1979; Vonder Mühll and Holub, 1992; Arenson et al., 2002).
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These authors describe layers composed of either massive

tations (Hausmann et al., 2007).________________________

ice, ice in pore space, ice lenses, or sandy-silty materials

Ice contents of rock glaciers derived from borehole records

found below the active layer. The active layer consists of

or geophysical measurements range from 10 to almost 100 %

boulders (up to several meters in diameter) and fine-grained

and often vary significantly with depth (e.g. Potter, 1972;

sandy-silty materials in the European Alps, and of gravel or

Barsch et. al., 1979; Francou et al., 1999; Haeberli et al.,

cobbles in other regions (Isaksen et al., 2000). Recent core

2006; Hausmann et al., 2007). So far, ice content estimates

drilling at nearby Lazaun rock glacier, South Tyrol, Italy (Toni-

based on geophysical methods are computed from either (i)

dandel et al., 2010) exhibits similar internal structures like

seismic P-wave velocities using the Müller formula (Röthlis-

distinct shear horizons as observed in earlier studies (e.g.,

berger, 1972; Barsch, 1996), (ii) a density model based on

Arenson et al., 2002). The permafrost core at Lazaun con-

gravimetric measurements (Hausmann et al., 2007), or (iii)

sists of a mixture of ice, sand and gravel with a thickness of

seismic P-wave velocities and electrical resistivities using

~ 17 m with ice-free layers composed of boulders and gravel.

Archie's law (Archie, 1942) and an extended Timur equation

It rests on a lodgment till that is overlain by a similar layer of

(Timur, 1968; Hauck et al., 2011).______________________

boulders (~ 5 m). The thickness of the lodgment till was > 7 m.

In this study, we describe the internal structure of Ölgrube

Inclinometer data indicate that no significant displacements

and Kaiserberg rock glaciers based on ground-penetrating

occur beneath the base of the ice-rich permafrost._________

radar, seismic refraction, and gravimetric measurements. The

In the last decade various geophysical methods were applied

resulting structural and physical parameters are used to dis-

in mountainous permafrost terrain (e.g. Vonder Mühll et al.,

cuss their relation to the dynamic behaviour of the rock gla-

2001; Hauck and Vonder Mühll, 2003a; Kneisel et al., 2008)

ciers. Therefore, we compare the two rock glaciers from this

for mapping and exploring the internal structure of the perma-

study and one additional rock glacier, which was investigated

frost and its temporal changes (Table 1). For structural inves-

by applying the same methods in an earlier study (Hausmann

tigation of rock glaciers, seismology, ground-penetrating radar

et al., 2007), and draw conclusions that help to understand

(GPR) and geoelectrics are usually applied. Gravimetric mea-

the internal structure of rock glaciers in general. The following

surements have been carried out rarely during the past years

questions are addressed: Does their creep behaviour follow

although they allow constraining the bedrock topography or

the same principles, and can such a relation be formulated

ice content estimates. Recently, combinations of several geo-

from the assessed parameters? Do the GPR-reflections cor-

physical methods provided improved models of rock glaciers

relate with the resulting structural and physical parameters?_

(e.g., Vonder Mühll et al., 2000; Farbrot et al., 2005; Ikeda,
2006; Maurer and Hauck, 2007; Hausmann et al., 2007; Leo-

2. Field sites

pold et al., 2011) and facilitated the establishment of rheolo-

Both investigated rock glaciers are located in the catchment

gical models in order to benchmark the geophysical interpre-

area of the Kauner Valley in the western Ötztal Alps, Tyrol,

Table 1: Compilation of representative studies of mountain permafrost using geophysical methods.______________________________________
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Austria (Fig. 1) and represent two of the largest rock glaciers

vely flat ground of an alpine meadow at an altitude of about

in this area. They were chosen because of their large size,

2380 m (Figs 1a, b). The rock glacier covers an area of 0.2

their impressive high front lobes, their high surface velocities

km2, the drainage area measures 1.9 km2 (including a small

(Finsterwalder 1928; Pillewizer 1957, Berger et al., 2004, Krai-

cirque glacier covering 0.15 km2). The surface of the northern

ner et al., 2006), and their expected high ice volume. Additio-

part of the rock glacier shows distinct longitudinal and trans-

nally, many previous studies exist (Krainer and Mostler, 2002;

verse furrows and ridges. It is composed of debris derived

Krainer et al., 2002; Krainer et al., 2007). Recent work on a

from orthogneiss of the Ölgrubenspitz massif. The active front

regional rock glacier inventory exhibited 123 rock glaciers

is approximately 70 m high and 40 - 45 ° steep. The surface

(7.3 km2) in the catchment of the Kauner Valley which include

material of the active layer generally consists of two horizons:

39 (32 %) active, 42 (34 %) inactive and 42 (34 %) relict rock

a very coarse-grained surface layer which is underlain by a

glaciers. At the closest meteorological station (Weißsee, 2540

finer-grained layer. The coarse-grained debris mantle shows

m a.s.l, 4 km SW to Ölgrube) the mean annual air tempera-

an average grain size of the a-axis of 20 - 40 cm, but indivi-

ture is -0.4 °C for the period 2007-2009 and the annual pre-

dual blocks reach maximum diameters up to several meters

cipitation is 1300 mm for the period 1980-2000.___________

(Berger et al., 2004). The finer-grained layer, which is exposed at the steep sides and the frontal slope, consists of sandy

2.1 Ölgrube

silt to silty sand with embedded boulders.________________

The rock glacier Innere Ölgrube (46.8945° N, 10.7539° E) is

The ground temperature in the debris layer shows a distinct

located in a small west-trending tributary valley of the Kauner

pattern of seasonal and diurnal variations. During winter, tem-

Valley in the western Ötztal Alps. The bedrock in the catch-

peratures at the base of the snow cover are significantly lower

ment area consists of orthogneiss, paragneiss and mica schist

on the rock glacier than outside, indicating the presence of

of the Stubai-Ötztal complex (Hoinkes and Thöni, 1993). The

permafrost (see Berger et al., 2004).____________________

rock glacier, which is composed of two tongue-shaped parts,

Discharge shows distinct seasonal and diurnal variations.

is 250 m wide and 880 m long and terminates on the relati-

Electrical conductivity is very low during high discharge peri-

Figure 1: Location map, photographs and location of profiles of the two studied rock glaciers. (a) Location map of the rock glaciers Kaiserberg
(1), Ölgrube (2), and Reichenkar (3). (b, c) Photographs of the rock glaciers Ölgrube (b, d) and Kaiserberg (c, e) with the flow direction and the locations of the discussed profiles. (d, e) Aerial photographs of the Ölgrube and Kaiserberg rock glaciers with the displacements and the locations of the
geophysical investigations. The displacements were measured in 2003 and 2004 (381 days) at Ölgrube and in 2002 and 2004 at Kaiserberg (750
days). Ground-penetrating radar (GPR) profiles and locations of the seismic stations are highlighted by black arrows and white regions. The letters AD denote the main seismic profiles and the numbers 1-7 the GPR profiles on the rock glacier. Aerial photographs are from 2003 and reproduced by
permission of the Administration of Tyrol/tiris.____________________________________________________________________________________
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ods with typical values of 25 – 45 µS/cm. Towards autumn,

in 2004. The highest surface velocities were determined at

when discharge decreases, electrical conductivity increases

the steeper eastern part of the rock glacier. Surface velocities

to values of 110 – 130 µS/cm. The water temperature of the

were > 1 m/a, the highest values being 2.0 m/a. Markers lo-

rock glacier springs remains permanently < 1.5 °C during the

cated at the central and western part of the rock glacier yiel-

entire melt season. Detailed data concerning hydrology are

ded displacements of 0.4 - 0.9 m within a period of two years

presented by Berger et al. (2004), Krainer and Mostler (2002),

(Krainer and Mostler, 2006).___________________________

and Krainer et al. (2007)._____________________________
The earliest measurements of surface velocities were repor-

3. Methods

ted by Finsterwalder (1928). For the period 1923 - 1924, displacements up to 0.5 m were observed. Pillewizer (1957) mea-

3.1 Geophysical investigation approach

sured values of 0.5 m/a along a profile on the lower part and

In this study we follow the concept introduced by Hausmann

0.75 m/a along a profile on the upper part of the rock glacier

et al. (2007) to investigate the internal structure of ice-rich

for the period 1938 - 1957. Real-Time Kinematic GPS mea-

rock glaciers:_______________________________________

surements have been started in the year 2000 by using 21

1. GPR measurements provide information on the depth to the

survey markers along two profiles and 2 reference points out-

base of the ice-rich permafrost and locally to the bedrock._

side the rock glacier (Krainer and Mostler, 2006). Additionally,

2. Seismic refraction provides information on the depths to

165 survey markers from the gravimetric measurements were

the ice-rich permafrost and to the surface of the bedrock.

observed in 2002 and 2003. The highest surface velocities (up

With the seismic data and the knowledge of GPR it is clear

to 2.5 m/a) were measured near the front, velocities gradually

that the following 4 layers have to be resolved: a) surface

decreased upward, referring to an extensional flow regime. In

debris layer (“active layer”), b) ice-rich permafrost body, c)

the upper part the highest surface velocities (0.95 m/a) occur-

unfrozen (ice-free) sediments below the permafrost body,

red near the southern margin and decreased towards the nor-

and d) the surface of the bedrock. As the sediment layer is

thern margin of the northern rock glacier. Surface velocities

a lower velocity zone, it can not be determined by seismic

generally increased from 2002 to 2004, but decreased in 2005

data alone. The necessary additional information is provi-

(details in Krainer and Mostler, 2006) which is in accordance

ded by GPR and P-wave velocities of the surrounding se-

to other rock glaciers in the European Alps (Delaloye et al.,

diments. A confirmation of this approach is found in areas

2008).

where the bedrock surface is resolved by GPR and seis-

2.2 Kaiserberg

deeper parts of the rock glacier, the surface debris layer,

mic refraction. As we focus during the seismic analysis on
The Kaiserberg rock glacier (46.9109° N, 10.6769° E) is lo-

with grain sizes varying from fine to coarse, is resolved as

cated in the upper reaches of the east-facing Kaiserberg Val-

one layer._______________________________________

ley, which is a tributary of the Kauner Valley. The rock glacier

3. The results from GPR and seismic refraction are combined

has a lobate form with a maximum width of 550 m, and lengths

to establish a density model. The density (porosity) for the

ranging from 350 to 400 m. The rock glacier covers an area

surface debris layer and the sediment layer below the per-

of 0.15 km2. The frontal slope at an altitude of 2585 m is ac-

mafrost is calculated from a relationship between P-wave

tive and steeply inclined (41 - 45 °). The coarse-grained sur-

velocity and porosity (Watkins et al., 1972). In a next step

face layer shows pronounced ridges and furrows. Melt water

the density of the ice-rich permafrost is determined by the

is released at two springs at the foot of the steep front. The

gravimetric data. Based on the derived structure and den-

rock glacier is predominantly composed of orthogneiss clasts,

sities, the relative ice content is calculated (Hausmann et

subordinated are mica schist and amphibolite clasts._______

al., 2007)._______________________________________

The grain size of the surface layer varies from place to place.

In this study we additionally use the resulting structural and

Grain size measurements (Berger, 2002) show that clasts with

physical parameters to better understand the dynamic beha-

grain sizes of 1 - 20 cm dominate on fine-grained areas, boul-

viour of the rock glacier. To quantify the stress regime which

ders > 50 cm are rare (max. 4 %). On coarse-grained areas

drives the movement of the rock glaciers, we compute a pa-

the average grain-size is 40 - 55 cm. 35 % of the boulders

rameter related to the shear stress at the base (Paterson,

are > 50 cm, 6 % > 100 cm, the maximum size is 537 cm.

1994) of the ice-rich permafrost layer. In a next step we com-

Samples taken at the steep front of the finer-grained layer

pare this parameter with the observed parameters (P-wave

contain 4 – 6 wt% clay and silt, 4 – 5 wt% sand, and 90 wt%

velocities, bulk densities, thicknesses) from the two rock gla-

pebbles and boulders. The sorting is extremely poor._______

ciers and one rock glacier that was investigated by applying

The BTS (bottom temperatures of the snow cover) recorded

the same methods (Hausmann et al., 2007). To describe the

on the rock glacier were always lower than those measured

movement of the three rock glaciers we use the power law.

outside the rock glacier (Berger, 2002).__________________

Finally, the GPR-reflections of the permafrost layer are dis-

At the Kaiserberg rock glacier 112 survey markers were in-

played together with the P-wave velocities, the densities (ice

stalled on the rock glacier and 2 reference points outside.

contents) and the surface velocities along the profiles of the

The markers were first measured in 2002 and re-measured

main flow direction.__________________________________
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3.2 Data acquisition and processing
Ground-penetrating radar data were collected using a GSSI

diment to provide a sparse 3D-aspect. Details on the shot
and receiver layout are shown together with the data (Fig. 4).

SIR 2000 system in combination with the multiple low-frequency

The seismic measurements were carried out using 44 shots

antennae of 15 and 35 MHz. All measurements were conduc-

for Ölgrube, 37 shots for Kaiserberg and 30 single channel

ted in the same season when the rock glaciers were covered

miniature recorders (Reftek 125). Seismic energy, generated

with a thick layer of snow and when melt water was absent.

by the use of detonating cords blasted at the surface, was re-

Figures 1d and e display the location of the recorded profiles

corded simultaneously by all receivers. The temporal sample

at Ölgrube rock glacier for the years 2002 (profiles 4 - 5; 35

interval was 1 ms.___________________________________

MHz) and 2007 (profiles 1 - 3; 15 MHz). At Kaiserberg a longi-

The raw data were processed with trace Direct-Current (DC)

tudinal and a transverse profile (6, 7) were surveyed in 2002

removal, bottom mute, trapezoid band pass-filter (10-30-140-

using the 35 MHz antennae. The data were acquired along

180 Hz) and constant gain control for Kaiserberg rock glacier,

longitudinal and transverse profiles using a fixed antenna spa-

and with bottom mute and constant gain control for Ölgrube

cing of 4 m and a spatial sample interval of 1 m (point mo-

rock glacier. To provide an estimate of a 1D-layer model, we

dus). The main recording parameters were 900 ns (35 MHz)

employed a plot of first arrival travel times and a stack of tra-

or 1200 ns (15 MHz) record length, 1024 samples per scan,

ces to offset bins of 6 m with geophones and shots on the rock

16 bits per sample, and 32-fold vertical stacking. Vertical re-

glacier (Hausmann et al., 2007). The depth to the ice-rich per-

solution defines how far apart two interfaces must be in order

mafrost is computed via shot- and receiver-based delay times

to appear as separate reflectors. An electromagnetic pulse of

using the refraction statics calculation tool in ProMAX. The cal-

15 MHz propagates with a wavelength of 9 m in ice-rich per-

culation of the depth to the bedrock takes advantage of the

mafrost (assuming a wave speed of 0.14 m/ns), which results

3D-aspect of the shot and receiver layout and is computed by

in a vertical resolution of about 2.3 m (¼ of the signal wave-

a 3D inversion (e.g., Kirchheimer, 1988a, 1988b) in which de-

length; Yilmaz, 2001). However, the presence of thin interme-

lay times are proxies for refractor depths (Telford et al., 1990).

diate layers in the permafrost with a large contrast in permit-

For gravity field survey a total of 230 stations were measured

tivity (e.g., shear zones) can be well identified (e.g., Maurer

at Ölgrube in summer 2003 and, respectively, 130 stations at

and Hauck, 2007; Krainer et al., 2010), whereas the thickness

Kaiserberg in July 2002. A Scintrex CG-3 gravity meter (accu-

can not be resolved without wavefield modelling (Yilmaz, 2001).

racy: ±10 µGal; 1 µGal=10-8 ms-2) was used to make measure-

The raw data were processed with trace mixing (reduction of

ments on the rock glaciers and at adjoining locations in order

antenna noise), automatic gain control (300 - 500 ns length),

to estimate the regional field. At Ölgrube 187 locations on the

trapezoid band pass-filter for the 15 MHz (8-10-40-45 MHz)

rock glacier and 43 beside it were measured (inlet in Fig. 5a).

and 35 MHz records (5-15-45-70 MHz), deconvolution, migra-

The average spatial sample interval for stations situated on

tion, and static corrections using the 2D software ProMAX

the rock glacier was ~ 20 m. For Kaiserberg 130 locations

(Landmark). For the migration we applied the Steep dip ex-

were measured at the rock glacier and 25 outside (see inlet in

plicit Finite-Difference (FD) time migration algorithm with a

Fig. 5b). The spatial sample interval for stations situated on the

maximum dip of 70°. Electromagnetic (EM) wave speed was

rock glacier was ~ 25 m. The positions of the stations were

assessed by both reflection hyperbolae identified in the radar-

determined by RTK-GPS (accuracy of elevation: ± 6 cm). Ins-

gram sections and migration velocity analyses. The latter one

trument drift was recorded by repeated measurements at a

provides an accurate interval velocity model for the depth mi-

base station and corrected linearly._____________________

gration. The derived wave speeds are 0.14 m/ns for Ölgrube

The Bouguer anomaly is computed after applying reductions

and 0.15 m/ns for Kaiserberg. Since unshielded antennae

for: the instrument drift, the atmosphere, the normal gravity of

were used, all discussed features are carefully examined with

the ellipsoid, the height dependency (free-air reduction), and

regard to their possible origins (e.g., reflections from rock walls).

the crustal mass (topographic correction and Bouguer plate).

To get an overview on the spatial connection of identified re-

Corresponding to a regional density map (Granser et al., 1989),

flectors, we displayed the data within the three-dimensional

a value of 2670 kg/m3 was used for the mass correction for

(3D) view of the software GoCAD (Earth Decision/Paradigm).

both locations. For the topographic reduction we used the al-

Seismic refraction measurements were carried out for Öl-

gorithm by Götze and Lahmeyer (1988) and the official Aus-

grube along the profiles A and B (Fig. 1b, d) in summer 2003.

trian DTM (raster size: 50 m) in combination with all locations

The seismic survey at Kaiserberg was carried out in June

that were surveyed by RTK-GPS, a reduction radius of 50 km,

2002 by stations arranged along the profiles C and D (Fig. 1c,

and a constant density value. In the next step a linear regional

e). A layout with shots and receivers deployed on the rock

trend is subtracted using only stations beside the rock glaci-

glacier (along a longitudinal and a transverse profile) and

ers. Subsequently, the residual anomaly was interpreted by

beside the rock glacier was used. The average spacing of the

2.5-D density modelling using the software GMSys (Geosoft,

geophones (4.5 Hz natural frequency) on the rock glacier was

Oasis Montaj). The density model is constrained by (a) the

about 15 m and on the nearby sediment layer between 15 and

structural model and (b) a conversion of seismic velocity to

200 m. The layout for Ölgrube additionally includes stations

density for the surface boulder layer and the sediment layer

arranged outside the rock glacier on ground composed of se-

below the permafrost. The dependence of in-situ compressio-
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nal wave velocity on porosity in unsaturated rocks was inves-

the fractional porosity and vP the seismic P-wave velocity.___

tigated by Watkins et al. (1972) and suggests a logarithmic
relationship between P-wave velocity and porosity:_________
(1)

4 Field results
4.1 Ground-penetrating radar
For the Ölgrube rock glacier the migrated radar sections ex-

Equation (1) shows the least square regression where Ö is

hibit the following main reflectors for the longitudinal profile

Figure 2: Migrated ground-penetrating radar sections along the Ölgrube rock glacier. Interpretations are superimposed on the section: (i) highamplitude basal reflector, (ii) pronounced internal reflector identified in 4 of 5 sections. For the locations of the profiles see the inlet in the topmost
section. The present flow direction is from E to W.________________________________________________________________________________
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(profile 1, 375 m long and profile 5 as part of this profile)

internal reflector (ii) that appears almost continuously along

(Fig. 2a, e): (i) a high-amplitude basal reflector dipping from 0

all profiles. This reflector can be identified in four profiles (1-

to 60 m, (ii) a pronounced internal reflector ranging from 0 to

4) and is interpreted as an ice-free sediment layer. This is in-

100 m and from 155 to 275 m. In the transverse profile 2 (Fig.

dicated as follows: The reflector can be identified clearly and

2b) only the pronounced reflector (ii) was identified. At the

is continuous over a large extent of the investigated area. It

northern margin of the rock glacier the reflector has a depth

causes a high reflectivity that is compatible with wet and/or

of ~ 7 m and dips towards the southern part to a depth of ~

fine-grained sediments. In the area next to the rock glacier

30 m. The pronounced reflector (ii) is displayed again in the

boundary, the surface of the reflector shows a similar curva-

transverse profile 3 (Fig. 2c). It appears almost continuously

ture as the ice-free sediment layer outside the rock glacier. It

along the whole profile and, as before, dips from north to south.

is not compatible with the bedrock surface shown by seismic

The maximal depth of the reflector is about 30 m. The second

refraction and gravimetry presented in the next sections.____

reflector was determined from 25 to 60 m and is assigned to

For Kaiserberg rock glacier the location of the two profiles

the basal reflector (i). Transverse profile 4 (Fig. 2d) again shows

and the migrated radar sections are displayed in Figure 3. Si-

the continuation of reflector (ii) which dips from the northern

milar to Ölgrube rock glacier, we identified two main reflec-

part (~ 20 m) to the southern part (~ 40 m). Part of the high-

tors: (i) a basal reflector and (ii) an internal reflector. Starting

amplitude basal reflector (i) is identified from 0 to 35 m in the

with profile 7, the basal reflector (i) is clearly identified at the

longitudinal profile 5 (Fig. 2e). The data depict a pronounced

southern part (0 - 80 m). Towards the north it declines to a

Figure 3: Migrated ground-penetrating radar sections along the Kaiserberg rock glacier. Interpretations are superimposed on the section: (i) high
amplitude basal reflector, (ii) pronounced internal reflector identified in all sections. For the locations of the profiles see the inlet in the topmost section.
The present flow direction is from W to E._______________________________________________________________________________________
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depth of 45 m and is identified again at a profile distance of

tional delay time caused by the ice-free sediment layer below

160 - 210 m. The continuation of this reflector is shown in pro-

the permafrost. Therefore, we investigated the travel times of

file 6. In this section the reflector is clearly identified between

all refracted waves that were generated and recorded outside

80 and 160 m and to some extent from 160 m to 310 m. The

of the rock glacier. The travel times clearly show two layers

correlation of these two reflectors is strengthened since the

with a velocity of 800 - 1350 m/s (for short and large offsets)

interpolated reflector from profile 7 (140 - 160 m) is connec-

for the ice-free sediments and ~ 4500 m/s for the bedrock.

ted at an elevation of 2610 m with the reflector of profile 6. No-

Computed depths to bedrock were 15 - 20 m. The highest

ticeable is the abrupt termination of high-amplitude reflections

depths occur near the north-western margin of the rock gla-

below this reflector. The internal reflector (ii) is well identified

cier where a rampart is mapped (K. Krainer, unpublished da-

from 100 to 250 m and stepwise from 270 to 310 m. The re-

ta). The final depths to the bedrock were calculated by using

flector separates a zone of reflectors parallel to the surface

a velocity of 1350 m/s for the ice-free sediments below the

with a zone of undulating and chaotic reflections. In profile 7

permafrost. This value corresponds to compacted sediments

the internal reflector is clearly identified from 70 to 170 m. At

(Hauck and Kneisel, 2008) and was observed at larger offs-

the northern part of profile 7 the high amplitude reflector (i)

ets. Beneath the rock glacier the mean depth to the ice-free

lies at an elevation of ~ 2620 m. The seismic data recorded

sediments is 34 m and to the bedrock 46 m.______________

to the north of the rock glacier (see next section) show similar

For the Kaiserberg rock glacier the seismic data are shown

values for the altitude of the bedrock interface.____________

in Figure 4b. The correlation of the different phases exhibits a

4.2 Seismic refraction

P-wave velocities for each layer: surface debris layer - 1080

composition similar to Ölgrube and leads to an estimate of the
For the Ölgrube rock glacier representative seismic data are

m/s, ice-rich permafrost - 3600 m/s, and bedrock - 4550 m/s.

displayed in Figure 4a. It shows a seismogram with all traces

To compute the depths to the ice-rich permafrost, we used

of geophones and shots on the rock glacier stacked to offset

404 first arrivals with offsets ranging from 30 to 150 m. Depths

bins of 6 m width. Both the stack and the travel times (not

range between 2 m and 8 m, with an average of 5.4 m. The

shown) resolve three layers. Correlation of the different phases

P-wave velocity for the ice-rich permafrost refracted wave

lead to an estimate of the P-wave velocities for each layer:

resulted in a value of 3675 ±323 m/s for profile C and 3120

surface boulder layer - 710 m/s, ice-rich permafrost - 3430

±218 m/s for profile D._______________________________

m/s, and bedrock - 4500 m/s. To compute the depths to the

The bedrock refractor depths were calculated by the inver-

ice-rich permafrost, we used 474 first arrivals with offsets ran-

sion of 350 travel times. The refractor velocities were determi-

ging from 30 to 160 m. Depths range between 3 m and 8 m,

ned by the value of 4120 ±290 m/s and are attributed to the

with an average of 5.2 m. The P-wave velocity for the ice-rich

velocity of jointed gneiss. Outside of the rock glacier the tra-

permafrost refracted wave resulted in a mean value of 3195

vel times clearly show two layers with a velocity of 800 - 1250

±175 m/s for profile A and 3085 ±105 m/s for profile B (see

m/s for the ice-free sediments and ~ 4500 m/s for the bedrock.

inlet in Fig. 4a). The bedrock refractor depths were calculated

Calculated depths to bedrock were 12 - 18 m, the highest

by the inversion of 378 travel times. The refractor velocities

depths occur near the northern margin of the rock glacier.

were determined with a value of 4460 ±50 m/s and are attri-

The final depths to the bedrock were calculated by the use of

buted to the velocity of jointed gneiss. Prior to the calculation

a velocity of 1250 m/s for the ice-free sediments. Under the

of the depths down to bedrock, we had to consider the addi-

rock glacier the mean depth to the ice-free sediments is 28 m

Figure 4: Data from the seismic surveys on the Ölgrube (a) and Kaiserberg (b) rock glaciers: Representative seismic data are displayed as offset
bin stacks with interpretation of the recorded signals. For the stack, all traces with geophones and shots placed on the rock glaciers were stacked to
offset bins of 6 m width. For the locations of the surveys see the inlets._______________________________________________________________
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and to the bedrock 37 m._____________________________

along the seismic profiles A and C (Fig. 1b,c). We describe
how the density model is parameterized and subsequently

4.3 Gravimetry
For the Ölgrube rock glacier the subtraction of the regional
trend leads to a pronounced residual Bouguer anomaly (Fig.

focus on the interpretations. Representative values of the resulting structural and physical parameters are summarized in
Table 2.

5a). The residual field exhibits two anomalies. The larger one
(-1.4 mGal) is located at the eastern part of the rock glacier,

5.1 Ölgrube rock glacier

indicating a density decrease within the rock glacier. The two

For Ölgrube we display the structure with the density model

anomalies are separated by a zone of higher anomaly values

along the sections A and B (Fig. 6). The surface debris layer

(-0.5 mGal) that is directed from N to S. Northwards of the

is well-defined by the seismic refraction. The top of the ice-

rock glacier (in prolongation of the described zone) a bedrock

free sediment layer below the permafrost body is derived by

outcrop can be observed. Below this zone we also identified

the prominent internal GPR reflector. This layer can be exten-

a pronounced GPR reflector (profile 350 in Fig. 2). The smal-

ded to the visible sediment layer beside the rock glacier. The

lest value for the depth of this reflector is found in this zone._

bedrock surface under the rock glacier follows the result from

For the Kaiserberg rock glacier the subtraction of the regio-

the seismic refraction and corresponds to the basal GPR re-

nal trend leads to a clear residual Bouguer anomaly (Fig. 5b)

flector. Additional constraints from the basal GPR reflector

with its minimum (-0.8 mGal) located at the northern part of

and the seismic investigations beside the rock glacier are used

the rock glacier._____________________________________

to continuously delineate the bedrock surface. With constraints

5 Integrated geophysical models

mic velocities using the relation of Watkins et al. (1972), we

from the structure and the densities converted from the seisIn this section we integrate the results from the three applied

established the density model by varying the density of the

geophysical methods to display the structure, to provide a

permafrost layer. We introduce a value of 1604 kg/m3 for the

density model, and finally to estimate the ice content of the

surface debris layer and 1870 kg/m3 for the ice-free sediments

two rock glaciers. The integrated models (Fig. 6, 7) are pre-

below the permafrost. The model was fit to the observed gra-

sented for each rock glacier separately and are established

vimetric data using values between 1410 to 2150 kg/m3 for

Figure 5: Data from gravimetric surveys on the Ölgrube (a) and Kaiserberg (b) rock glaciers: The data display the residual Bouguer anomaly. For
the locations of the surveys – each dot represent a single measurement – see the inlets.__________________________________________________

Table 2: Structural and physical parameters as obtained from the geophysical models. For the list of abbreviations see Appendix A.___________
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the permafrost layer. The model residuals range between ±28

discussion).

µGal. Note that our methodology requires to describe a 4-lay-

The longitudinal profile A (Fig. 6b) runs parallel to the flow

er model from the observed data. At locations where the bed-

direction and images a pronounced bedrock threshold ranging

rock surface could be determined by GPR and seismic refrac-

from 250 - 350 m. Two bedrock outcrops close to the southern

tion, the results show that a 4-layer model with an ice-free se-

and northern margin of the rock glacier follow this trend. Our

diment layer prevails. BTS measurements (section 2.1; Berger

interpretation is strengthened by the clear reflector obtained

2002; Berger et al. 2004) and seismic refraction indicate per-

by GPR and the gravimetric model that requires such a high-

mafrost-free ground beside the rock glacier. The ice content

density structure (> 2500 kg/m3) at this location. Towards the

was estimated on the basis of a two phase model (ice, debris)

eastern side of the rock glacier, the bedrock derived from sei-

using the derived densities from the model and the measured

smic refraction and GPR data follows the same trend and ri-

bulk density of the embedded rock (2690 kg/m³). The rock

ses up. This trend is also supported by a bedrock outcrop at

density was derived from buoyancy measurements on samp-

the north-eastern margin of the rock glacier. In the centre of

les from the debris layer. The calculated volumetric values for

the profile, a zone of steeper surface slope is shown. Accor-

the ice content vary between 31 and 72 % (Tab. 2).________

ding to the resolved structure, this zone is caused by a stee-

The transverse profile B (Fig. 6a) images a distinct change

per permafrost base and obviously results in a thinning of the

in the direction of the valley floor (for the ice-free sediments

permafrost layer. This finding is similar to the flow of ice mas-

and the bedrock) at a profile distance of about 100 m. It dips

ses (Paterson, 1994). The thickness of the ice-free sediment

with a slope of 11 ° towards SW and lies in prolongation of an

layer below the permafrost does not change significantly be-

ice-free sediment layer (mainly lodgment till) and a bedrock

low and in front of the rock glacier where the thickness was

outcrop at the front of the southern margin of the rock glacier.

also determined (by a 2-layer model). The lowest densities

The profile shows higher densities and lower thicknesses of

occur at the eastern part and under the front of the rock gla-

the permafrost layer towards N, which is in agreement with

cier. In general a trend of increasing values for the density

the lower surface velocities at this part of the rock glacier (see

and the surface velocities is registered towards the front. Thus,

Figure 6: The geophysical model of Ölgrube rock glacier determined from the integrated methods ground-penetrating radar, seismic refraction,
and gravimetry: (a) transverse section along the seismic profile B, (b) longitudinal section along the seismic profile A. The model presents a structural
image of the rock glacier with the density distribution and an estimate of the ice content. Mean annual surface velocities during the period 2002 to
2004 are displayed along the flow direction._____________________________________________________________________________________
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the stated values for the structural and physical parameters

the northern front of the rock glacier. The trend of the bedrock

were separated into a frontal part and a rooting zone of the

follows the valley floor and dips slightly towards south until a

rock glacier (Tab. 2).

steep wall is towered up. Our interpretation is strengthened
by that part of the valley floor, where the bedrock follows the

5.2 Kaiserberg rock glacier
To derive the structure for the Kaiserberg rock glacier (Fig.

trend derived from seismic refraction and GPR. Along the profile, both the density and the thickness of the ice-rich perma-

7), we use the same approach as described above. The den-

frost decrease towards N. The basal structure does not sup-

sity model was defined by values of 1770 kg/m3 for the sur-

port the idea of rock glacier creep along this profile. Despite

face debris layer and 1840 kg/m3 for the ice-free sediments

the formation of major lobes (from N to S) the recent flow field

below the permafrost. The existence of the ice-free sediment

(Krainer and Mostler, 2006) exhibits that the flow direction is

layer below the permafrost body is again constrained by the

exclusively directed towards E (along profile C). Both the mo-

two main GPR reflectors and the depth to the bedrock. BTS

derate surface slope (< 2.5 °) and the fact that no trend for

measurements (section 2.2) and seismic refraction clearly

the permafrost base is imaged, constrain the development of

indicate permafrost-free ground beside the rock glacier. The

actual creep processes along profile D.__________________

determined values for the ice-rich permafrost range from

For profile C, which runs parallel to the recent flow direction,

3

1410 to 2190 kg/m . The misfit of the density model was ±31

the thickness of the surface debris layer does not change sig-

µGal for profile C and ±38 µGal for profile D. The ice content

nificantly (Fig. 7b). Beneath the rock glacier the trend of the

was estimated by using the measured bulk density of 2710

bedrock runs parallel to the surface topography. Thicknesses

kg/m³ from buoyancy measurements on samples of the debris

of the ice-free sediment layer in the front of and beneath the

layer. The calculated volumetric values vary between 27 and

rock glacier do not change significantly. In the central part of

72 % (Tab. 2).

the profile, the bedrock derived from seismic refraction and

At profile D the resolved structure (Fig. 7a) images an in-

GPR follows again the same trend. Only at the western part

crease in the thickness of the surface debris layer towards

of the profile the trend of the bedrock is poorly defined. A high

Figure 7: The geophysical model of Kaiserberg rock glacier as determined from the integrated methods ground-penetrating radar, seismic refraction, and gravimetry: (a) longitudinal section along the seismic profile D, (b) transverse section along the seismic profile C. The model presents a
structural image of the rock glacier with the density distribution and an estimate of the ice content. Available mean annual surface velocities between
2002 and 2004 are also displayed along the flow profile.___________________________________________________________________________
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value in the density model (2400 kg/m3) indicates a rise of the

should be related to their dynamic behaviour, especially creep.

bedrock in this part. The mean values for the thickness and

In Table 3 we compiled relevant parameters along longitudinal

the densities of the ice-rich permafrost show only small chan-

profiles of the two rock glaciers and the central longitudinal

ges (Tab. 2). In contrast to the other profile, the idea of creep

profile of the Reichenkar rock glacier (Hausmann et al. 2007).

is supported by the resolved structure. This can also be ob-

Along these profiles, surface velocities are known (section 2;

served from the recent flow field._______________________

Krainer and Mostler, 2006). The model of the Reichenkar rock
glacier was determined by the same geophysical methodology

6 Discussion
In this section we discuss if the structural and physical pa-

as applied in this study.______________________________
Shear stress at the base of the permafrost layer of a rock

rameters that were obtained in this study correspond to the

glacier may serve as a characteristic quantity for the stress

dynamic behaviour of the rock glaciers. We further look for a

regime that drives the movement of the rock glacier. For an

common relation that explains the creep behaviour on the ba-

infinite plane layer of constant thickness h (measured in the

sis of the resolved structure for the two investigated rock gla-

vertical direction), average density d, and inclination á, the

ciers and an additional rock glacier named Reichenkar rock

basal shear stress ôb is______________________________

glacier (Hausmann et al., 2007; for location of this rock glacier
see Fig. 1a). To understand the internal structure of rock gla-

(2)

ciers in general, we further analyze and discuss the GPR-reflections of the permafrost layer and their relation to the ob-

with g being the gravity acceleration. The calculation of the

tained parameters.__________________________________

total thickness h and the average density d of the rock gla-

Structural and physical parameters of rock glacier models

ciers at each location is straightforward using the data from

Table 3: Structural and physical parameters along longitudinal profiles of three rock glaciers that were assessed by the same methodology (after
Hausmann et. al, 2007) and that were selected to discuss their dynamic behavior. For the list of abbreviations see Appendix A.__________________
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Figure 8: The two best correlations of the assessed physical parameters with the related dynamic parameter H0 for the two studied rock glaciers
and an additional one using the same geophysical methods (Reichenkar rock glacier; Hausmann et al., 2007) as applied in this study. (a) Longitudinal
velocity vp versus H0 (b) density of the ice-rich permafrost dpf versus H0._______________________________________________________________

Table 3:

nificant relations may be interpreted as follows: The three rock
glaciers under consideration are active. Higher H0 means that
(3)

higher stresses are needed to keep the rock glacier actively

(4)

the permafrost layer (Fig. 8a). A velocity vp lower than ~ 3500

creeping. H0 increases with decreasing P-wave velocity vp of
m/s (temperate ice: 3795 m/s; Kohnen 1974) may be taken as
The quantities dhboul and dhpf in equation (3) describe the

an indicator of an increasing fraction of air in the permafrost

thicknesses of the surface debris and the permafrost layer._

layer. Rocky grains and boulders of the permafrost layer come

The basal shear stress approximated by equation (2) plays

more into contact, internal friction increases, and higher stres-

an important role in dynamic modelling of glaciers and ice

ses are needed to keep the rock glacier creeping. Thus, to ex-

sheets. Frequently, the quantity H0 (in m)_________________

plain the lower P-wave velocities, an increase in air content is

(5)

water content. In order to keep a degrading rock glacier (re-

more likely than the presence of warmer ice or an increase in
duction of the ice content) in motion a thickening is required._
is used (e.g. Paterson, 1994) to get a rough estimate for the

The correlation dpf – H0 (Fig. 8b) is not as significant as vp –

vertical ice thickness by______________________________

H0. However, increase of H0 with dpf supports our interpretation of the vp – H0 relation. Higher density (> 1500 g/cm3) can

(6)

be interpreted as lower porosity rock mass with increasing air
content but less ice. For permafrost composed of massive ice,

The quantity H0, as calculated by equations (2 - 5), is inclu-

the density will consequently trend to a value of 917 g/cm3

ded to Table 3 and has a mean value of ~ 12 m. In the next

(pure glacier ice; Andersland and Ladanyi, 2004), and H0 will

step we analyze correlations between H0 and the parameter

have a minimal value. With respect to the bulk density the lower

vp and the density of the permafrost layer (dpf) (Fig. 8). The

porosity should over-compensate the loss of ice in the pore

correlation vp – H0 is significant at a 0.1 % level, dpf – H0 at a

space. The least squares regression H0 versus dpf and vp is:_

5 % level. The correlation vp – dpf is not significant, and hence
is not shown as cross plot. The existence of the two most sig-

(7)
Physical units for dpf and vp in equation (7) are the same as
in Table 3. Before we consider the relation of H0 with creep
velocity v, we reduce H0 to H0,red for constant vp = 3500 m/s
and dpf = 1500 g/cm3. We further calculate the mean shear
deformation within the permafrost layer by_______________
(8)
The cross plot of åmean – H0,red infers a relation between deformation rate and shear stress (Fig. 9). The H0,red – åmean relation

Figure 9: Relation between values for the shear stress (H

can be approximated by a power law:___________________

) and
the deformation rate (å mean ) for the rock glaciers Ölgrube, Kaiserberg
and Reichenkar. The approximated power law corresponds to a creep
exponent of n=3.9.__________________________________________
0,red

(9)
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The reciprocal exponent is n=3.9 and is near to exponents

preted as debris inclusions along thrust planes (Maurer and

for Glen’s law for pure ice (n=3; Hooke, 1981; Budd and Jacka,

Hauck, 2007; Fukui et al., 2008; Monnier et al., 2008, 2011;

1989) and within the range of exponents from permafrost cores

Krainer et al., 2010). Isaksen et al. (2000) explain the forma-

in Alpine rock glaciers (1.9 < n < 4.5; Arenson and Springman,

tion of layers oriented parallel or slanting downwards in rela-

2005b). The power law fits the data very well, is significant at

tion to the rock glacier surface by accumulation of seasonal

a 0.1 % level, and the remaining residuals do no longer show

snow that was buried and compacted by falling rocks and

any systematic trend. With equation (9) we can predict the

boulders. At Ölgrube rock glacier long reflectors parallel to

creep velocity within a range of ± 25 %. This is notable, as

the surface (i) are found in regions with high P-wave velocity

errors from the geophysical model also exist. As we use a

and low density, indicating zones with high ice content. Typi-

simple approach where shear stress increases with depth and

cal P-wave velocity values for ice-rich zones in rock glaciers

where the shear stress at the permafrost base is a parameter

are 3700 m/s (Vonder Mühll and Holub, 1992) and 3795 m/s

for the deformation, possible shear horizons are not conside-

for temperate glaciers (Kohnen, 1974). In general, the recent

red in the permafrost layer.____________________________

flow velocities do not correlate with the length of the surface-

In a next step we analyze and discuss the GPR-reflection of

parallel reflectors. For the Kaiserberg rock glacier this type of

the permafrost layer and its relation with the physical parame-

GPR-reflection is found in the rooting zone and where the P-

ters vp and dpf, which are related to ductility and ice content of

wave velocity is high. In the upper and lower part of the Öl-

this layer (Fig. 10). The observed GPR-reflections can be di-

grube rock glacier, concave reflectors (ii) are found at the end

vided into the following types: (i) reflectors parallel to the sur-

of long subsurface-parallel reflectors (at 150 and 350 m). How-

face, (ii) upward dipping or concave reflectors, (iii) downward

ever, the occurrence of shallow shear zones can be excluded

dipping reflectors, and (iv) undulating and chaotic reflections.

due to the insufficient shear stress at this depth. Concave re-

The origin of internal reflectors in rock glaciers has been inter-

flectors are interpreted as an expression of strong compres-

Figure 10: Compilation of the GPR-reflection of the permafrost layer with the physical parameters vp (longitudinal velocity) and dpf (permafrost
density) for the rock glaciers Kaiserberg (a) and Ölgrube (b).________________________________________________________________________
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sion (Monnier et al., 2011). For Ölgrube rock glacier the sur-

of the surface debris layer would result in only 4 % of the den-

face velocity clearly exhibits an extensional flow field. Thus,

sity of the ice-rich permafrost layer. In section 3.1 we state

these structures may originate from alignment of debris and

that the basal GPR reflector can be used to confirm the pre-

do not represent the actual stress field. For Kaiserberg the

sence of the 4 layers. Since the derived 1D velocity models

upward dipping curved reflector (at 95 m) is located close to

focus on the depth to the ice-free sediment layer, the depth

a ridge. Nearby measurements of the surface velocity indicate

to the underlying basal reflector is probably shallower. For

an extensional flow field at the frontal part. As shown above,

example, a 10 m thick layer of fine-grained, ice-free deposits

the thickness of the rock glacier at the frontal part of Ölgrube

with an interval velocity of 0.09 m/ns (Hauck and Kneisel,

has to increase to keep the rock glacier creeping. This view is

2008) changes the thickness only by about 4 m.___________

supported by the clearly imaged downward (iii) and surfaceparallel directed reflectors and a surface topography whose

7. Conclusions

angle is flatter than the bedrock surface. However, at both

The geophysical concept introduced by Hausmann et al.

rock glaciers the bedrock surface steepens at the front and

(2007) was applied successfully to establish 4-layer models

this may also contribute to the increase of the flow velocity.

for the two investigated rock glaciers Ölgrube and Kaiserberg.

However, this would not explain the thickening. Further, Fi-

For both rock glaciers an ice-free sediment layer had to be

gure 6a shows that although the bedrock surface is imaged

introduced below the ice-rich permafrost body. A confirmation

uniformly, large variations in surface velocities were observed.

of the 4 layers was found in areas where the bedrock surface

This seems to be caused rather by the thickness and density

was resolved by GPR and seismic refraction. The geophysi-

of the ice-rich permafrost than by the bedrock surface. At the

cal models provided relevant information on structural and

Kaiserberg rock glacier this signature is found in the frontal

physical parameters and helped to understand dynamic pro-

part and in the rooting zone of the rock glacier where a de-

cesses of the rock glacier.____________________________

pression is developed._______________________________

For both rock glaciers we found 4 layers to be composed of

At both rock glaciers the GPR-reflection (recorded in winter)

4 - 6 m surface debris (“active layer”), 20 - 30 m ice-rich per-

clearly separates the ductile ice-rich permafrost (surface-paral-

mafrost, and 10 - 15 m ice-free sediments. The average depth

lel reflectors, concave reflectors) from the ice-free sediments

to the bedrock surface is 35 - 50 m. The geophysical model of

underneath (undulating and chaotic reflections, iv). Further,

the Ölgrube rock glacier exhibits large changes in thickness of

their reflectivity is uniform along the longitudinal profiles, but

the ice-rich permafrost, density and P-wave velocity of the per-

the length and direction of the GPR-reflection is different. From

mafrost in flow direction. Along the cross section, the thickness

Figures 8 and 9 we interpret that air content, ice content, and

of the ice-rich permafrost increases and the density of the ice-

porosity of the rock mass might change along the profiles, but

rich permafrost decreases from NE to SW. We estimated a

that water is uniformly distributed. This would explain why the

volumetric ice content of 43 % in the frontal part and 61 % in

reflectivity (depends on material properties) is uniform and the

the root zone. For the Kaiserberg rock glacier the geophysical

GPR-reflection (representing the structure) changes along the

model detected only slight structural changes of the thickness

longitudinal profiles._________________________________

of the ice-rich permafrost along both profiles. The density of

In Hausmann et al. (2007) a first assessment of uncertainties

the ice-rich permafrost decreases towards N in the cross sec-

of the applied geophysical model was given. This includes

tion and increases from N to E in flow direction. The ice con-

random errors of the associated geophysical parameters and

tent varies laterally between about 40 and 50 %.__________

their effect on the estimated ice content. Excluding the ice

The recent flow fields clearly show an extensional flow field

content, the computed values for the Reichenkar rock glacier

for both rock glaciers near their frontal parts. The geophysical

are also representative for this study. The standard deviation

model combined with the flow field further provides details on

for the volumetric ice contents are ±10 % for Ölgrube rock

the movement of the rock glacier: The steeper surface slope

glacier and ±18 % for Kaiserberg rock glacier. We show that

at profile A of Ölgrube rock glacier (310 m) is caused by a

systematic errors of the structural and physical parameters do

rise in the bedrock topography and results in a thinning of the

not play a dominant role in this study. This is indicated by the

thickness of the ice-rich permafrost. At the Kaiserberg rock

high correlation coefficient (R=0.7) between the structural /

glacier the formation of major lobes indicates creep of the rock

physical parameters and the dynamic ones (Figs 8a, 9). Note

glacier from S to N in former times. The assessed internal

that these cross plots use parameters that were obtained inde-

structures explain why the recent flow field is directed exclu-

pendently from three active rock glaciers and that their creep

sively towards E (along profile C).______________________

behaviour can be explained and described together using

In this study, structural and physical parameters assessed

equations (7, 9) within a range of ± 25 %. Further, a reliable

by surface based geophysical methods are used to explain

creep exponent was found for these rock glaciers. In chapter

the dynamics of the rock glacier. From the two studied active

5 we used a constant density for the surface debris and the

rock glaciers and an additional rock glacier (Reichenkar rock

ice-free sediments. As both layers are small compared to the

glacier; located 25 km to the NE of Ölgrube rock glacier), which

ice-rich permafrost, the impact of density variations in these

was investigated by applying the same methodology (Haus-

layers is small. For example, a change of 20 % in the density

mann et al., 2007), we found that a quantity related to the
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shear stress at the permafrost base describes their creep be-

Arenson, L. and Springman, S., 2005a. Triaxial constant stress

haviour. Correlations of this quantity with the P-wave velocity

and constant strain rate tests on ice-rich permafrost samples.

and the density of the ice-rich permafrost have shown that

Canadian Geotechnical Journal, 42, 412-430._____________

the three geophysical models are conclusive. Regarding the
creep behaviour of these active rock glaciers, a reduction of
ice involves increased internal friction, lower P-wave velocities, and higher bulk densities. In this case a thickening is re-

Arenson, L. and Springman, S., 2005b. Mathematical descriptions for the behaviour of ice-rich frozen soils at temperatures
close to 0 °C. Canadian Geotechnical Journal, 42, 431-442._

quired in order to keep the rock glacier in motion. The relation

Azocar, G.F. and Brenning, A., 2010. Hydrological and geo-

between deformation rate and shear stress is approximated

morphological significance of rock glaciers in the dry Andes,

by a power law and results in a creep exponent of 3.9._____
The GPR-reflection pattern of the permafrost layer can be

Chile (27°–33°S). Permafrost and Periglacial Processes, 21,
42-53, doi:10.1002/ppp.66.

summarized as follows: Long reflectors parallel to the surface
are found in regions with high P-wave velocity and low den-

Barsch, D., Fierz, H. and Haeberli, W., 1979. Shallow core

sity, indicating zones with high ice content. The source of the

drilling and bore-hole measurements in the permafrost of an

shallow concave reflectors is unclear, but they do not corres-

active rock glacier near the Grubengletscher, Wallis, Swiss

pond to the actual stress field. The effect of thickening near

Alps. Arctic and Alpine Research, 11, 215-228.____________

the front part of Ölgrube can be clearly imaged by reflectors

Barsch, D., 1996. Rockglaciers. Indicators for the Present and

directed parallel and downwards to the surface. At both stu-

Former Geoecology in High Mountain Environments. Springer-

died rock glaciers the GPR-reflections separate the ductile

Verlag, Berlin, 331 pp.________________________________

ice-rich permafrost from the ice-free sediments underneath._
Barsch, D. and Jakob, M., 1998. Mass transport by active
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Appendix
Appendix A: List of symbols
á

surface slope

dboul

density of the surface debris layer

dpf

density of the ice-rich permafrost

dice

density of the pure ice

dhboul

thickness of the surface debris layer

dhpf

thickness of the ice-rich permafrost

åmean

mean strain deformation

Ö

fractional porosity

hbed

depth to the bedrock surface

H0

quantity related to the shear stress at the permafrost

H0,red

H0 reduced to constant vP and dpf

base and a density of pure ice___________________
i

relative ice content of the ice-rich permafrost

vGPR

electromagnetic wave speed of the ice-rich permafrost

vP

seismic P-wave velocity of the ice-rich permafrost

vsurf

surface velocity observed by DGPS

X

profile offset
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