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ABSTRACT. Slope instabilities caused by the disappearance of ice within alpine rock glaciers are an
issue of increasing concern. Design of suitable counter-measures requires detailed knowledge of the
internal structures of rock glaciers, which can be obtained using geophysical methods. We examine
benefits and limitations of diffusive electromagnetics, geoelectrics, seismics and ground-penetrating
radar (georadar) for determining the depth and lateral variability of the active layer, the distributions of
ice and water, the occurrence of shear horizons and the bedrock topography. In particular, we highlight
new developments in data acquisition and data analysis that allow 2-D or even 3-D structures within
rock glaciers to be imaged. After describing peculiarities associated with acquiring appropriate
geophysical datasets across rock glaciers and emphasizing the importance of state-of-the-art
tomographic inversion algorithms, we demonstrate the applicability of 2-D imaging techniques using
two case studies of rock glaciers in the eastern Swiss Alps. We present joint interpretations of
geoelectric, seismic and georadar data, appropriately constrained by information extracted from
boreholes. A key conclusion of our study is that the different geophysical images are largely
complementary, with each image resolving a different suite of subsurface features. Based on our results,
we propose a general template for the cost-effective and reliable geophysical characterization of
mountain permafrost.

1. INTRODUCTION

Permafrost underlies most polar and many mountainous
regions of the Earth. A significant portion of permafrost in
the European Alps, which is commonly found above
�2500m altitude, exists in the form of rock glaciers. These
amalgamations of boulders, unconsolidated sediments, ice,
water and air form on gently to moderately dipping
mountain slopes. Other distinct mountain permafrost fea-
tures include ice-cored moraines, protalus ramparts and
scree slopes (Kneisel, 2004).

In many populated mountain areas, permafrost impacts
on a number of hazard-relevant issues. For example, the
frozen nature of the ground is essential for the stability of
certain critical constructions, such as avalanche protectors,
power poles and cable-car installations (Haeberli, 1992).
Moreover, the stability of numerous mountain areas is largely
controlled by the presence of ice (Davies and others, 2001).

Since the temperature of most mountain permafrost is
close to the freezing point, it is susceptible to small changes
in climate. It is therefore not surprising that during the past
few decades, thawing of permafrost, probably caused by
global warming, has resulted in catastrophic failures (Noetzli
and others, 2003; Gruber and others, 2004; Fischer and
others, 2005) and the increased vulnerability of infrastruc-
ture and buildings in mountainous areas (Haeberli, 1992).

Various research endeavors aimed at providing a better
understanding of mountain permafrost have recently been
launched (e.g. the European Commission (EC)-funded
Permafrost and Climate in Europe (PACE) project; Harris
and others, 2003). It is now recognized that detailed
knowledge of the internal structure of permafrost is required

for the optimum design of hazard-mitigation measures and
for the numerical modeling of the dynamic behavior of
permafrost (Arenson and others, 2002, Kääb and Weber,
2004). Diffusive electromagnetic, geoelectric, seismic and
ground-penetrating radar (georadar) techniques have proven
to be suitable tools for determining the internal structure of
permafrost in many regions. However, the use of such
geophysical techniques on rock glaciers is complicated by
several factors:

1. Accessibility in high mountain areas and the pronounced
topographic relief of rock glaciers may be the source of
major logistical problems.

2. Electrical resistivities of crystalline rocks and ice can be
extremely high, making it difficult to inject electric
currents into the ground using galvanic methods.

3. Strong scattering of seismic and georadar waves within
the highly heterogeneous mixtures of boulders, uncon-
solidated sediments, ice, water and large voids can
obscure reflected signals.

All these factors make geophysical surveying on rock
glaciers an extremely challenging task and require very
careful planning of the experiments. It is our experience that
the time required to perform a survey on a rock glacier is
increased by a factor of 5–10 compared with a similar
experiment in a more convenient environment.

Most geophysical case studies of mountain permafrost
reported in the literature have involved applications of
sounding methods that provide one-dimensional (1-D)
distributions of physical properties as functions of depth
and/or lateral mapping methods that supply information on
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the horizontal variations of physical properties over a narrow
depth range. Only recently have applications of two-
dimensional (2-D) imaging (tomographic inversion) tech-
niques to mountain permafrost been reported (e.g. Kneisel
and others, 2000; Ishikawa and others, 2001; Musil and
others, 2002; Hauck and others, 2003, 2004; Marescot and
others, 2003; Heggem and others, 2005). These imaging
techniques provide more reliable and more complete
information than the sounding and lateral mapping methods.

In this contribution, we begin by reviewing state-of-the-art
geophysical techniques that can be applied in investigations
of alpine permafrost. We concentrate on the peculiarities
that need to be considered in investigations of rock glaciers.
We then present the results of two multi-parameter field
studies conducted on a slow- and a fast-moving rock glacier
in the eastern Swiss Alps. On the basis of our results, we
propose a general template for geophysically investigating
alpine permafrost.

2. GEOPHYSICAL 2-D IMAGING METHODS

2.1. Diffusive electromagnetic techniques
Diffusive electromagnetic techniques are mostly sensitive to
electrical resistivity, which can vary by orders of magnitude
for typical permafrost materials (Table 1). Since the
electromagnetic coupling is inductive, the sources and
receivers need not be in direct contact with the ground.
Consequently, the techniques can be used for ground and
airborne surveying (Hoekstra, 1978; Todd and Dallimore,
1998; Hauck and others, 2001, Bucki and others, 2004).

In practice, frequency-domain (FDEM) and time-domain
(TDEM) electromagnetic systems are employed (e.g. Rey-
nolds, 1997). Since the source–receiver separations of many
FDEM systems need to be accurately known, rigidly
mounted units (e.g. the EM-31; McNeill, 1980) are usually
used for surveying rugged mountainous terrains. Alternative-
ly, in areas where there is good radio reception, the versatile
radiomagnetotelluric method may supply useful information
(Beylich and others, 2003).

Typical TDEM systems require transmitter loops with
diameters of a few meters to a few tens of meters. Deploying
large loops across blocky rock glaciers can be quite
laborious, and only a few measurements per day may be
possible. As a consequence, TDEM systems are best suited
for soundings under these conditions, because only a single
layout needs to be set up per sounding. The generally
resistive mountain permafrost poses further problems for
TDEM data acquisition; since the secondary magnetic fields
decay rapidly once the electric currents are turned off,
TDEM recording systems need to densely sample the fields
at early times.

During the past decade, 2-D and three-dimensional (3-D)
tomographic inversion techniques for FDEM and TDEM data
have been developed (e.g. Newman and Alumbaugh, 1997).
Yet, to our knowledge, no tomographic inversion results
from mountain permafrost have been reported in the
literature. Reasons for this may include the time-consuming
effort required to record spatially dense datasets, and the
lack of commercially available inversion software. Two-
dimensional resistivity cross-sections have been produced
by interpolating the inversion results of several independent
1-D electromagnetic soundings (Todd and Dallimore, 1998;
Bucki and others, 2004).

2.2. Geoelectric techniques
Geoelectric techniques can also be employed to determine
the electrical resistivity of the ground. The lightweight
equipment required to perform geoelectric surveys can be
transported to areas with difficult access. Application of
tomographic inversion techniques to geoelectric data re-
quires a large number of measurements, which can be made
efficiently with modern multichannel systems that include
several tens of electrodes (e.g. Stummer and others, 2002).
The most significant problem in geoelectric surveying on
rock glaciers is the weak galvanic coupling associated with
the generally high contact resistances. To compensate for
this, we attach water-soaked sponges to the electrodes, and
water the immediate vicinity of the electrodes (Fig. 1a).
Nevertheless, the currents injected into the ground and
the measured voltages are generally low. This issue needs to
be considered when selecting the electrode configuration to
be used. Because electrode configurations with low geo-
metrical factors provide larger voltages (e.g. Reynolds,
1997), Wenner configurations are generally more suitable
for surveying rock glaciers than dipole–dipole configura-
tions. Since snow cover may prohibit the current injection,
we prefer to conduct our geoelectric surveys in the summer.

Over the past two decades, tomographic inversion
techniques for geoelectric data have become increasingly
popular and user-friendly (http://www.abem.se/). Applica-
tion of these programs to mountain permafrost data poses no
serious problems so long as they correctly account for the
effects of the pronounced topographic relief.

2.3. Seismic techniques
Seismic techniques are mostly sensitive to elastic parameter
variations that govern the propagation speed of compres-
sional waves (P-waves). Characteristic P-wave speeds of
mountain permafrost materials are quite different (Table 1).
Applications of high-resolution seismic techniques require a
relatively large number of closely spaced receiver and
source positions. Typical deployments may include 48–
120 geophones equally spaced at 1–5m. Ideally, the density
of sources should be comparable to that of the receivers.
However, to minimize time in the field, the density of
sources may be substantially less than this.

Surface conditions on rock glaciers make it difficult to
couple the geophones and seismic sources to the ground.
One option is to conduct seismic surveys during the winter.
This alleviates the field effort significantly, but the snow
cover may cause the seismic data to be highly contaminated
with guided phases that obscure the reflections (Musil and
others, 2002). Our preference is to conduct seismic surveys

Table 1. Physical parameters that are relevant for geophysical
surveying of rock glaciers

Electrical
resistivity

Seismic
speed

Georadar
speed

�m ms–1 mms–1

Rock 103–105 3000–5500 80–150
Sand/gravel 102–104 500–2500 80–120
Ice 106–107 3500 170
Water 101–102 1500 30
Air 1014 330 300
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during the summer. For uniformly good geophone–ground
coupling, we fasten the geophones to the surface boulders
by drilling small holes (Fig. 1b). The extremely hetero-
geneous near-surface environment causes substantial attenu-
ation of the seismic waves. Such attenuating conditions
usually preclude the use of low-energy sources (e.g.
sledgehammers and pipeguns) and the difficult terrain
precludes the use of mini-vibrators and weight-drop devices
(Van der Veen and others, 2000). Explosives loaded into
shallow boreholes drilled into the boulders or pushed into
crevices between the boulders provide high levels of energy
in a cost-effective manner. To record data over distances of
100–200m, charge sizes of 100–500 g are necessary.

Near-surface attenuation results in the preferential loss of
the high-frequency seismic signal. In combination with the
presence of strong scattered energy and guided phases, this
makes it extremely difficult to image reflections in rock
glacier seismic data (Musil and others, 2002). By com-
parison, it is now quite straightforward to extract reliable
information from the first-arriving direct and refracted
phases. Although simple analysis techniques (e.g. the
generalized reciprocal method; Palmer, 1980) can be
employed for mapping first-order discontinuities underlying
relatively uniform overburden, more sophisticated 2-D
tomographic inversion techniques are required for analyzing
rock glacier seismic data. The geophysical literature de-
scribes tomographic inversion algorithms based on two-
point ray tracing (Zelt and Smith, 1992) and finite-difference
Eikonal solvers (Lanz and others, 1998), the latter being the
preferred choice for data distinguished by strong lateral
speed variations.

2.4. Georadar surveying
The high electrical resistivity of most mountain permafrost
terrains is a positive characteristic for georadar surveying. In
such environments, the georadar techniques are most
sensitive to variations in dielectric permittivity, which govern
the propagation speeds of georadar waves. Characteristic
georadar wave speeds in mountain permafrost materials vary
significantly (Table 1).

The high resistivities allow antennas with dominant
frequencies as low as 1MHz to be employed (Gogenini
and others, 1998). For high-resolution investigations, anten-
nas with dominant frequencies between 20 and 100MHz
have proven to be suitable (Arcone and others, 1998; Isaksen
and others, 2000; Lehmann and Green, 2000; Berthling and
others, 2003; Moorman and others, 2003). Proper coupling
of the antennas to the ground is an important prerequisite for
recording high-quality data. This can be realized in winter,
when the snow cover provides uniform surface conditions.
A constant distance between the transmitter and receiver
antennas is achieved by mounting both on a single sledge.
Another critical concern in acquiring georadar data is
accurate positioning. High-resolution investigations with
measurement spacings of a few tens of centimeters require
the use of automatic positioning systems (Lehmann and
Green, 1999; Streich and others 2006).

Techniques adopted from seismic reflection data proces-
sing can be used to obtain detailed subsurface images from
the recorded georadar data. Commonly employed proces-
sing steps include amplitude scaling to enhance later-
arriving events relative to the earlier-arriving ones and
frequency filtering in the time and space domains to remove
system noise and improve the coherency of reflected signals

(Gross and others, 2003). If reliable speed information is
available, migration may be used to convert the processed
time sections to equivalent depth sections. To account for
the effects of strong topographic relief, special-purpose
topographic migration algorithms may be applied (Lehmann
and Green, 2000; Heincke and others, 2005).

In small areas (e.g. 50�50m2) of particular interest, 3-D
georadar experiments can be performed. This technique has
proven to be highly successful in various applications (Gras-
mueck and others, 2004; Gross and others, 2004; Heincke
and others, 2005) and is expected to work well on mountain
permafrost. To obtain unaliased subsurface images, it is
critical that the investigation area be very densely sampled.

2.5. Cross-hole methods
Conceptually, most geophysical techniques can also be
applied in a cross-hole mode (e.g. by placing the sources in
one borehole and recording the data in another). Cross-hole
tomography provides detailed 2-D information in the plane
containing the two boreholes. The multiple illumination of
subsurface targets provided by cross-hole geometries results
in more reliable and higher-resolution information than can
be provided by most surface-based techniques. Ideally, the
borehole separation should be about half the borehole depth.

Unfortunately, boreholes in mountain permafrost usually
provide less-than-ideal conditions for geophysical experi-
ments (Arenson and others, 2002). The general absence of
water and the presence of casing to stabilize the boreholes
may substantially complicate applications of certain geo-
physical techniques. Diffusive electromagnetic and radar
systems can see through PVC casing, but not through metal
casing. For geoelectric surveys, borehole electrodes that can
be operated in dry uncased holes require centralizers with
metal clamping arms. In the presence of casing, the
electrodes need to be attached to the outside of the casing
before it is inserted into the borehole. To compensate for the
absence of water, instead of using standard piezoelectric
sources and receivers (i.e. hydrophones) for borehole
seismic experiments, more complicated seismic sources
and receivers (i.e. geophones) need to be clamped to the
borehole casing or walls.

3. MURTÈL CASE STUDY

3.1. Site description
The Murtèl rock glacier is located in the Upper Engadine
area of the eastern Swiss Alps. It is �150m wide, 300m long
and extends over an altitude range of 2600–2800m (Fig. 2).
It is moving horizontally a few centimeters per year (Kääb
and Weber, 2004). The ongoing movements have generated
numerous flow lobes (Fig. 2). In 1987, a borehole was
drilled to 58m depth (Vonder Mühll and Holub, 1992). It
encountered, at successively greater depths: large boulders
and air-filled voids at 0–3m; an ice-rich layer (more than
40% ice) at 3–15m; a mixture of ice and sand (30–35% ice)
at 15–30m: and a mixture of sands and boulders at 30–
52m, and bedrock below.

In an attempt to determine the internal structure of the
Murtèl rock glacier, we recorded TDEM data and acquired
surface-based geoelectric, seismic tomographic and geo-
radar data along nearly coincident lines parallel to the rock
glacier flow direction (Fig. 2). Here, we focus on the
integration of information provided by the four datasets.
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3.2. TDEM survey
TDEM data provided first-order estimates of rock glacier
thickness (Hauck and others, 2001). In principle, this type
of information could be obtained directly from the bore-
hole logs, but to investigate the suitability of the TDEM
method on rock glaciers, a sounding was performed near
the borehole (Hauck and others, 2001). Acquisition time
was about half an hour. The TDEM data were inverted
using TEMIX, a commercial software package (Interpex
Limited, 1990).

Results of the TDEM survey are depicted in Figure 3.
Figure 3a shows the observed data plotted as apparent
resistivity vs time since current turn-off. From the general
shape of this curve, we can infer the presence of a relatively
resistive layer sandwiched between two more conductive
layers, one of which approaches the surface. The solid line
in Figure 3b represents the best-fitting model obtained from
the inversion program, and the gray shaded area represents
‘equivalent’ models that explain the data nearly as well as
the best-fitting model (Nabighian and Macnae, 1987). The
significant decrease of resistivity at 54�15m depth coin-
cides with the rock-glacier–bedrock interface.

3.3. Tomographic geoelectric survey
We made 103 Wenner geoelectric measurements along a
145m long profile across the frontal region of the rock

glacier (Fig. 2), deploying 30 electrodes equally spaced at
5m intervals. Electrode coupling was especially difficult on
this rock glacier, because the surface consisted of large
boulders (up to 2m high) with only small amounts of fine-
grained material. The total acquisition time was 5 hours. Our
geoelectric data were tomographically inverted using
RES2DINV, a commercial software package (http://www.
abem.se/).

A moderately conductive near-surface layer (DC1) with a
resistivity of �10 k�m and a thickness of about �2.5m is
observed along the length of the recording line (Fig. 4a; DC1
in Fig. 4c). Within the rock glacier, i.e. below DC1, in the
horizontal distance range 50–140m, the resistivity increases
abruptly to the M�m range. At about 140m horizontal
distance, near where the surface exposure of the rock glacier
ends, resistivities at depth change from the M�m range to
the k�m range across a steeply dipping boundary denoted
as DC2 in Figure 4c.

3.4. Tomographic seismic survey
Our tomographic seismic experiment across the Murtèl rock
glacier was conducted during the summer. Using a 120-
channel seismograph, 120 geophones spaced at 2m intervals

Fig. 2. (a) Photograph of the Murtèl rock glacier. View direction is
indicated with a black arrow in (b). (b) Orthophoto of the Murtèl
rock glacier showing the locations of the borehole (black dot) and
the geoelectric (blue), seismic (red) and georadar (magenta) profiles.

Fig. 1. (a) Galvanic coupling of an electrode in the blocky envir-
onment of a rock glacier. (b) Geophone fastened to a boulder of a
rock glacier using a small drillhole (yellow stripe at the bottom of
the image is a measuring tape).
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and 44 sources (charges of 200–400 g) spaced at �5.4m
intervals, we acquired data along a 238m long profile. Four
days were required to record the data. Data inversion was
performed using the tomographic program described by Lanz
and others (1998).

The resulting speed tomogram contains three principal
units (Fig. 4b and d). A laterally extensive surface layer, S1,
with speeds <2000m s–1 (Fig. 4d) is underlain in most regions
by material with intermediate speeds of 3000–4000m s–1. In
the deepest regions of the tomogram, the speeds are
>4000m s–1. The interface between the middle and lower
units is labeled S2 in Figure 4d. At a horizontal distance of
�90m, an isolated high-speed feature is observed immedi-
ately below the low-speed surface layer (S3 in Fig. 4d).
Although the spatial extent of S3 is quite small, it appeared in
all our inversion runs using different initial models and
regularization parameters. The frontal part of the rock glacier
exhibits pronounced speed contrasts, with a 10–15m thick
surface block of very low-speed material overlying rocks with
speeds >5000m s–1.

3.5. Georadar survey
We used 50MHz antennas and a station spacing of 0.5m to
record georadar data along a �350m long profile (Fig. 2b).
A relatively simple processing scheme that included auto-
matic gain control, frequency filtering, spectral whitening
and F-X deconvolution was applied to the data. Unfortu-
nately, no detailed speed information was available along
the profile, which precluded us from applying topographic
migration. Instead, we performed a simple time-to-depth
conversion using a speed of 120m ms–1 (based on a
common-midpoint measurement in the central part of the
rock glacier). Appraisal of a depth error associated with the
overly simplified assumption of a homogeneous speed is
difficult, but we judge that depth errors should not exceed
10%. The final section is displayed in Figure 5. Maximum
depth penetration of the georadar signals is about 50m.
Several prominent dipping reflections extend over substan-
tial portions of the profile (highlighted by black lines in
Fig. 5b).

3.6. Integrated interpretation
Figure 6 shows a sketch of our interpretation of important
features identified in the geoelectric, seismic and georadar
images. Our interpretation is constrained by information
provided by the borehole. The nearly coincident DC1 and
S1 layers represent the bottom of the active layer, which
melts in the summer and freezes in the winter. This active
layer, which corresponds to loose boulders at the top of the
borehole, has moderate resistivities of �10 k�m and low
seismic speeds of <2000m s–1. The resolution capabilities of
TDEM soundings in the uppermost 10m are limited and
should always be interpreted cautiously (e.g. Nabighian and
Macnae, 1991). Nevertheless, it is interesting to note that the
near-surface 10 k�m values shown in Figure 3 are consistent
with our interpretation.

The very high resistivities in Figure 4a and c are evi-
dence for high ice content within the core of the rock
glacier. This is consistent with the borehole log. A sharp
lateral change to lower resistivities at DC2 delineates the
beginning of unfrozen material at the front of the rock
glacier, and the isolated high-speed body, S3, probably
represents a large boulder (Fig. 4d) not represented in the
other geophysical datasets.

Fig. 4. (a, b) Results from the (a) geoelectric and (b) seismic surveys
conducted on the Murtèl rock glacier. (c, d) Our interpretations
superimposed on the tomograms of (a) and (b) respectively.
Topography defined by the coordinates of the geophones is
superimposed on all sections. Location of the profile is shown in
Figure 2. Frontal part of the rock glacier is marked in all panels with
a black arrow. DC1 and S1 denote the active layer, DC2 is the
boundary between frozen and unfrozen material, S2 is the bedrock
interface and S3 is probably a huge boulder.

Fig. 3. Results of a TDEM sounding on the Murtèl rock glacier.
(a) The observed (squares) and predicted (solid line) data based on
the best-fitting model shown by the solid line in (b). Gray shaded
area in (b) indicates the range of equivalent models that explain the
data nearly as well as the best-fitting model.
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The series of reflections observed in the up-glacier part of
the georadar section (Fig. 5) are most likely to originate from
alternating snow and debris accumulations created by mass
movement events from the slope above the rock glacier.
Such features are quite common in georadar images of the
upper part of rock glaciers; they represent the snow and
debris sources that define the typical morphology of rock
glacier bodies (e.g. Berthling and others, 2003). In the
central and down-glacier parts of the georadar section, the
two dominant reflections originate from the ice-rich and
moderately ice-rich layers observed in the borehole (re-
flection intersects the borehole at the boundary between ice-
rich and sand and ice layers; Fig. 6). The deeper reflection at
�20–30m depth between 0 and 125m distance corres-
ponds to the bottom of the ice-containing units and to the
shear horizon observed in the inclinometer measurements
described by Vonder Mühll and Holub (1992). Their
measurements indicate displacement rates of 0.04ma–1 at
this depth.

The seismic speed discontinuity, S2, in Figure 4d defines
the top of the bedrock. Towards the frontal part of the rock
glacier, S2 becomes shallower, reaching the surface at about
170m horizontal distance. The high bedrock speeds within
this bedrock protrusion may indicate the presence of
virtually unfractured rock that may have acted as a barrier
to the flow of the rock glacier.

4. MURAGL CASE STUDY

4.1. Site description
The Muragl rock glacier is also located in the Upper
Engadine area. It is 100–300m wide, �700m long and
extends over an altitude range of 2600–2800m (Fig. 7). It is
distinguished by rapid horizontal movements of up to

0.5ma–1 (Kääb and Vollmer, 2000). This is substantially
faster than typical rock glacier movements, which are of the
order of several cma–1. Like the Murtèl rock glacier, it ex-
hibits pronounced flow lobes with transverse furrows and
ridges. The irregular flow-lobe pattern of the Muragl rock
glacier (compare Fig. 7b with Fig. 2b) may be the result of
periodic mass movements, perhaps reflecting several gen-
erations of rock glacier evolution. In 1999, four boreholes,
B1–B4, were drilled through the rock glacier to bedrock

Fig. 5. (a) Georadar section recorded along the Murtèl rock glacier. (b) Our interpretation superimposed on the georadar section. Location of
the profile is shown in Figure 2.

Fig. 6. Integrated interpretation of boundaries observed in the
geoelectric (blue lines), seismic (red lines) and georadar (magenta
lines) images from the Murtèl rock glacier. The borehole log is also
displayed. DC1 and S1 denote the active layer, DC2 is the boundary
between frozen and unfrozen material, S2 is the bedrock interface
and S3 is probably a huge boulder.
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(Arenson and others, 2002; Fig. 7b). A more detailed
description of the borehole logs is deferred to section 4.5,
but the geology at progressively greater depths can be
described as: (i) loose boulders, (ii) a mixture of sand,
boulders and ice, (iii) a zone of boulders and voids, (iv) sand
that is mostly free of ice and (v) bedrock at 32–45m depth.
Thin water-saturated zones are found within the core of the
rock glacier.

One goal of our project was to compare the internal
structures of the slow-moving Murtèl and fast-moving
Muragl rock glaciers. Accordingly, we attempted to collect
similar datasets at the two study sites. Unfortunately, the
surface-based georadar and TDEM sounding data collected
across the Muragl rock glacier did not yield useful
information, possibly as a result of scattering and absorption
of the electromagnetic energy within a more complex rock
glacier mass. In contrast, the surface geoelectric and seismic
surveys and the cross-hole radar experiments produced
many useful data. For logistic reasons, we could only collect
data along the axis of the Murtèl rock glacier (Fig. 2b) and
along a direction perpendicular to the axis of the Muragl
rock glacier (Fig. 7b).

4.2. Tomographic geoelectric survey
We employed very similar recording parameters and
identical data inversion software for the Murtèl and Muragl
rock glacier investigations. The resultant uninterpreted and
interpreted resistivity tomograms for the Muragl rock glacier
are shown in Figures 8a and 9a, respectively.

A thin layer of moderately high-resistivity material
underlies the undulating surface (DC1 in Fig. 9a). This is
underlain in the southwest part of the survey line by higher-
resistivity material (several tens of k�m; DC2 in Fig. 9a).
Within DC2, there is a highly resistive core with resistivities
in the M�m range (DC3 in Fig. 9a). The remaining regions
of the tomogram have resistivities of several k�m.

4.3. Tomographic seismic survey
In contrast to the Murtèl field campaign, we acquired our
seismic data across the Muragl rock glacier during the winter.
Geophones were planted in a compacted layer of surface
snow, and the dynamite charges were placed 1–2m beneath
the surface at the base of the snow layer. Technical details of
the seismic data acquisition and processing are given by
Musil and others (2002). We again used a 120-channel
seismograph, but the 120 geophones were spaced at 2.5m

Fig. 7. (a) Photograph of the Muragl rock glacier. View direction is
indicated with a black arrow in (b). (b) Orthophoto of the Muragl
rock glacier showing the locations of the boreholes (black dots), the
surface geoelectric (blue) and seismic (red) profiles and the cross-
hole georadar (magenta) sections.

Fig. 8. Results from the (a) geoelectric, (b) seismic and (c) cross-hole
georadar surveys conducted on the Muragl rock glacier. Topog-
raphy defined by the coordinates of the geophones is superimposed
on (a) and (b). Note that geoelectric data were acquired in summer
and seismic data were recorded in winter. Differences in topog-
raphy are caused by the snow cover during the seismic campaign.
Locations of the surveys are shown in Figure 7.
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intervals and the 53 sources were separated from each other
by �5.6m. The total profile length was 297.5m (Fig. 7).

The resultant tomographic seismic image in Figure 8b is
characterized by pronounced variations of seismic speed.
A 5–10m thick surface layer of low-speed material extends
the length of the line (S1 in Fig. 9b). Between 160 and 200m
horizontal distance, low speeds can be traced to even
greater depths (low-speed body S2 in Fig. 9b). Towards both
ends of the profile, speeds immediately below the near-
surface low-speed layer are >4000m s–1. Speeds are uni-
formly >4000m s–1 along the base of the entire image
(interface S3 in Fig. 9b delineates approximately the upper
boundary of speeds >4000m s–1).

4.4. Cross-hole radar survey
Using low-frequency (22MHz) transmitter and receiver
antennas (�3m long), cross-hole radar data were collected
between boreholes B4 and B1 and between B4 and B2.
Transmitter and receiver spacings were both 1m. Tomo-
graphic inversions of the travel-time data were performed
using an algorithm described by Maurer and Green (1997).
Further details of the experiment can be found in Musil and
others (2006).

Perspective images of the tomographic planes B4–B1 and
B4–B2 are shown in Figures 8c and 9c. They are
characterized by a background speed of �120m ms–1 and

imbedded zones of both higher and lower speed. At depths
of <35m, there are three zones of distinctly higher speed
with values reaching 160m ms–1 (R1, R2 and R3 in Fig. 9c),
whereas in the depth interval 35–45m the speeds are as low
as 100mms–1 (zone R4 in Fig. 9c).

4.5. Integrated interpretation
Figure 10 shows our interpretation of important features
identified in the surface geoelectric and seismic and cross-
hole georadar images. Again, our interpretation is strongly
constrained by borehole information. The active layer is
delineated by the geoelectric and seismic layers DC1 and S1
(Fig. 9). Since snow covered the ground during the seismic
survey, S1 overestimates the thickness of the active layer.

The presence of ice is identified in the southwest part of
the rock glacier by a combination of high resistivities and
seismic speeds of about 3500m s–1 (region DC2 in Figs 9a
and 10). The resistivities are generally lower than those
observed within the Murtèl rock glacier, perhaps indicating a
higher proportion of unfrozen water and related warmer
temperatures. Resistivities in the M�m range are only
detected within the relatively small region, DC3. Although it
is difficult to compare results from the longitudinal Murtèl
profile with the perpendicular Muragl profile, based on the
distributions of resistivity in Figures 4c and 9a it seems likely
that the distribution of ice in the Muragl rock glacier is rather
more heterogeneous than in the Murtèl rock glacier.

The low-seismic-speed block, S2, is distinguished by
moderate resistivities, which according to borehole log B1 is
due to the presence of voids filled with air (low seismic
speed) and minor occurrences of water (decreased resistiv-
ities) (Fig. 10). Results from surface displacement analyses
(Kääb and Vollmer, 2000) indicate that movements have
practically ceased within this region. Taken together, these
observations indicate that the permafrost has degraded in
this part of the rock glacier (i.e. the ice has melted, leaving
behind large voids).

Bedrock topography is defined primarily by the borehole
logs and the seismic interface, S3, the approximate upper
limit of 4000m s–1 material. The minor discrepancy between
the log and S3 at borehole B1 (Fig. 10) is probably due to

Fig. 9. As for Figure 8, but with our interpretations superimposed on
the tomograms. The borehole logs are also displayed. DC1 and S1
represent the active layer, DC3 is the ice-rich core of the rock
glacier, S2 represents degraded permafrost and S3 is the bedrock
interface. R1 represents an ice-rich zone, R2 is a layer with large
voids, R3 is either ice-rich or includes voids (see text) and R4 is the
water-saturated part of the rock glacier.

Fig. 10. Integrated interpretation of geoelectric (blue lines) and
seismic (red lines) images from the Muragl rock glacier. The bore-
hole logs of B1 and B2 are also displayed. DC1 and S1 represent the
active layer, DC3 is the ice-rich core of the rock glacier, S2
represents degraded permafrost and S3 is the bedrock interface.
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3-D effects, with the seismic energy having traveled out-of-
the-plane of the profile along a slightly shallower region of
bedrock. The correlation between the lower boundary of the
high-resistivity region DC2 and S3 varies from good at
horizontal distances 40–70m to poor at shorter and longer
distances. Based on the air photograph in Figure 7b, we
judge that S3 represents reasonably well the depth to
bedrock beneath the southwest end of the line.

Radar features R1–R4 are not included in Figure 10, be-
cause the cross-hole tomographic planes are highly oblique
to the plane containing the geoelectric and seismic tomo-
grams (Fig. 7b). Nevertheless, a comparison of Figures 9c
and 10 reveals some interesting correlations. For example,
the high-speed zone, R1, coincides with the northeast lobe
of the high-resistivity region, DC2, in which the pores
between the sediments and boulders are filled with ice (see
the ice-rich zones in the B2 and B4 borehole logs; Fig. 9c),
whereas the underlying high-speed zone, R2, is located in a
lower-resistivity region in which the pores are mostly empty
(see the loose boulders and dry ice-free sands at the
appropriate depths in the B2 and B4 borehole logs;
Fig. 9c). These observations are entirely consistent with the
relatively high radar speeds of ice (170m ms–1) and air
(300m ms–1) and with the joint interpretations of georadar
travel times and amplitudes of Musil and others (2006). To
generate the high speeds observed in R2, the air voids must
be quite large. Since it is not possible to maintain such voids
in an active rock glacier over long periods, they were
probably filled with ice until quite recently (Musil and
others, 2006).

Interpretation of the high-speed zone, R3, is not
conclusive. It could represent a zone with pores filled with
ice or air. Since R3 extends close to borehole B1, which is
situated within degraded permafrost, we prefer the option of
air-filled voids. Finally, the low speeds of zone R4 may be
associated with one or more water-bearing layers intersected
in boreholes B1, B2 and B4 (Musil and others, 2006). There
is no perfect correlation between the borehole logs and the
tomograms. This may be the result of alterations caused by
the drilling process.

Comparisons of the radar tomographic images with the
results of inclinometer measurements performed in borehole
B4 (Arenson and others, 2002) reveal an interesting similar-
ity with the Murtèl rock glacier. As indicated by the black
arrow in Figure 9c, most of the displacements are
concentrated at the bottom of the ice-rich layer defined by
the high-speed zone, R1. The much higher displacement
rates at the Muragl rock glacier relative to those at the Murtèl
rock glacier may be the result of generally higher tempera-
tures close to the melting point of ice, as measured in the
boreholes (Vonder Mühll and others, 2005).

5. CONCLUSIONS AND OUTLOOK
Our investigations of two alpine rock glaciers have demon-
strated some of the possibilities and some of the limitations
of applying high-resolution geophysical techniques in such
environments. We have shown that it is generally feasible to
obtain meaningful 2-D subsurface images, despite the
extremely challenging data acquisition conditions. Several
newly mapped features provide fresh insights into the
stability, kinematics and dynamics of the rock glaciers
(Table 2). Key results include the:

locations and geometries of the active layers and bedrock
surface,

characterization of the Murtèl rock glacier frontal zone,

spatial distributions of ice-, water- and air-filled voids in
the Muragl rock glacier,

delineation of internal structures such as shear zones.

Another important conclusion of our studies is that geo-
electric, seismic and georadar data provide both redundant
and complementary information. For example, ice-rich
zones are best delineated on the basis of their very high
electrical resistivities, whereas interfaces between loose and
more compacted material (e.g. the base of the active layer,
regions of degraded permafrost, the top of the bedrock) are
best seen in seismic images. Surface-based georadar was the
only method that allowed shear horizons to be determined,
and borehole radar tomography revealed the presence of
small-scale structures that were essentially invisible to the
surface-based techniques.

For future investigations of rock glaciers or other
mountainous regions underlain by permafrost we suggest
the following template:

1. Use the fast and inexpensive (i) TDEM method to provide
initial information on the gross (1-D) internal structures
of the rock glaciers and their surroundings and
(ii) surface-based georadar method to obtain detailed
2-D images of the same features.

2. On the basis of the TDEM soundings and georadar
images, select appropriate locations and electrode
spacings for acquiring multi-electrode geoelectric data
along one or more profiles. Very-high-resistivity regions
of the resultant electrical resistivity tomogram may
delineate the spatial distribution of ice.

3. Depending on the available funds and the level of
information required, it may be useful to collect seismic
data. If bedrock topography is the target of primary
interest, seismic data are essential. The geoelectric,

Table 2. Summary of key results from the investigations performed on the Murtèl and Muragl rock glaciers (n.a. ¼ not applied, n.s. ¼ not
successful)

Rock glacier TDEM Geoelectrics Seismic refraction
tomography

Surface georadar Borehole georadar

Murtèl Approximate
bedrock depth

Active layer, ice content,
structure of frontal part

Active layer, large blocks,
bedrock depth

Detailed internal
structure of rock glacier

n.a.

Muragl n.s. Active layer, ice content,
partially bedrock depth

Active layer, degraded
permafrost, bedrock depth

n.s. Ice-rich zones, voids,
water content

Maurer and Hauck: Instruments and methods118

https://doi.org/10.3189/172756507781833893 Published online by Cambridge University Press

https://doi.org/10.3189/172756507781833893


seismic and georadar data should be recorded along
common profiles.

4. Based on the knowledge acquired as a result of steps 1–
3, one or more boreholes should be drilled to ground-
truth and/or calibrate the geophysical tomograms.

5. Considering the high costs of drilling, it is almost always
worthwhile to record cross-hole and/or borehole-to-
surface datasets. Choice of the data type (i.e. diffusive
electromagnetic, geoelectric, seismic or georadar) de-
pends on the problem.

6. In areas of particular interest (identified from the results
of applying steps 1–5), small-scale 3-D georadar experi-
ments may be performed.
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