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ABSTRACT

We have performed a multidisciplinary geophysical survey
combined with geotechnical investigations over a degrading
alpine rock glacier. A dense grid of helicopter-borne ground-
penetrating radar data allowed the 3D shape of the bedrock
topography and the gross transition from ice-rich to ice-poor
parts of the rock glacier to be delineated. The bedrock topog-
raphy served as a 2D structural constraint for tomographic in-
versions of seismic and geoelectric data acquired on coincident
profiles parallel and perpendicular to the rock glacier flow di-
rection. These profile data were complemented by a small 3D
geoelectric tomography experiment. Only a combined interpre-
tation of all the results allowed reliable and unambiguous inter-
pretation of the tomograms. We could distinguish between the
active layer, bedrock, ice-bearing rock glacier material, and

degraded permafrost within the rock glacier. The latter could be
further distinguished in areas where the ice must have melted
only recently, and regions that had degraded some time ago. Ad-
ditionally, high-resolution cross-hole radar tomography, per-
formed in an area of opening crevices, allowed small-scale
structures to be resolved, which were indicative of the dominant
deformation mechanisms style of the rock glacier. The success
of our study was primarily based on the availability of 3D data
sets that allowed important structures to be traced over larger
areas and the integrated interpretation of several data types.
We have identified the internal structure of the rock glacier
to be surprisingly heterogeneous with several small-scale fea-
tures that were judged to be critical for assessing its stability.
This underpinned the need for comprehensive 3D structural in-
vestigations to augment geotechnical measurements linearly
with inclinometers or at points in boreholes.

INTRODUCTION

Global climate change is estimated to have a larger impact on
sensitive circumpolar and mountainous cryogenic regions than in
other regions (e.g., Harris et al., 2009). This temperature increase
affects primarily permafrost, which is defined as soil at or below 0°C
for two or more consecutive years. Rock glaciers are particular
expressions of ice-rich mountain permafrost at high altitudes in
lower latitude regions. These large tongue- or lobate-shaped bodies
range from accumulations of angular boulders and debris cemented
together by ice to masses of nearly pure ice overlain by layers of
boulders and debris (e.g., Burger et al., 1999) and show signs of
deformation at the surface. They creep down mountain slopes at

rates of 0.01-5.0 m/yr when active (Whalley and Martin, 1992;
Springman et al., 2012). It is estimated that they are responsible
for approximately 20% of all mass transport in such terrains
(Barsch, 1996). Because substantial regions of many rock glaciers
are just below the melting point, they are sensitive to relatively small
increases in mean annual temperature. Subtle temperature increases
can cause the ice to melt, resulting in higher creep rates, instabil-
ities, and potentially even catastrophic mass movements (e.g.,
Crosta et al., 2004; Krysiecki et al., 2008).

Rock glaciers are therefore a potential natural hazard in popu-
lated mountain areas. For modeling and predicting movement rates,
the physical properties and the thermohydromechanical character-
istics of these important permafrost structures need to be known.
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Geotechnical investigations are one possible option. Mechanical
and hydraulic parameters can be estimated either on selected sam-
ples in the laboratory or with in situ tests in the field (e.g., Spring-
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Figure 1. Map of the Furggwanghorn study site. The outline of the
rock glacier is shown in blue. Green, orange, and red lines show the
locations of the helicopter GPR, SRT, and ERT surveys, respec-
tively. The boreholes are marked by yellow dots. Black coordinates
at the outside of the map are in the Swiss coordinate system
CH1903 (geodata: Swisstopo). A local coordinate system, shown
in white and in meters, is superimposed.
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Figure 2. Photographs of the study site. (a) Frontal view of the Furggwanghorn rock gla-
cier. Its outline is marked in blue. (b) Orthophoto of the rock glacier. The blue line marks
the outline of the active rock glacier. (c) Yellow dots show the locations of the boreholes
F1-F7 close up of the depressions with the locations of the boreholes F1-F5 and the weather
station. In the foreground, the boulder-covered surface is visible. (d) Blocky surface in
the central part of the rock glacier and the talus slope at its southern boundary.
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man et al., 2012). Such geotechnical data provide information only
linearly (inclinometers) or at one point. By contrast, geophysical
investigations, sensitive to different sets of parameters, allow larger
subsurface volumes to be probed in a nondestructive manner, and
therefore they represent an attractive option to complement geotech-
nical measurements.

During the past several years, numerous studies have been de-
voted to geophysical characterization of rock glaciers. Good over-
views on the possibilities and limitations of such surveys can be
found in Maurer and Hauck (2007) and Kneisel et al. (2008). In
brief, seismic refraction tomography (SRT) (e.g., Musil et al.,
2002), ground-penetrating radar (GPR) (e.g., Monnier et al.,
2011), and geoelectrics (e.g., Hauck et al., 2003) have proved to
be the most effective methods. Furthermore, it has been shown that
multidisciplinary investigations, in which several geophysical meth-
ods were combined with geotechnical measurements, were espe-
cially beneficial (e.g., Maurer and Hauck, 2007).

Nearly all geophysical investigations on rock glaciers have indi-
cated a high degree of subsurface heterogeneity (Musil et al., 2002;
Hausmann et al., 2012). Therefore, the question arises as to whether
the results from single 2D profile data correctly portray the physical
properties within the vertical cross section beneath the profile, or if
out-of-plane effects could be significant. To fully address this prob-
lem, it would be necessary to perform 3D surveys. Such investiga-
tions have not yet been performed because geophysical data
acquisition in high alpine areas can be extremely challenging, par-
ticularly on highly heterogeneous rock glacier terrain

In this contribution, we present results from a multidisciplinary
project on a rock glacier located in the western Swiss Alps. This study
is distinguished from previous ones by the availability of 3D GPR
and geoelectric data sets. These data are complemented by 2D results
from SRT and high-resolution crosshole GPR tomography. In com-
bination with results from extensive geotechnical
measurements, these unique data sets offered an
excellent opportunity to characterize the rock gla-
cier. After a short introduction to the test site, we
demonstrate how critical features, such as bedrock
topography, the presence of ice, and zones of par-
ticularly strong degradation, can be delineated
reliably by combining the information content
offered by all the available data sets.

STUDY SITE

Our study site, the Furggwanghorn rock gla-
cier, lies in the western Swiss Alps at altitudes

Talus between 2750 and 2900 m asl (Figures 1, 2a,

and 2b). The geology is part of the crystalline
alpine nappes and consists mainly of schist
and gneisses (Buchli et al., 2013; Swisstopo,
2015). Weathering of these rocks has produced
material in the size range from silt to angular-
shaped blocks of up to 2 m in diameter (see Fig-
ure 2d). The source of all rock glacier material is
talus originating from the surrounding alpine
peaks and slopes (Figure 2a). The rock glacier
is close to the lower thermal permafrost boun-
dary, as described in Boeckli et al. (2012). There-
fore, temperatures in the permafrost are expected
to be close to 0°C. Deformation measurements
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based on the analysis of aerial imagery show increasing movement
rates of up to 1.5 m/yr over several years (Kiib et al., 2007; Roer
et al., 2008), which have recently accelerated to 3 m/yr (Buchli
et al., 2013). Kéib et al. (2007) suggest that the increase in move-
ment rates is related to increasing mean annual surface temperatures
in the region. As a result of these large movements, deep surface
depressions have formed near the root zone on the rock glacier,
as shown in Figure 2c. To investigate the thermal conditions of
the rock glacier and to monitor deformation at depth, seven bore-
holes were drilled to a depth of 25 m (F1-F5) and 28 m (F6-F7)
through the active layer and the top part of the rock glacier. Incli-
nometers installed in three of these boreholes (F5, F6, and F7)
showed that the deformations continued over the recent years,
and the rates have increased up to 4 m/yr in some areas of the rock
glacier (Buchli et al., 2013). This indicates an accelerated move-
ment in the last few years. The inclinometer measurements show
a shear zone to be present at a depth of approximately 15 m in
the top part of the rock glacier (Buchli et al., 2013) and at 18—
20 m depth in its lowermost part in boreholes F6 and F7 (Figure 2b).

HELICOPTER-BORNE GPR

GPR has proven to be very effective for investigating the internal
structures of rock glaciers (Lehmann and Green, 2000; Berthling
et al., 2008; Monnier et al., 2011; Krainer et al., 2012; Monnier
and Kinnard, 2013; Florentine et al., 2014). So far, most studies
have used ground-based GPR systems, but difficult access to very
steep parts of the rock glacier and wave scattering on large boulders
in close vicinity of the antennas have caused GPR signals to be dis-
torted (Musil et al., 2002; Merz et al., 2015a).

Airborne GPR systems overcome these two main problems. The
literature includes numerous impressive examples of helicopter-
borne GPR (H-GPR) surveys performed on alpine ice glaciers
and ice sheets (e.g., Arcone, 2002; Rutishauser et al., 2015). This
motivated us to apply this technique on the Furggwanghorn rock
glacier. We acquired 20 lines of H-GPR data in spring 2012, out
of which 16 lines were oriented along and four lines perpendicular
to the main flow direction of the rock glacier (Figure 1). A 60-MHz
GSII GPR system was used, with the antennas mounted directly on
the helicopter skids. The flight height was 10-15 m above ground.
More details on the data acquisition and data processing can be
found in Merz et al. (2015a, 2015b).

As an example of the results, Figure 3a shows the processed sec-
tion for H-GPR profile H5 (see Figure 1 for its location). The bed-
rock interface can be easily recognized in the data, indicated by the
white arrows in Figure 3a. Most other profiles exhibit similarly
good bedrock reflections, and there is an excellent correlation of
this feature in adjacent profiles (Merz et al., 2015a). Similarly, re-
flector r in Figure 3a can be traced in neighboring profiles. This
allowed the approximate location of this reflector to be delineated,
and it was found that it must be located within the bedrock under-
neath the rock glacier (see also Merz et al., 2015b). The relatively
large number of H-GPR profiles acquired allowed the 3D shape of
the bedrock topography to be determined, which is shown with the
green surface in Figure 3b. It is bowl-shaped and at a maximum
depth of 48 m in the central part of the rock glacier. The overall
volume of the rock glacier was estimated to be 910,000 m?> on
the basis of the H-GPR data.

In addition to yielding information on the bedrock topography,
the H-GPR sections exhibit a change in the reflectivity character-

istics at approximately 20 m depth. As with the bedrock reflections,
this feature can be traced across most profiles, and it is indicated
with the magenta lines in Figure 3b.

HELICOPTER-BORNE GPR CONSTRAINED
SEISMIC REFRACTION TOMOGRAPHY

Seismic methods have been used in several rock glacier studies to
delineate bedrock topography (e.g., Musil et al., 2002; Tkeda, 2006;
Hausmann et al., 2012), but strong scattering from heterogeneous
subsurface structures made it difficult to image seismic reflections
(Musil et al., 2002). By contrast, SRT (e.g., Lanz et al., 1998)
proved to be a feasible option. The gross internal structures could
also be imaged (e.g., Maurer and Hauck, 2007), as well as bedrock
topography. Typically, rock glaciers consist of a surface layer with
low seismic velocities in the range of 500-1500 m/s over a very
heterogeneous zone with intermediate velocities of approximately
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Figure 3. (a) Helicopter GPR profile HS. Topography is taken into
account in the display. Crossing points of profiles H3 and P13 are
marked by arrows. Locations of the boreholes are shown with black
lines. White arrows point to the interpreted basement reflector. r:
reflective basement structure. (b) Fence diagram of helicopter
GPR profiles H2, H5, P12, and P13 (see Figure 1 for locations).
The interpreted basement surface is shown as a green surface,
the boundary between a high-reflectivity and a low-reflectivity zone
is marked in magenta.



Downloaded 03/11/16 to 192.33.104.222. Redistribution subject to SEG license or copyright; see Terms of Use at http://library.seg.org/

WA150 Merz et al.

3000-4000 m/s. High velocities >4500 m/s are indicative for
bedrock.

Four seismic lines were acquired on the Furggwanghorn rock gla-
cier in spring 2010 and 2011 (Figure 1). At the time of the survey,
the rock glacier was covered by 1-2 m of snow. Geophones were
placed every 2 m, directly in the snow to ensure good coupling to
the ground, and explosive charges of 200-400 g were fired under
the snow cover (average shot spacing was 4 m). The data quality
was good and allowed the first-arriving waves (“first breaks”) to be
picked with an accuracy better than 2 ms.

SRT is known to be ambiguous; that is, there are typically
many models that can explain the data equally well. Therefore,
SRT inversions have to be constrained by regularization that is
typically supplied in the form of damping and smoothing (e.g.,
Maurer et al., 1998). Damping constraints keep the velocity mod-
els close to the initial (first-guess) model, unless deviations are
demanded by the data. Smoothing constraints minimize the struc-
tural complexity within the tomograms, but they have the unde-
sired effect that sharp interfaces may appear overly blurred in
the tomograms.

Results from the H-GPR data offer powerful constraints for
addressing some of these problems related with SRT. We con-
structed an initial seismic velocity model based on the bedrock
topography obtained with the H-GPR data. Figure 4 shows the ini-
tial velocity distributions of the four seismic profiles. The initial
velocity distributions within the rock glacier body and the under-
lying bedrock include vertical gradients that were determined by
trial and error to match the observed first-break traveltimes. Be-
cause of the damping constraints, it is expected that the disconti-
nuity in the initial models in Figure 4 should persist, if the
bedrock interfaces determined with H-GPR and SRT are com-
patible.
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Figure 4. Fence diagram of the initial models for the four SRT in-
version planes. The topography of the basement was extracted from
the H-GPR data.

All the inversions converged such that the average data misfit
between observed and predicted data was comparable with the
first-break reading accuracy (approximately 2 ms), and the final to-
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Figure 5. Final tomogram of seismic line L1 along the main flow
direction of the rock glacier. The solid green line shows the depth of
the bedrock extracted from the H-GPR. Black arrows at the top of
the profile indicate crossing points with cross profiles Q1-Q3.
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Figure 6. Final tomograms for seismic lines Q3 (top), Q2 (center),
and Q3 (bottom) across the rock glacier (see Figure 1 for locations).
The green lines indicate the depth of the bedrock extracted from the
H-GPR. The rock glacier outline is shown as the dashed lines.
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mograms are shown in Figures 5 and 6. The bedrock interface,
defined by the H-GPR data, is indicated with solid green lines.
In the upper part of the rock glacier (profiles Q1, Q2, and upper
part of L1), there is a good consistency between the bedrock
depths determined by H-GPR and SRT; that is, the seismic veloc-
ity discontinuity of the initial models was largely retained.
Although profile Q1 is slightly outside of the area covered by
H-GPR bedrock picks, it is evident that linear extrapolation of
the H-GPR reflector toward Q1 would result in a close match
of the bedrock depths.

There is no obvious correlation in the lower part of the rock gla-
cier (west of profile Q2) between the bedrock depth determined
with H-GPR and the seismic velocity structure. Profile L1 shows
high velocities between 4500 and 5500 m/s from shallow depths
down to the bottom of the resolved area of the SRT tomogram,
and Q3 exhibits two large high-velocity bodies embedded in lower
velocity material. The complex structure of the Q3 tomogram is
indicative of strong lateral velocity variations, and it must be ex-
pected that significant 3D effects (i.e., seismic rays traveling parti-
ally outside of the tomographic plane) could have corrupted the
SRT results. However, it is unlikely that all the discrepancies be-
tween the H-GPR and SRT results can be explained exclusively
in terms of 3D effects.

HELICOPTER-BORNE GPR CONSTRAINED
ELECTRICAL RESISTIVITY TOMOGRAPHY

Although the generally very resistive ground conditions on rock
glaciers make electrical resistivity tomography (ERT) surveying a
challenging task, several successful field studies have been reported
in the literature (e.g., Hauck et al., 2003; Krautblatter et al., 2010).
In particular, ERT investigations on permafrost proved to be useful
for determining the ice content in the subsurface. Major problems
encountered included the high contact resistance of the electrodes
(i.e., poor coupling) and the consequent low level of current that
could be injected into the ground. Only electrode configurations
with low geometric factors could be considered due to the high con-
tact resistance of the electrodes with blocky surface and the low
amount of current that could be injected onto the ground (Hauck
et al., 2003).

Two 2D ERT lines were acquired in summer 2011 along and
perpendicular to the main flow direction of the rock glacier (E2
and E1 in Figure 1). We used a Syscal Pro resistivity meter with
a 96 channel Syscal Pro Switch box and 2.5-m electrode spacing,
resulting in a profile length of approximately 230 m. The number of
data points recorded was 1485 using the Wenner configuration and
1977 using the dipole-dipole configuration. To improve coupling to
the ground, the electrodes were affixed with saltwater-soaked
sponges between boulders or bentonite clay was placed around
them. Extensive quality checks indicated that only approximately
1200 Wenner configurations yielded reliable results.

In addition to the 2D lines, a small-scale 3D survey was carried
out on the rock glacier (red frame in Figure 1). The layout included
a 12 x 8 electrode grid covering an area of 55 X 45 m>. With this
deployment, we acquired a variety of different configurations in-
cluding Wenner, dipole-dipole, and gradient-type measurements.
Only approximately 4400 out of the total 8888 recorded configu-
rations proved to be usable.

ERT data were inverted with the software package BERT
(Giinther et al., 2006; Rucker et al., 2006). Regularization of the

inverse problem is critical, and it was applied in the form of
smoothing constraints due of the ambiguous nature of potential
field data. This resulted in unrealistically smooth subsurface im-
ages devoid of sharp boundaries, as would be expected at the bed-
rock interface. In a similar manner to the SRT analyses, we used
the bedrock topography determined with H-GPR as an a priori
constraint. Giinther and Riicker (2006) show that such constraints
can be implemented by decoupling the smoothing constraints
across known discontinuities. Because we had no prior knowledge
of the resistivities of the bedrock and rock glacier materials, we
used homogeneous-resistivity starting models using the average
apparent resistivities as the true resistivity values. To test the in-
fluence of the structural constraints on the inversion result, we var-
ied the bedrock depth in the initial models within a reasonable
range (not shown). In all resulting tomograms, the dominant
near-surface features were very similar.

All inversions successfully converged after six iterations. Results
for profiles E1 and E2 are shown in Figure 7. We observe generally
higher resistivities and more structural complexity within the rock
glacier body compared with the relatively uniform bedrock values.
At shallow depths, there are numerous small-scale patches of in-
creased and decreased resistivities, and within the uppermost
20 m, the resistivities are generally higher, compared with deeper
parts of the rock glacier.
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Figure 7. Resistivity tomograms derived from the two ERT lines

(see Figure 1 for the location): (a) east-west profile E2 and

(b) north—south profile E1. Green lines indicate the depth of the

basement extracted from the helicopter GPR. This depth was used

as the structural constraint in the inversion process. Black boxes
mark the location and depth extension of the 3D ERT survey.
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A conspicuously large high-resistivity anomaly is found in the
cross profile E1 at a profile distance position of approximately
90 m. Because this anomaly lies within the area covered by the
3D ERT survey (Figure 8), it was possible to investigate the 3D
extension of this feature. As shown in the 3D resistivity tomogram
in Figure 8, this prominent feature extends a few tens of meters to
the north (i.e., opposite to the rock glacier flow direction), and it
reaches the southern border of the 3D ERT surveying area. There-
fore, it is highly likely that it continues further south (i.e., in the
direction of the rock glacier flow).

GPR CROSSHOLE TOMOGRAPHY

Crosshole GPR allows small-scale structures within rock glaciers
to be imaged in great detail, as shown by Musil et al. (2006). We
acquired three planes of crosshole data between the four collinear
boreholes F1-F4 in the upper part of the rock glacier (Figures 1 and
2c¢). For that purpose, we used a pair of Mala 250-MHz borehole
antennas. We used a semireciprocal measuring scheme to achieve a
dense spatial sampling in an efficient manner. For each tomographic
plane, one of the antennas was positioned at large increments of
1.0 m, and in the other borehole, the antenna was moved in small
increments of 0.2 m. After completion of this setup, the procedure
was repeated by interchanging large and small increments between
the boreholes. Due to the pronounced surface topography between
the boreholes, the first arrivals of the shallow source-receiver pairs
included waves traveling through the air, and identification of the
ground wave was not possible. Therefore, the ray coverage in the
uppermost regions was decreased compared with the deeper parts of
the tomographic planes, where the ray coverage was very good.

The tomographic inversions of the traveltimes required the bore-
hole trajectories to be known accurately. Precise determination of
the borehole collars was achieved easily with differential GPS, but
determining the exact downhole shape of the boreholes was prob-
lematic. Consequently, we included the borehole trajectories as ad-
ditional unknowns to be determined in the inversion problem.
Maurer and Green (1997) demonstrate that it is possible to invert
simultaneously for velocities and borehole coordinates. Here, we
followed a slightly different strategy, as described in Maurer and
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Figure 8. Slices through the inverted 3D resistivity volume. Boun-
daries of the blue volumes are 40 kQm isosurfaces extracted from
the volume. Red lines mark the locations of ERT profiles E1 and E2,
and the dashed black line shows the rock glacier boundary.

Green (1997). Instead of inverting for individual transmitter and
receiver positions, we parameterized the boreholes with low-order
polynomials and inverted for the polynomial coefficients. After
some experimentation, we found polynomials of 2° to be adequate.

The 13,693 traveltimes obtained in total from all three tomo-
graphic planes connecting the essentially colinear boreholes were
inverted simultaneously to form one single tomogram. The data
misfit for the final inverted model was comparable with the esti-
mated reading accuracy (approximately 1.5 ns). The results are dis-
played in Figure 9. Generally, the tomograms exhibit a high degree
of complexity. At shallow depths down to approximately 15 m be-
low the surface, we observe the highest velocities. Below this depth,
decreased velocities are found, particularly in the eastern part of the
tomogram. The low-velocity zone is underlain by intermediate
velocities, which is most pronounced in the western part of the
section.

INTERPRETATION

The geophysical data sets acquired on the Furggwanghorn rock
glacier revealed pronounced variations in the different physical
properties. Interpreting the individual physical properties in terms
of geologic, geotechnical, and glaciological units is not straightfor-
ward because the different physical parameters cannot generally be
associated unambiguously with a particular unit. The only excep-
tion is the bedrock, the topography of which was constrained by the
H-GPR data (Figure 3). This is also the only data set that allows a
large-scale 3D interpretation to be performed. Therefore, we judged
it to be appropriate to use this important and faithfully delineated
interface as a regularization constraint for the SRT and ERT inver-
sions. Identification of all remaining features requires several data
sets to be interpreted jointly.

Figure 10 shows results of the approximately coincident H-GPR
line HS, the seismic profile L1 and the ERT profile E2; they are
located in the central part of the study area along the flow direction
of the rock glacier. Superimposed on the individual cross sections is
the bedrock topography shown by the green lines, as determined by
H-GPR data. Note that the depths were extracted from the 3D model
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Figure 9. Radar velocity tomogram for the composite plane F1-F4.
The inverted borehole trajectories are shown in black.
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shown in Figure 3. The small deviations within the individual pan-
els are due to the slightly different profile orientations.

We base our interpretation of reflectivity characteristics observed
in the H-GPR data (purple lines in Figures 3 and 10) primarily on
the ground-truth information from the borehole logs (Buchli et al.,
2013). The structural heterogeneity that causes this change in reflec-
tivity is interpreted as the transition from an ice-rich upper part of
the rock glacier to an ice-poor lower part (Figure 12d). There is no
obvious physical explanation, why changes in ice content should
produce such a change of the reflectivity pattern. A possible explan-
ation for the change in reflectivity could be a layering within the ice-
rich zone, that is, almost pure ice layers may alternate with mixtures
of ice and sediments. Furthermore, similar observations were made
on the Murtel rock glacier (Maurer and Hauck, 2007), where the
transition of an ice-rich to an ice-poor layer was also associated with
a change of the GPR reflectivity characteristics.

Within the zone of the active layer (delimited by the white line in
Figure 10 and based on a joint interpretation of temperature bore-
hole logs and the low near-surface SRT velocities), there are several
resistive and conductive anomalies observed in the ERT tomogram
(Figure 10c). High resistivities can be associated with either in-
creased ice content or the presence of air voids. Because the data
were acquired in summertime and the active layer shows very low
velocities, it must be concluded that these resistive features in the
ERT tomogram represent zones of large voids filled with air. The
conductive anomalies within the active layer are likely caused by
the presence of water. A small pool of liquid water near the weather
station and water inflow into borehole F3 during drilling operations
support this interpretation

We find generally high resistivities in the zone delimited by the
lower boundary of the active layer and the H-GPR constrained tran-
sition from ice-rich to ice-poor material (magenta lines in Figure 10)
between profile distances 130 and 250 m. Furthermore, the seismic
velocities in this region are rather high (3000-4000 m/s). The high
resistivities and high seismic velocities are indicative of increased
ice content in this zone This is supported by the presence of ice in
the geologic borehole logs (Figure 12d; Buchli et al., 2013).

Between profile distances 90 and 130 m, there is a low-resistivity
anomaly between the active layer and the bedrock interface (Fig-
ure 10c). In the same region, the seismic velocities are of the order
of 3000 m/s and the H-GPR data show an increased amount of
scattering throughout the entire rock glacier body. On the basis
of these observations, we interpret this feature to be a zone having
an increased amount of unfrozen water, which is virtually ice-free.

The zone between the ice-rich/ice-poor interface and the base-
ment at profile distances from 130 to 250 m is distinguished by
slightly lower resistivities (compared with the overlying zone)
and high seismic velocities. The H-GPR and ERT data suggest that
there is a decreased amount of ice in this region, but such an inter-
pretation is not fully supported by the SRT results. A possible sce-
nario that would explain all three data sets is fine-grained material
filling the interstitial pores after the ice has melted. Grain-filled
pores could explain the high seismic velocities.

Figure 11 summarizes the results of the cross profiles P13 (H-
GPR), Q2 (SRT), and E1 (ERT). Although P13 is approximately
50 m offset from Q2 and E1 (Figure 1), it is expected to exhibit
similar gross structures. As in Figure 10, the inferred bedrock
depths (green lines), the ice-rich/ice-poor interface (magenta lines),
and the active layer (dashed white lines) have been superimposed.

Small-scale resistive and conductive anomalies within the active
layer are again interpreted as zones of large voids and areas of in-
creased moisture. We observe increased resistivities down to the
ice-rich/ice-poor interface in the central part of the rock glacier near
the crossover points with H5, L1, and E2, which is in turn underlain
by lower resistivities in the northern part of the profile. The seismic
velocities are of the order of 3000 m/s. We interpret this as a zone
of increased ice content, although one would expect slightly higher
velocities to support such an interpretation. The underlying low re-
sistivities are again likely due to the presence of water.

At a profile distance of approximately 70 m, there is a conspicu-
ous high-resistivity anomaly that extends to greater depths. In this
region, the seismic velocities show decreasingly low values toward
the southern end of the profile. To assist our interpretation, we
roughly estimated the subsurface composition at that particular lo-
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Figure 10. Comparison of longitudinal profiles in the central part of
the rock glacier. Portions of the (a) H-GPR profile HS, (b) seismic
velocity tomogram L1, and (c) electric resistivity tomogram E2. The
dashed white line indicates the depth of the active layer, the magenta
line indicates the transition from ice-rich to ice poor permafrost, and
the green line indicates the depth of the bedrock. Boreholes are
shown in black. Crossing points with profiles in Figure 11 are in-
dicated by arrows at the top of the profiles. For the location of the
profiles, see Figure 1.
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cation using the four-phase model (Hauck et al., 2011), in which
seismic and electric subsurface properties are converted to the four
main ingredients of permafrost, namely, rock, ice, water, and air.
Porosity was estimated to be 0.3 based on available rock glacier
material. Using a seismic velocity of 4500 m/s for the host rock,
and values extracted from our tomograms for seismic velocity
(1100 m/s) and electric resistivity (100 kQ), the percentage of
ice (4%), water (5%), and air (21%) was estimated. This is a clear
indication that the high-resistivity zone is caused by air voids and
not by high ice content. Because the uncertainty in porosity reflects
directly in the composition estimates, we decided not to extend this
approach to the entire rock glacier. The “ice-rich/ice-poor” inter-
face, inferred from the H-GPR data, is also not well developed
in this portion of the profile. Based on these observations, it must
be concluded that the permafrost has degraded in this part of the
rock glacier. The local morphology, bounded to the south by base-
ment rocks and to the north by ice-rich permafrost, forms a pre-
ferred drainage path for meltwater and water originating from
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Figure 11. Comparison of cross profiles in the central part of the
rock glacier. (a) H-GPR profile P13, (b) seismic velocity tomogram
Q2, and (c) electric resistivity tomogram E1. The dashed white line
indicates the depth of the active layer, the magenta line indicates the
transition from ice-rich to ice poor permafrost, and the green line
indicates the depth of the bedrock. The black box shows the location
of the 3D ERT survey. Crossing points with profiles in Figure 10 are
indicated by arrows at the top of the profiles. For the location of the
profiles, see Figure 1. Lateral boundaries of the rock glacier are de-
noted by vertical dashed black lines.

the small lake near the surface depressions that further enhances
permafrost degradation.

Based on the profile data alone, it is unclear if the degradation has
only occurred locally, or if larger parts of the southern edge have
been degraded. Results from the 3D ERT survey clearly support the
latter view. The high resistivities extend a few tens of meters to the
east, and they can be traced down to the western edge of the 3D ERT
survey area. The higher altitudes and the restricted sun exposure due
to the surrounding topography seem to have prevented permafrost
degradation in the southwestern part of the rock glacier, but it must
be assumed that all the ice has disappeared in the southeastern bor-
der region. Because large air voids cannot be maintained over
longer periods, it is concluded that the degradation has happened
recently.

Results from the crosshole tomography offer more insights on
small-scale structures. We interpret the crosshole radar tomogram
(Figure 12a) jointly with the corresponding structures extracted
from seismic profile L1 (Figure 12b) and geoelectric profile E2
(Figure 12c), and we relate them to the stratigraphic and hydrolog-
ical borehole logs (Figure 12d). These logs are based on the analysis
of cuttings from the percussion drilling and are therefore only useful
for distinguishing between the main components of the rock glacier
material. Near-surface regions with GPR velocities greater than
140 m/ps are indicative of unconsolidated material with either
air or loose, fine material in the pores (features a and b in Figure 12).
Low seismic velocities in the same areas and their location within
the active layer support the interpretation of air-filled voids. Obser-
vations at the surface (Figure 2c) also indicate the presence of voids.
The high-resistivity zone in Figure 12c, identified as feature a, is
also consistent with such an interpretation, but the low resistivities
associated with feature b do not seem to be compatible with air-
filled voids. A possible explanation is that these low resistivities
are caused by the presence of water at the surface or at very shallow
depth or voids partially filled with fine material. The smoothing
constraints applied to the ERT inversion have likely broadened
the vertical extent of the low-resistivity zone. Due to poor ray cover-
age in the crosshole GPR data near the surface, the reliability of the
crosshole tomogram is limited in this region, and it is possible that a
very shallow wet zone is therefore missed by GPR crosshole
tomography.

Feature c in Figure 12 is characterized by high GPR velocities,
high electric resistivities, and high seismic velocities. By analogy
with previous interpretations in Figures 10 and 11, we interpret fea-
ture ¢ to be a zone of large blocks with interstitial ice. This is sup-
ported by subzero temperatures at these depths measured in the
boreholes F3 and F4 (Buchli et al., 2013). The lower boundary
of feature c is marked with a light brown dashed line in Figure 12.
Large surface displacements of 1.7 and 1.4 m/yr were measured at
the top of boreholes F4 and F3. The detachment of the thermistor
chain at less than a 14 m depth in F4 indicates that most shear de-
formation occurs across this boundary. Several studies have indi-
cated that large displacements are observed at the base of ice-
rich zones (Arenson et al., 2002; Musil et al., 2006). This is a further
indication that feature c¢ represents an ice-rich zone.

It is interesting to note that during the past several years, sizable
depressions formed between boreholes F2 and F4 (marked as the
pink wedge in Figure 12). It is likely that these depressions are re-
lated to the lower boundary of feature c, where increased move-
ments have been predicted. (Sub)-horizontal movements at the
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Figure 12. (a) Interpreted radar velocity tomogram for the composite
plane F1-F4. The inverted borehole trajectories are shown in black.
The location of the ongoing surface depression is shown by the pink
wedge. (b) Enlarged extract from seismic tomogram L1. Locations of
the boreholes projected on the profile are shown in black. (c) The
same ss for panel (b) but for resistivity tomogram E2. (d) Stratigraphic
and hydrological logs from boreholes. Letters a-e identify distinct
features observed in both sections. The dashed white line marks
the depth of the active layer, and the solid green line marks the depth
of the basement. The depth of the shear zone is indicated as a solid
light brown line in borehole F4. The dashed light brown line gives the
interpreted position in the main deformation zone.

lower boundary of feature c, in combination with near-vertical
slump structures observed in the depressions, suggest a rotational
movement of a larger block in this region. This hypothesis is sup-
ported by inclinometer measurements in borehole F5 and eastward
tilting of the borehole tubes of F3 and F4 that can be observed at the
surface through the rotation of the GPS masts mounted on the con-
crete blocks around the borehole collars.

Zone d is located below a trough between boreholes F1 and F2
that drains to the north. It is characterized by low and intermediate
GPR velocities, low resistivities, and low to intermediate seismic
velocities. Borehole data suggest that pore ice is present in this area,
and it consists of finer grained material. Partial saturation of this
material with water is an explanation for the unexpectedly low
GPR velocities and electric resistivities. The electric resistivity
and seismic velocity images indicate little structural complexity
within zone d, but the crosshole radar tomogram shows a zone
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Figure 13. Integrated interpretation of all geophysical measure-
ments on the Furggwanghorn rock glacier. (a) Cross section along
the location of H-GPR profile P13. (b) Orthophoto of the rock gla-
cier with demarcation of the boundary in blue and black lines show-
ing the location of the sections (a and c). (c) Longitudinal section
along H-GPR profile H5 including a detailed view of the area
around the boreholes. See the legend for identification of the indi-
vidual features.



Downloaded 03/11/16 to 192.33.104.222. Redistribution subject to SEG license or copyright; see Terms of Use at http://library.seg.org/

WA156 Merz et al.

of intermediate velocities sandwiched by low velocities. Possibly,
the low GPR velocity zones in the crosshole tomogram represent
preferential flow paths, but considering that they are not imaged
by ERT, it can be reasonably inferred that the differences in hy-
draulic permeability are small. In the deeper part of the rock glacier
body between boreholes F3 and F4, we observe high GPR veloc-
ities, intermediate resistivities, and intermediate to high seismic
velocities (zone e). We interpret this feature as compacted debris
including large(r)-grain material.

DISCUSSION

The different data sets presented in this study have yielded a
wealth of pertinent information on rock glacier structure. We sum-
marize our main findings in Figure 13. Here, we distinguish
between the (1) active layer, (2) bedrock, (3) ice-bearing permafrost,
(4) inactive rock glacier (no significant movements), and (5) de-
graded permafrost, which can be further subdivided into zones
where the ice disappeared recently (type I) or some time ago
(type 1D).

Ice-bearing permafrost is found in the central part of the Furgg-
wanghorn rock glacier (Figure 13a), and it is observed between pro-
file distances 120 and 350 m in Figure 13b. It extends from
the bottom of the active layer down to maximum depths of
approximately 20 m. At the base of this ice-rich body, most of
the displacements measured by means of inclinometer readings.
In addition, Merz et al. (2015b) identify lobe boundaries within
the ice-rich part, where additional movements occur or have
occurred (olive-green lines in Figure 13a and 13b). Below the
ice-bearing permafrost, there is ice-free rock glacier material. We
assume that this part was also frozen at some time.

The low resistivities found at the northern flank and in the lower
(western) part of the rock glacier are indicative of degraded type 11
permafrost. In contrast, the high resistivities along the southern
flank must be interpreted as degraded permafrost of type I. Together
with the conspicuous formation of depressions, the occurrence of
this recently degraded permafrost structures provide clear evidence
that permafrost melting seems to have accelerated during the last
decade.

The more detailed images obtained from crosshole tomography
make it possible to identify small-scale features, and the additional
material properties obtained from the GPR velocities allow a dis-
tinction to be made between different types of materials in the in-
active parts of the rock glacier. Furthermore, they provide additional
evidence that the crevicelike depressions observed at the surface are
probably slump structures due to melting of ice in zone d (Fig-
ure 13c) below the trough.

In addition to offering important new insights on the internal
structure of the Furggwanghorn glacier, our study also highlighted
the general benefits of multidisciplinary investigations. H-GPR
proved to be an excellent tool for delineating the bedrock topogra-
phy, but alone it was not able to distinguish between permafrost of
types I and II. Furthermore, if one would have based the bedrock
delineation solely on SRT, this would have likely led to a wrong
interpretation in the lower part of the rock glacier because there
is insufficient velocity contrast between the bedrock and the zone
of grain-filled ice pores. ERT provided critical constraints for iden-
tifying ice-rich zones, but without additional information from SRT,
some of the high resistivity bodies could have been interpreted in-
correctly. In particular, on the basis of ERT alone, one could have

likely interpreted the recently degraded permafrost along the
southern flank of the rock glacier as a particularly ice-rich zone.
If the same conditions were present in a rock glacier that posed
a threat to human settlements (which is not the case for the Furgg-
wanghorn rock glacier), then such a different interpretation could
have led to catastrophic consequences.

In this contribution, we have performed a rather qualitative inte-
grated interpretation of multimethod geophysical and geotechnical
data, which has been based on quantitative measurements. This
could be improved by a quantitative analysis of the different physi-
cal parameters. A possible option is the four-phase model (Hauck
etal., 2011). However, for a reliable conversion of seismic and elec-
tric subsurface properties to permafrost composition, dependable
estimates of porosity across the rock glacier would be needed. Al-
ternatively, our data sets could form the basis for joint inversions, as
proposed by Haber and Oldenburg (1997) and Gallardo and Meju
(2007). Such techniques could reveal further structural details that
may not be detectable by simple visual inspection of individual
method tomograms and reflection images. Finally, it should be em-
phasized that the tomographic images obtained in this study rather
underestimate the heterogeneity of the rock glacier. This is due to
the smoothness constraints applied during the inversions. The actual
subsurface structures may be even more complex than suggested by
our results.

CONCLUSION

Our multidisciplinary investigations on the Furggwanghorn rock
glacier agree with evidence that melting of permafrost has acceler-
ated in the last decade at our study site. This may be associated with
global warming. Furthermore, our studies confirmed that rock gla-
cier movements are clearly associated with its ice-bearing parts,
whereby most of the displacements occur at the lower boundary
of the ice-rich zones. Finally, it was demonstrated that rock glaciers
can exhibit a complicated 3D pattern of ice-rich and ice-poor zones.
Therefore, it is essential that the entire rock glacier body is inves-
tigated for assessing the potential of catastrophic failures. This re-
quires methods that sense larger subsurface volumes, and in our
view geophysical techniques offer the only viable option to achieve
this in a cost-effective manner in association with the ground-truth
provided by boreholes and a range of sensors and instruments in-
stalled in them for monitoring.
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