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Characteriza  on and Monitoring 
of the Furggwanghorn Rock Glacier, 
Turtmann Valley, Switzerland: 
Results from 2010 to 2012
Climate eff ects relaƟ ng to air temperature, radiaƟ on, snow cover, and rainfall combine 
with thaw and infi ltraƟ on processes to cause changes in the thermal response and asso-
ciated creep deformaƟ ons in rock glaciers, which are the geomorphological expression 
of Alpine permafrost. The annual surface creep of some rock glaciers has accelerated 
recently by an order of magnitude. A mulƟ disciplinary fi eld study links characterizaƟ on, 
monitoring, and modeling for such a rock glacier in the Turtmann valley in Switzerland. 
The fi rst phase consisted of characterizaƟ on using seismic refracƟ on and ground-pene-
traƟ ng radar (GPR), as well as borehole informaƟ on and monitoring of meteorological, 
hydrothermal, and geotechnical variables over 2 yr. The ground model confi rmed the 
heterogeneity of the internal structure, with rock glacier topography aff ecƟ ng the ther-
mal distribuƟ on in boreholes and seepage fl ows from tracer tests at between 10 and 40 
m h−1. Temperatures were generally warmer than −0.25°C in the permafrost zone, with 
some variability in terms of thermal degradaƟ on of some layers to 0°C and an acƟ ve 
layer of about 3 to 5 m depth. Unique internal shear movements were measured by an 
automaƟ c inclinometer, which indicated downslope creep rates in the shear zone and at 
the surface of about 2.4 and 3.2 m yr−1 respecƟ vely, which could not be directly linked to 
temperature at the same depth. These rock glaciers have potenƟ al for future instability, 
which could damage infrastructure in the valley below. It is essenƟ al to understand why 
they have accelerated over the past decade through the complex interacƟ ons that have 
controlled the thermo-hydromechanical response.

AbbreviaƟ ons: AZ, acceleraƟ on zone; GPR, ground-penetraƟ ng radar; MAAT, mean annual air tempera-
ture; PE, polyethylene; TDZ, thermally degrading zone. 

Mountain permafrost is manifested in the form of rock glaciers, which are complex 
inhomogeneous mixtures of ice with varying proportions of rock fragments (Giardino 
et al., 1987; Barsch, 1996) that are generally to be found above 2300 m asl, where the 
mean annual air temperature (MAAT) is less than −1°C (Haeberli, 1975). Th ey have 
been described as “lobate or tongue-shaped bodies of perennially frozen material super-
saturated with interstitial ice and ice lenses that move downslope or downvalley by creep,” 
at a rate of several centimeters to meters per year, “as a consequence of the deformation 
of ice contained in them” (Barsch, 1992). Th e seasonal meteorological impacts on this 
extremely heterogeneous form of frozen granular media within this largely unsaturated 
vadose zone are being examined, as they may cause acceleration and changing surfi cial 
characteristics that are not well understood at present. Th e creep behavior of active rock 
glaciers is extremely sensitive to changes in ground temperature (Barsch, 1992; Haeberli 
et al., 2006; Kääb et al., 2007; Delaloye et al., 2008).

Approximately 20% of Earth’s surface and 7% of Switzerland is covered by permafrost 
(including discontinuous permafrost) (Heginbottom et al., 1993; Brown et al., 1998; 
Vonder Mühll, 1999), which is defi ned as frozen ground or rock having a temperature 
below 0°C for at least two consecutive years (Andersland and Ladanyi, 1994). Permafrost 
lies below an active layer that freezes in winter and thaws in summer. Annual temperature 
variations extend to the depth of zero annual amplitude, with a positive linear thermal gra-
dient dT/dz ranging between 0.01 to 0.03°C m−1 (Harris et al., 2003), which can become 
steeper when water fl ows in taliks above the natural permafrost base.

Published data on the internal structure of rock glaciers are available from geophysical 
investigations (e.g., Elconin and La Chapelle, 1997; Berthling et al., 1998; Hausmann et 
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al., 2007) and boreholes drilled into permafrost zones (e.g., Barsch, 
1977; Haeberli et al., 1993; 1998; Arenson et al., 2002), implying 
that rock glaciers originate from glacigenic or periglacial processes 
(Clark et al., 1998; Hallet et al., 2004). Hence, the perennially 
frozen, creeping mass sometimes contains ice, water, air, and solids. 
Th e mineral solids in this matrix derive mainly from weathering 
products from rock walls, which contribute to mass wasting and 
accumulation of weathered debris in the source zones above rock 
glaciers (Matsuoka et al., 2003). Infl uenced also by the rock joint 
spacing, the range of “particle” sizes extends from large blocks 
down to silt or clay sizes, which also determines the extent of the 
voids. Th ese may be fi lled with any combination of air, ice, and 
unfrozen water (Arenson and Springman, 2005).

Unfrozen water exists in two states: as strongly or weakly bonded 
water (Dash et al., 1995; 2006; Stadler, 1996; Rempel et al., 2004). 
Th e amount of unfrozen water increases with increasing tempera-
ture (up to 0°C) and confi ning pressure and is also dependent on 
the grain size and shape (Williams, 1967a, 1967b). Weakly bonded 
water fi lls the voids around the particles and freezes more easily. It 
can be retained in the capillaries or fl ow through the voids during 
thaw and infi ltration and plays a major role in the long-term ther-
mal degradation of permafrost.

Th e main hydrological processes in rock glaciers arise from spring 
and summer thawing combined with infi ltration of rainfall in 
the active layer and fl ow on the top of the permafrost (Boike and 
Overduin, 1999; Vonder Mühll et al., 2003). It is extremely rare 
that a water table occurs continuously throughout this morpholog-
ical structure. Th erefore, the state of most rock glaciers, especially 
those that are undergoing signifi cant thermal degradation, from 
the active layer through the permafrost and below the permafrost 
base, may be described as being in the vadose zone.

Hydrothermal eff ects (Delaloye et al., 2008) including snowmelt, 
coupled water, and heat transport may lead to accelerated creep, 
particularly in rock glaciers. Th is was observed during investiga-
tions on the Büz North and Laurichard rock glaciers in the Swiss 
and French Alps (Ikeda et al., 2008; Bodin et al., 2009) where 
strain rates increased as the snowmelt started and decreased in the 
middle of the snowmelt period, before becoming almost constant 
aft er the snow had disappeared.

Recent examples of landslides initiated in mountain permafrost 
in Italy (Crosta et al., 2004) and France (Krysiecki et al., 2008) 
reveal the complex interplay that can be traced back to eff ects at 
micro-scale, including reduced cementation in the ice and less 
suction in the strongly bonded water, which lower the strength 
and lead to an increase in the creep rate (aft er Chamberlain et 
al., 1972; Fish, 1984, 1991; Zhu et al., 1997). Th is combines with 
larger scale hydrology in the active layer and underlying permafrost 
(e.g., Vonder Mühll et al., 2003). It is essential to understand how 
rock glaciers can make a transition from relatively stable creeping 

masses to more hazardous states. Based on fi eld investigations and 
a monitoring regime, a ground model has been derived from mul-
tidisciplinary characterization of a rock glacier in the Turtmann 
Valley in the Swiss Alps. Creep deformations in a borehole are 
evaluated and discussed in light of the thermal and hydrological 
data obtained to date.

 Test Area: Turtmann Valley
Th e Turtmann valley is located in the Swiss Alps (Fig. 1) south of 
the river Rhone and is orientated south–north between the west-
ern Val d’Anniviers and the eastern Matter Valley. Th e valley is 
15 km long with 15 side valleys and a catchment area of about 110 
km2 at altitudes between 620 m asl (Turtmann community) and 
around 4200 m asl (Turtmann glacier) (Otto and Dikau, 2004). 
Continental climatic conditions pertain, with mean annual pre-
cipitation ranging between 575 mm in Sion and 710 mm in Visp.

Nyenhuis et al. (2005) mapped more than 83 rock glaciers, located 
at altitudes between around 2300 m asl and 2900 m asl, of which 
more than one-third were identifi ed as active. Ground moraine was 
found in several locations, indicating past Late Pleistocene glacia-
tion. Small glaciers still exist at higher altitudes. Periglacial and 
fl uvial processes have subsequently modifi ed the glacial deposits 
and therefore also the creation of cryogenic landforms such as rock 
glaciers (Otto and Dikau, 2004).

Some rock glaciers have exhibited clear correlations between 
downslope movement and increasing mean annual air temperature 
during long-term photogrammetric monitoring (Roer et al., 2005a, 
2005b; Kääb et al., 2007). Roer et al. (2008) reported the formation 
of extension zones, which are apparent as local depressions that run 
approximately transverse to the fl ow direction of the rock glacier. 
It is postulated that unstable slope systems could develop due to 
the changed geometry (Springman et al., 2012). Seasonal meteoro-
logical inputs, and particularly water fl ow, play a role in accelerating 
temperature rise. Th awing is expected to be accompanied by higher 
diff erential creep rates in some zones of the rock glacier. Better pro-
cess understanding concerning the rheological behavior of thermally 
degrading permafrost in the vadose zone should help in predicting 
the evolution of these phenomenological features.

The Rock Glacier Test Site
A rock glacier to the west of the Furggwanghorn peak, with an 
east–southeast to west–northwest orientation, was chosen for the 
fi eld experiments (Fig. 1). It is located between around 2755 and 
2910 m asl and has shown clear signs of downslope acceleration 
in recent years (Roer et al., 2008), hinting at thermal degrada-
tion. Th e distance from the rock glacier front to its root, where 
it emerges from a cirque below the Furggwanghorn peak, is 360 
m, with a maximal width of 180 m. Geophysical measurements 
indicated that the competent bedrock is reached at around 60 m 
depth in the middle of the rock glacier (Notivol Lazaro, 2011).
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Multiple stages of rock glacier evolution (Fig. 1 and Fig. 2) are 
evidenced by generations of fl ows advancing at diff erent speeds. 
Two key areas for investigation have been identifi ed: a thermally 
degrading zone (TDZ) near the root, containing some depressions 
that are more or less transverse to the rock glacier axis (Fig. 2), 
and an acceleration zone (AZ) downslope of the TDZ, includ-
ing the front of the rock glacier. Currently, there are two main 
semi-parallel depressions (Fig. 3) and one smaller, almost circular 
surfi cial depression, reminiscent of a sinkhole, which sometimes 
retains water in the summer and early autumn months.

A multi-year average velocity of about 1.5 m yr−1 was identifi ed 
by Roer et al. (2008) at the Furggwanghorn rock glacier front by 
comparing orthophotos of 1993, 1999, and 2005. Gärtner-Roer 
(personal communication, 2011) measured greater rates over 
the last 2 yr, as did Kos (personal communication, 2012) and 
Springman et al. (2012), who reported measurements showing 1.8 
cm of displacement at the front in 22 h in September 2011.

Surface fi ssures several meters long and up to 15 cm wide devel-
oped close to the weather station and in the AZ, mainly orientated 
orthogonally to the principal axis of the rock glacier. Natural veg-
etation has more or less disappeared in steeper zones, as well as in 

zones with extensive surface fi ssuring, through diff erential surface 
deformation. Grasses and stunted willow shrubs grow on fl atter 
sectors of the rock glacier close to the weather station and in the 
middle of the AZ (Fig. 2), suggesting more or less stable ground 
response over the last few years.

Fig. 1. Aerial photo of the rock glacier below Furggwanghorn peak, modifi ed from swisstopo, (image 2009, Swiss coordinate system CH1903) showing 
the locations of the geophysical traverses for Seismic Refraction Tomography (SRT: L1, Q1-Q3) and ground-penetrating radar (GPR), the positions 
of the boreholes from the 2010 (F1–F5) and 2011 (F6, F7) drilling campaigns as well as the automatic weather station. Th e thermally degrading zone 
(TDZ) is shown in orange and the downslope acceleration zone (AZ) is shown in light green. Th e directions of photographs taken and shown in Fig. 
2 and 3 are indicated.

Fig. 2. Overview of the areas under investigation from the front of the 
Furggwanghorn rock glacier, with locations of Boreholes F1 to F7. 
TDZ, thermally degrading zone; AZ, acceleration zone. (Photograph: 
Th omas Buchli.) 
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Geology
Escher (1988) observed that the Furggwanghorn zone (Milnes, 
1974; Hsü and Briegel, 1991) of Ophiolith Mélange (quartzite, 
dolomite, shale-sandstone) separates the Bernhard and Monte 
Rosa nappes. The material in the Turtmann valley consists 
mostly of chloritic light colored micaceous schist and gneiss, 
with some garnet.

As for most rock glaciers (Barsch, 1996; Arenson, 2002), the grain 
size distribution on the surface is very inhomogeneous. Th e spec-
trum includes clay, silt, sand, gravel, and cobble sizes, as well as 
boulders with key dimensions of more than 1 to 2 m. Th e shape 
of these larger boulders refl ects natural jointing in the parent rock 
and can be described as a mixture of elongated angular to more 
cuboid forms. Th e surface material is well graded in some areas and 
poorly graded in others. Th is heterogeneity derives from weather-
ing, shearing, transport and abrasion. Th e presence of the fi nes 
complicates interpretation of the seasonal response of the zone 
above the permafrost due to the large range of permeability in the 
well-drained boulder deposits and the less permeable, partially 
saturated, fi ne grained or well graded deposits.

Field Inves  ga  on
Geophysical Inves  ga  ons
An extensive geophysical measurement campaign was performed 
over the spring and summer of 2010 and 2011 to delineate the 
rock glacier geometry, and to detect the presence of permafrost and 
any internal shear horizons before deciding on the borehole loca-
tions. Four seismic profi les were recorded: one longitudinal (L1) 
and three in a transverse direction (Q1–3) across the rock glacier 
(Fig. 1). Th e survey took place in spring, when there was still about 
1 to 2 m of snow cover, which provided good coupling conditions 
for the sources and receivers. A geophone spacing of 2 m was used. 
Explosive charges were placed every 4 m under the snow and fi red 

individually. A tomographic inversion scheme (Lanz et al., 1998) 
was used to analyze the seismic data, and the resulting velocity 
profi les obtained from these preliminary analyses allow the gross 
internal structure of the rock glacier to be identifi ed.

Several intersecting GPR profi les were also measured to try to 
locate internal shear horizons. Th e 50-MHz pulseEkko radar 
system was mounted on a wooden sledge together with a Leica 
GPS system for better mobility on top of the snow and to mea-
sure each trace position. A standard processing scheme, including a 
mute of the direct wave, a time-variant gain control and a bandpass 
frequency fi lter, was applied to the data. Th e infl uence of coherent 
noise was reduced by using a moving single-value decomposition 
fi lter, which improved the subsurface image signifi cantly. A con-
stant velocity of 0.12 m ns−1 was applied to transform the resulting 
time sections to depth, together with an altitude correction to 
locate them at their true spatial position.

Geotechnical Inves  ga  ons
Boreholes serve a dual purpose for characterization (Vonder Mühll 
and Holub, 1992) and monitoring to measure borehole deforma-
tion and temperatures with depth. Th eir locations were selected 
based on the surface geophysical measurements. Two drilling cam-
paigns were performed: in the TDZ (September 2010) and in the 
AZ (August 2011).

Drilling Campaign 2010
Five boreholes were drilled using percussion with air fl ushing, 
without producing cored samples, to a depth of 25 m in the TDZ 
(F1–F5) in the fi rst experimental season in September 2010 (Fig. 1). 
Four of the fi ve boreholes (F1–F4) were located along the principal 
axis of the rock glacier, collinear with the longitudinal geophysi-
cal seismic traverse (L1; Fig. 1), to monitor the thermal regime 
by installing thermistor chains. An automatic inclinometer was 
fi tted in a fi ft h borehole (F5), which was drilled 7 m SSW from F4, 
so that the thermal behavior could be compared with an internal 
displacement profi le.

All fi ve boreholes contained boulders (at a scale of around 1 m) 
in the upper few meters, where the pore volume was relatively 
high, and the wave shear velocity was low, in comparison with the 
ground below. A steel casing was necessary to stabilize the borehole, 
especially in the upper 5 to 10 m. When the ground below this was 
compact and in permafrost, the short-term stability was suffi  cient 
and a casing was not used.

Significant changes of the ground matrix and the grain size 
distribution, within less than 1 m depth, often slowed down 
the drilling process. Borehole F3 was drilled in a depression 
in the middle of the TDZ (Fig. 3) and proved to be the most 
demanding and time consuming. Water f lowed into the bore-
hole at depths of  7 and 11.5 m, and caverns of about 50 cm in 
size delayed the drilling.

Fig. 3. Indications of depressions and creep deformation of the rock 
glacier, with views to the northwest. (Photograph: Th omas Buchli.)
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Polyethylene (PE) tubes with an inside diameter of 101.4 mm (110 
mm outside) were installed inside the casings in each 139-mm-
diameter borehole. A sealed cap on the bottom of the PE tube 
protected the measuring instruments against water infl ow and 
shielded them from mechanical damage, until the tubes were 
sheared off  due to accumulated creep movements.

Instrumenta  on and Monitoring
Thermistors
Th ermistors (type MEAS 44031, http://www.meas-spec.com) 
were assembled in vertical 25-m-long chains, at spacings of 0.5 
m (near the surface) and 1 m (below), and calibrated in the labo-
ratory to measure the temperature in the ground. Two separate 
multiphase cables were used per borehole to transfer the signals 
from each of 30 sensors to the logger station to reduce the risk 
of losing them simultaneously through damage at the shearing 
zone location. Foam spacers were slipped onto the thermistor 
chain cables to minimize convective heat transport within the PE 
tube. Laboratory calibration showed the thermistor resolution to 
be 0.01°C at 0°C (including data logger), whereas the calibration 
uncertainty (accuracy) and repeatability were calculated as 0.03 
and <0.01°C, respectively.

AutomaƟ c Inclinometer
An inclinometer (type SAAF, www.geotrade.com/pages/en/
Home.html) with 48 segments was installed in Borehole F5 to 
measure inclinations of 50-cm stiff  plastic segments with 360°
joints at each end (Fig. 4a) in two orthogonal directions (x and y, 
Fig. 5) over the borehole length. Th e joints permit neither torsion 
nor extension, with the latter being more problematic, given the 
annual creep rate of more than 1.5 m yr−1. Whereas standard incli-
nometers are read by hand, until the curvature of the tube becomes 
too great to permit the instrumented probe to pass (e.g., Arenson 
et al., 2002), the new device is protected against local mechanical 
damage with a fi ne woven metal sleeve and supplies data automati-
cally at regular time intervals, independent of weather and snow 
conditions in the fi eld.

The relative displacement on the surface, with respect to the 
lowest segment, can be calculated from the inclination and seg-
ment length. Th e inclination sensors have a resolution of 2 arc sec 
and a repeatability of 0.15 mm, leading to resolution of 1.5 mm of 
maximal horizontal diff erence over the inclinometer length of 24 
m. Absolute positioning of an inclinometer is theoretically only 
possible using surveying methods for reference (Fig. 5).

A frictional connection between the instrument and the PE 
wall was provided by plastic spacers (Fig. 4b) mounted on the 
instrument before installation. Th e space between the measur-
ing instrument and the tube was then fi lled with fi ne quartz sand 
(Perth Sand, Australia; Buchheister, 2009) with a maximal grain 
size of 0.89 mm. It was planned to grout the space outside the PE 
tube but this was not possible due to the high permeability of the 

surrounding ground. Nonetheless, the movement in the upper part 
of the borehole generally ensured good contact, although the lack 
of grouting should be considered when interpreting the data. Th e 
azimuth of the two inclinometer measurement directions (x–y) 
was determined by using a compass.

Meteorological Measurements
A weather station was installed next to borehole F5 to measure 
snow height, short- and long-wave radiation, air temperature, 
humidity, wind speed and direction, and precipitation (Fig. 1). 
The thermistors, the inclinometer, as well as the snow height 
measuring instrument, were set to a 6-h measuring interval. Data 
from the weather station are logged every 5 min. Th e wind direc-
tions as well as the wind speed are recorded as mean values over 
5 min to account for variability in the wind conditions. Further 
specifi cations for the meteorological sensors can be found in the 
Supplementary Material.

Drilling Campaign 2011
Th e fi eld investigation was expanded in 2011 to the AZ (Fig. 2), fol-
lowing promising results from sensors and instruments installed in 
the 2010 campaign, despite signifi cant diffi  culties in characterizing 

Fig. 4. (a) Segments of the automatic inclinometer and (b) spacer. 
(Photographs: Th omas Buchli.)

Fig. 5. Calculation of lateral displacements from the automatic incli-
nometer (left : initial state, right: following displacement).
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the heterogeneous ground encountered. Th e locations of two addi-
tional, 28-m-deep boreholes (F6, F7) were decided from inspection 
of the preliminary geophysical data (Fig. 6a) and revision of earlier 
interpretations of GPR data (Fig. 6b) from Notivol Lazaro (2011). 
Boreholes F6 and F7 were drilled in August 2011 between seismic 
Sections Q2 and Q3 (Fig. 6a) and GPR Sections 5 and 12 (Fig. 6a), 
75 and 100 m downslope of the weather station (Fig. 1), using the 
same method for Borehole F6 as for Boreholes F1 to F5. Disturbed 
samples were taken in Borehole F7 over a length of more than 22 m. 
Rotary drilling was combined with water fl ushing to cool the drill 
bit, whenever necessary (30% was drilled without water fl ushing 
to minimize loss of the fi ne fractions).

A thermistor chain, with 30 sensors, was installed in a PE tube in 
each borehole with spacings increasing from 0.5 to 0.75, 1, 1.2, and 
1.5 m with depth. Th e inclinometers for Boreholes F6 and F7 were 
28 m long, consisting of 56 segments. Otherwise, the specifi cation 
was the same as for the inclinometer in Borehole F5, except that 
it was placed into a plastic tube (32-mm external diameter) and 
installed inside the PE tube simultaneously with the thermistors. 
Perth sand was fi lled between the instruments (inside the PE tube); 
as before, no grout was applied outside the tube because of the high 
ground permeability.

Tracer Tests
Tracer tests can be used to study water fl ow within the rock glacier. 
Four tracer tests were performed in the fi eld using two fl uorescent 
dyes (Uranine and Rhodamine G), which were chosen because 
they are cost eff ective and can be measured accurately with a fl uo-
rometer. Th e water sampling points were chosen at places where 
water seeps out visibly from the edge or on top of the rock glacier, 

although it disappeared again by seepage within several meters. 
Th e number of sampling points is very limited because, as usual 
in rock glaciers, most of the flow occurred within or below boul-
der debris. Tracer injection points were located up-gradient of 
the seepage points. As these seepage fl ows cannot be measured 
and thus no tracer recovery rates can be determined, only binary 
information about existence or nonexistence of tracer in the sam-
pling location is recorded, instead of the tracer concentration. Flow 
velocity is determined by the time of fi rst detected arrival of tracer, 
which will be larger than the center of mass velocities, which could 
not be derived.

Results and Discussion
Geophysical Results
A 3- to 4-m-thick surface zone, with low seismic velocities between 
500 and 1500 m s−1, is present on all seismic profi les. Zones with 
intermediate velocities around 3000 to 4000 m s−1 and >4500 m 
s−1 were found below this depth, indicating very heterogeneous 
ground conditions, especially in lateral extent.

Th e low seismic velocities near the surface (Fig. 6a) suggest the 
presence of an unsaturated active layer, which was confi rmed later 
by measurements of temperature with depth in the boreholes. Th e 
slight overestimation in thickness compared to these subsequent 
temperature measurements can be explained by the inversion pro-
cess, which smeared the low velocity snow layer. Th e intermediate 
velocities (?3000 m s−1) are indicative of permafrost (Musil et al., 
2002; Maurer and  Hauck, 2007), whereas the highest velocities 
(>4500 m s−1) are typical for bedrock or large boulders. Velocity 
profi les extracted at the trace crossing points show that results are 

Fig. 6. Geophysical investigations. (a) Th ree-dimensional view of the seismic refraction tomograms along L1 with Q1 (top), Q2 (mid), Q3 (bottom), 
showing seismic velocity in meters per second. (b) Th ree-dimensional view of two ground-penetrating radar (GPR) profi les (longitudinal: GPR 12; 
transverse: GPR 5) and two interpolated horizons. Th e active shear horizon is shown extensively in blue at about 15m depth, whereas the bedrock 
topography is represented as the lower, brown surface at below 50 m depth.
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consistent to about 30 m depth at the intersection of L1 with Q1 
and Q2. Th is corresponds to the maximal resolution depth of the 
source-receiver setup. Th e agreement is worse at the intersection of 
L1/Q3 in the depth range between 10 and 20 m, most likely due 
to the rock glacier’s three-dimensional heterogeneity. No obvious 
bedrock interface is visible over large parts of the profi les, where 
the ray-paths have been the densest (Fig. 6a, masked areas are not 
well resolved by the tomographic inversion). Shallow bedrock can 
be found in the southern part of profi le Q1 and the central part 
of profi le Q3 and probably lies deeper than 30 m in the central 
part of the rock glacier. Th e high velocity zone at a depth of about 
10 m near the L1 and Q3 intersection is interpreted as a bedrock 
barrier, which subdivides the fl ow of the rock glacier in two parts. 
Th is agrees with visual observations from aerial images (Fig. 1).

Several prominent refl ectors were located in the GPR profi les (Fig. 
6b) to about 70 m depth. Most refl ectors could be tracked over sev-
eral profi les at their crossing points. One of them is associated with 
the active shear horizon and occurs at a depth that corresponds 
to the signifi cant shear deformation, which was measured subse-
quently by the borehole inclinometer in F5 at 15 m depth. A second 
refl ector may represent an older, currently nonactive shear plane, at 
about 25 m depth. Th e deepest refl ectors (Fig. 6b) are interpreted 
as the bedrock interface at a depth between 55 and 65 m.

Geotechnical Model
Figure 7 shows a stratigraphic profile through Borehole F7. 
Disturbed samples from the top 4 m in Borehole F7 contained 
boulders with a diameter of about 0.5 m or more, mixed with some 
fi ner material. Heterogeneous, alternating layers of stones, gravel, 
and fi ne material were found below this depth, which complicated 
sampling further. Water fl ushing was applied during the drilling 
process so no fi ne material could be preserved. It was possible to 
drill without water between 18 and 21 m because there were no 
large boulders, and fi ne material could be retained in the cores. 
Frozen material was extracted at depths between 16.3 and 17.1 m.

Information obtained from the drilling campaigns, as well as 
results from the geophysical investigations, were integrated 
to develop a ground model of the rock glacier (Fig. 8) through 
Boreholes F1, F2, F3, F4, F6, and F7, showing mainly a poorly 
graded mixture of particles and blocks. No well-defi ned strati-
graphic layers could be identifi ed, and it was challenging to classify 
sectors with similar mechanical properties.

Nonetheless, four diff erent areas are distinguished in this ground 
model. Th e bedrock is located at a depth of around 60 m, which 
is covered by a 30- to 40-m-thick layer of weathered bedrock. Th e 
boundaries between these two sections are sometimes not well 
defined. The rock glacier body consists mostly of rock debris 
with some isolated boulders, which were detected both through 
geophysical methods and the drilling. Occasional patches of silty 
clay material were also found in the seven boreholes. Th e air void 

content in this section varies considerably over small distances. 
Loose material and voids of approximately 50 cm depth were 
found in Borehole F3, whereas compact ground was detected some 
meters below. Geophysical measurements hint that the material 
is partially frozen in this section. Th is was confi rmed by frozen 
samples obtained from Borehole F7, as well as by long-term tem-
perature measurements within the boreholes. Nonetheless, the 

Fig. 7. Stratigraphy from Borehole F7, showing the presence of ice, 
water, or nominally drained ground and samples obtained from the 
drilling process with and without water fl ushing.

Fig. 8. Geotechnical model of the rock glacier through Boreholes 
F1 through F4, F6, and F7 with interpretation of the broad extent 
of permafrost.
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temperatures are generally very close to the melting point, and 
even show positive values in some sectors. Th e rock glacier surface 
is covered mostly by a layer of cobbles and boulders that is 3 to 5 
m thick so that any melt water infi ltrates into the ground imme-
diately, instead of producing surface runoff . Th e ground model 
contains signifi cant uncertainties between Boreholes F4 and F6, 
where no geotechnical data are available to calibrate and validate 
geophysical measurements.

Tracer Tests
Water samples were taken three times in the course of the day in 
the fi rst tracer test in Borehole F7, during pauses between drill-
ing. Th e Uranine and Rhodamine G injection points were both 
located up-gradient to the southeast (Fig. 9). Water fl ushing to cool 
the drill bit did not disturb the sampling; however, it diluted the 
samples taken, as confi rmed by lower concentration of Rhodamine 
G detected in the fi rst sample compared to other tests. Uranine was 
not detected. No upper bound could be derived for the groundwa-
ter fl ow velocity in the debris, which is estimated to be greater or 
equal to 18.0 m h−1, since the tracer had already reached Borehole 
F7 by the fi rst sampling time.

In the second tracer test, Uranine and Rhodamine G injection 
points were located in the same gully in the fl ank of the rock glacier 
(Fig. 9), with the Uranine injection point being at higher altitude. 

Both tracers were detected during sampling. The calculated 
groundwater fl ow velocities from Rhodamine G and Uranine were, 
43.4 and 31.3 m h−1, respectively. Detailed information about the 
tracer tests can be found in Supplementary Material.

In the third tracer test, Uranine and Rhodamine G injection 
points were located at the top of the rock glacier front (Fig. 9), 
with the sampling point at the bottom of the rock glacier front. 
Only Rhodamine G was detected, yielding a groundwater fl ow 
velocity of about 23 m h−1.

In the fourth tracer test, Rhodamine G was injected on the slope 
above the sampling point in the upper zone of the rock glacier. Th e 
discharge of water (?1–2 L s−1) at this sampling point was much 
larger than at the others. First arrival of Rhodamine G led to a 
calculated groundwater fl ow velocity of 15.3 m h−1.

Since ice had been observed in the void space between the debris 
in the fi eld and measured temperatures of fl owing water were close 
to 0°C, even at an air temperature of around 12°C, it can be con-
cluded that water was fl owing downslope on top of the frozen soil. 
Th e detection of only one tracer during Tracer Tests 1 and 3 shows 
that groundwater does not necessarily fl ow to the same place from 
sources quite close to each other, even under considerable elevation 
gradients. Th e fl ow path is heterogeneous and hydraulic connection 

Fig. 9. Locations of the tracer tests, modifi ed from swisstopo, (image 2009, Swiss coordinate system CH1903).
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between adjacent places may be poor. Th e tracer tests showed that 
water fl owed through the rock glacier with velocities from 15.3 to 
43.4 m h−1. Th e largest measured fl ow velocity occurred in Tracer 
Test 2 on July 10, 2012, when snow cover still existed in many 
places on the rock glacier. Th e 0°C isotherm during this period 
probably was closer to the surface than during other tests. Water 
follows shorter fl ow paths under these conditions and only perco-
lates through large voids in the debris. By contrast, even though 
the slopes in which tracers were injected for Tests 3 and 4 were 
steeper than for Tracer Test 2, the velocities of groundwater fl ow 
were much smaller. It is plausible that the 0°C isotherm was at 
much greater depth during the second test period on 29 Aug. 2012, 
when the active layer was also at a much 
greater depth. Th e injection water conse-
quently fl owed along longer travel paths, 
possibly through thawed fi ne-grained 
unsaturated soil at larger depths, result-
ing in a smaller fl ow velocity.

By comparison, tracer results obtained 
by Krainer and Mostler (2002) and 
Tenthorey (1992) on rock glaciers 
indicated even higher water velocities 
of 54 to 327 m h−1. Evin and Assier 
(1983) found similar fl ow velocities at 
the Marinet II rock glacier, which they 
interpreted as suprapermafrost f low. 
Nonexistence of melt water streams and 
smaller velocities in the Furggwanghorn 
rock glacier may imply that no network 
of channelized conduits exists, although 
some longitudinal depressions may indi-
cate formation of thermokarst due to 
downgradient fl ow. Th e less developed 
hydrological system of Furggwanghorn 
rock glacier is most probably due to the 
small size of the rock glacier drainage 
area and a lack of glacial water supply.

Ground Temperature
Temperature distributions obtained 
from four boreholes are plotted (Fig. 
10a: F1, Fig. 10b: F2, Fig. 10c: F3 and 
Fig. 10d: F4) from 1 Oct. 2010 to 1 Oct. 
2012. The temperature range in per-
mafrost found in all four boreholes lies 
between zero and just below (−0.5°C), 
indicating degradation.

A continuous permafrost body is iden-
tifi ed in Borehole F1, which is located 
close to F2 on a steep slope (locally 
>45°) behind the depression shown in 

Fig. 3, over the whole monitoring period (Fig. 10a). Th e active 
layer reaches 2 m below ground and remains consistently at that 
depth due to the latent heat demand of thawing (e.g., Wegmann, 
1998; Kääb and Haeberli, 2001; Noetzli et al., 2007; Harris et al., 
2009). Surface temperatures fl uctuate between −6.9 and +11.8°C. 
Permanent negative temperatures extend to the permafrost base, 
which is located at 22.5 m depth.

Borehole F2 was drilled on a steep ridge between two depressions 
(Fig. 3), which may have been snow free at times in winter. Th ree 
discrete zones with temperatures above the thawing point are 
noticeable (Fig. 10b) at constant depths of 5, 12, and 17 m. It is 

Fig. 10. Temperature distribution with time in the thermally degrading zone (TDZ), Boreholes (a) F1, 
(b) F2, (c) F3, and (d) F4.
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postulated that heat was supplied through the sides of the ridge 
or transversely across the rock glacier because there is no sign of 
heat transport in a vertical direction between the ground surface 
and these zones.

Th e permafrost base could not be determined in either Borehole 
F2 or F3. Temperatures between 0 and −0.3°C were measured in 
the permafrost body in Borehole F3 (Fig. 10c), which was drilled 
at the base of a depression that has been expanding noticeably over 
the period of investigations conducted by Roer et al. (2008) (Fig. 
3). Temperatures close to 0°C were expected shortly aft er the drill-
ing was conducted. Th e positive temperatures within some areas 
in the upper 7 m can probably be explained by accumulation of 
melt water from snow and infi ltration from rainfall, which collects 
around Borehole F3 and runs off  through a subterranean trans-
verse drainage pathway. Th is eff ect is enhanced since a thick snow 
layer was observed to cover Borehole F3 in late July 2010 and 2012, 
supplying melt water even when most other places on the rock 
glacier were snow free.

Borehole F4 is located on a relatively f lat 
area, where snow can accumulate with-
out creeping or sliding; consequently, the 
thermal response of the active layer in 
Borehole F4 is very different from the 
other boreholes (Fig. 10d), although 
the geotechnical properties are com-
parable. The temperature distribution 
is similar during the summer, whereas 
penetration of the winter cold front is 
much more damped than for Boreholes 
F1 through F3, in which heat transfer 
by conduction is presumed to dominate 
during winter. A thick snow layer that 
falls early in winter reduces heat trans-
port into the ground (Harris et al., 2009; 
Bodin et al., 2009). However, there is a 
zone of unfrozen water between 6 and 
8 m, which hints at lateral water f low 
within the rock glacier. The temperature 
range in Borehole F4 is between −1.6 
and +13.4°C. The maximum tempera-
ture is comparable to that measured in 
the other boreholes, whereas the mini-
mum temperature is significantly higher. 
Borehole F4 is situated around 7 m from 
F5, where large shear deformations were 
measured at 15 m depth, which explains 
the data loss for sensors 20 to 30 from 
June 2011 onward.

Thermal Response
Figure 11a and 11b show the air temperature and snow height 
from 1 Oct. 2010 to 1 Oct. 2012. Th e lowest air temperature was 
measured on 10 Feb. 2012 and the highest on 19 Aug. 2012. Th e 
seasonal position of the sun is refl ected in the measurements of 
air temperature. Th e mean annual air temperature for the hydro-
logical years 2010–2011 and 2011–2012 were −1.67 and −1.54°C, 
respectively. Figure 11b shows the snow height above ground sur-
face near Borehole F4, which was covered by snow for half of the 
year during both winters 2010–2011 and 2011–2012, as expected 
from the altitude of the research area (reference height weather 
station: 2854 m asl). Snow arrived in mid to late autumn in both 
years and remained until early summer in 2011 and mid June in 
2012. Snow depths were greater in the depression at F3 (Fig. 3) in 
both winters. Th e areal extent of snow cover is less well known.

Typically, the role of snow cover changes over the year, featuring 
four distinct time periods (Harris et al., 2007):

Fig. 11. Interaction between (a) air temperature, (b) snow height, and (c) temperature within the 
ground at a depth of 0.5 m for the Boreholes F1, F2, F3, and F4 (reference height: weather station 
2854 m asl), where lines defi ning A and B indicate two events during which velocities accelerated 
suddenly to a peak, as reported in Fig. 13b.
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 • heat transfer in autumn through conduction of heat from a 
snow-free surface with some further ground cooling develop-
ing, if a thin snow layer prevents radiative heating through its 
higher albedo;

 • increasing snow thickness in winter that insulates the ground 
surface from air temperature variations;

 • spring thaw leading to melt water percolation and ground tem-
peratures close to 0°C;

 • snow-free summer periods, when the surface temperature 
strongly controls air temperature and radiation.

The timing and duration of these periods influence the mean 
annual ground temperatures (Goodrich, 1982; Harris and Corte, 
1992; Luetschg et al., 2004).

Figure 11c shows temperature data from Boreholes F1, F2, F3, 
and F4 at 0.5 m depth. Sensors close to the surface are strongly 
infl uenced by the snow cover and the air temperature. All four 
sensors show similar values to the air temperature, during snow-
free conditions. Th e highest temperature is reached in Borehole F2, 
whereas Borehole F3 oft en has the lowest values during summer 
and autumn. Th e highest amplitudes are recorded by sensors in 
Borehole F2, refl ecting the air temperatures through the topog-
raphy around this borehole, which is located on a ridge top. Th e 
borehole temperatures are probably aff ected by heat conduction 
from the top and from the side slopes, which will warm up through 
sunshine and cool down thereaft er.

Borehole F3 is located within a small depression, where snow 
remains for a much longer period, sometimes all year, and where 
there is much less infl uence from sunshine than at Borehole F2. 
Negative temperatures were reached at all four sensors as air tem-
peratures dropped sharply below zero, accompanied by the fi rst 
snow falls in October each year. Subsequently, the snow cover 
had a damping eff ect on the temperature in the ground, depend-
ing on the thickness (Keller and Gubler, 
1993; Hanson and Hoelzle, 2004). Low 
temperatures will be reached where snow 
cover is absent or thin.

Th e temperatures in Borehole F4 (0.5 m 
depth) stayed nearly constant and just 
below the thawing point in both winters, 
whereas the temperatures in Borehole F1 
decreased to about −7°C. Borehole F4 
is mainly influenced by heat transport 
through the relatively fl at, snow-covered 
surface (Fig. 11b), whereas F1 is located 
on a steep, less-insulated slope. The 
occurrence of water f low on the sur-
face is improbable, because of the local 
topography around Borehole F4. The 
other sensors at that depth mostly range 
between the values of F1 and F4. It is 

noted that the temperature distributions at F2 and F3 in winter 
2010–2011 are quite diff erent from those of winter 2011–2012. 
Th is is attributed to air convection at F3 in the fi rst winter, which 
was suppressed by the deeper snow in the second, whereas the 
greater amount of snow would have slipped off  the steep side slopes 
around F2, allowing greater air convection and a less damped ther-
mal response at F2 in the second winter.

Displacement in a Shear Zone
Figure 12 illustrates the lateral displacements derived from incli-
nometer measurements in Borehole F5, which were directed 
approximately northwest. Th e profi les show the vectorial addi-
tion of the x,y displacements (Fig. 4 and 5) at half-weekly intervals.

A signifi cant shear zone of approximately 1-m thickness has been 
identifi ed at a depth of 15 m below ground surface. Th e net shear 
strain appears to have been exerted mainly in this shear zone, 
which may be compared with a temperature of between 0 and 

−0.25°C at a depth of 15 m (Fig. 10d) in the nearby Borehole F4.

Table 1 shows the strain rate for the period October 2010 until 
April 2011, calculated as the resultant displacement in the x and 
y directions normalized by the increment of z (depth) for two dif-
ferent sections, between depths of 0.25 and 14.25 m (Table 1a) 
and between 14.25 and 16.25 m, respectively (Table 1b). Th e accu-
mulated strain γ = Δxy/Δz since installation of the inclinometer 
was calculated at the end of each month and the net strain rates 
γ  were determined at a daily rate for each monthly period. Th e 
corresponding angles are described by ψ = arctan(γ).

Th e section above the shear zone (0.25–14.25 m depth) shows 
relatively small net shear strains, with maximum values of around 
0.0002 d−1 during November and December 2010 and April 
2011. Th e minimal net strain rate was reached with 0.0001 d−1

Table 1. Cumulative shear strain γ since installation of the inclinometer and shear strain rate per day 
  γ as well as the shear strain angle ψ and rate ψ  between depths of  0.25 and 14.25 m and (b) 14.25 

and 16.25 m.

 

October November December January February March April

2010 2010 2010 2011 2011 2011 2011

—————————————————— 0.25–14.25 m depth ————————————————— 

γ = Δxy/Δz 0.0037 0.0112 0.0186 0.0239 0.0277 0.0339 0.0404

γ ,  d−1 0.0001 0.0002 0.0002 0.0002 0.0001 0.0002 0.0002

ψ = arctan(γ), ° 0.21 0.64 1.07 1.37 1.59 1.94 2.32

ψ , ° d−1 0.01 0.01 0.01 0.01 0.01 0.01 0.01

————————————————— 14.25–16.25 m depth —————————————————

γ = Δxy/Δz 0.1917 0.3789 0.5363 0.6469 0.7452 0.8870 0.9764

γ , d−1 0.0062 0.0062 0.0051 0.0036 0.0035 0.0046 0.0030

ψ = arctan(γ), ° 10.85 20.75 28.21 32.90 36.69 41.57 44.32

ψ , ° d−1 0.35 0.33 0.24 0.15 0.14 0.16 0.09
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in February 2011. Th e net strain rates in the shear zone are 10 to 
50 times larger than the values above. Th e greatest strain rate was 
detected in late autumn, a short time aft er measuring began. Th e 
strain rates were reduced signifi cantly during the winter months, 
which can be observed pictorially from the reduced spacing 
between the inclinometer traces (Fig. 12).

Initially, more or less pure translation was deduced from the 
displacement profi le above the shear zone. Th is may have been 
infl uenced by bedding the PVC tube containing the inclinom-
eter into the surrounding ground, as the cylindrical shape of the 
original unsupported borehole wall deformed to fi ll the annulus 
to the PVC tube.

Hardly any deformation was determined below the shear zone 
during the whole period (Fig. 12). Perhaps the negative displace-
ments at a depth of about 20 m were a consequence of incomplete 
compaction around the PVC inclinometer protection tube and 
the segmental form of the device, which leads to zigzag local 
downslope movements.

Th e surface movements reached 1.6 m in 7 mo, with 1.2 m con-
fi ned to the shear zone (Fig. 12). Th is is a unique dataset for a 
rock glacier. Arenson et al. (2002) discussed the limitations of 
standard inclinometer tubes that can sustain a radius of curva-
ture of <5.3 m, which would have been reached aft er around 10 
d in this borehole, in comparison with 3 to 9 mo at the Muragl 
rock glacier, which was moving at about 0.5 m yr−1 (Springman 
et al., 2012). Th e inclinometer was pulled through the sand that 
was used to fi ll the void inside the PE tube, rather than break-
ing, at least for the fi rst 6 mo because the joints were unable to 
extend, as seen (Fig. 12) by the drop of about 1 m in the top of 
the inclinometer trace.

Th e measurements became invalid aft er 1 May 2011 because of the 
large deformations. Th e inclinometer segments cease to function 
aft er exceeding a rotation of 60° to the vertical. Th e sensor con-
nection was defi nitely broken by 2 July 2011.

Comparisons between Meteorological Data 
and Rock Glacier Movements
Th e time series of inclinometer displacements, precipitation, air 
and ground temperatures were compared to investigate possi-
ble links between atmospheric, global, and local drivers in the 
ground and the resulting movements of the rock glacier. Figure 
13a shows the air temperature distribution combined with the 
amount of precipitation on the rock glacier over the period from 
1 Oct. 2010 to 1 May 2011, which coincides with the time during 
which the inclinometer was functioning (7 mo). Ground temper-
atures in Borehole F4 are shown in Fig. 13c, and the displacement 
velocities in Borehole F5 are given in Fig. 13b at four diff erent 
depths (0.5, 1.5, 15, and 17 m).

Th e temperatures at both the 0.5- and 1.5-m depths follow the air 
temperature until the snow depth reaches 0.4 m (mid November), 
with some phase lag at 1.5 m. Damping can be detected in the 
thermal response thereaft er, and readings remain almost constant 
just below 0°C until February, when cold appears to penetrate to 
0.5 m, but not to 1.5 m depth.

Velocities shadow a semi-sinusoidal form at depths of 0.5 and 1.5 m 
until March, underlain by smaller daily fl uctuations, but without 
direct correlation with ground temperature in F4 (Fig. 13c). Th e 
velocities peak initially at 15 mm d−1 toward the end of October 
and reduce to 3 mm d−1 at the end of February. Snow melt was 
quite noticeable from late February 2011 until mid-May (Fig. 11b). 
A sharp peak in the velocity to more than 21 mm d−1 was registered 
at the end of March 2011 (Event A) at both depths, immediately 
following a brief period, when daily air temperatures above 0°C 
(Fig. 13a) and snow melt (Fig. 11b). Closer inspection of Fig. 10d 
revealed that the active layer extended to 4 m depth and that dis-
placements increased noticeably in this active layer (see A in Fig. 13), 
which may also have aff ected the underlying ground because of the 
frictional connection between the active layer and the underlying 
permafrost. Melt water and rain may have been percolating through 
the active layer to form a water table and run off  on the permafrost, 
reducing eff ective vertical stress, and hence shear resistance. Th e 
velocity recovered to oscillate around 4 mm d−1 as the air tempera-
tures cycled from a peak of 10°C for the fi rst 10 d of April to a local 
minimum of −15°C. A more gradual second rise to a peak velocity 
of about 14 mm d−1 (Event B) was followed by a period of enhanced 
snow melt (Fig. 11b) and mean daily air temperatures above 0°C.

No correlation between velocity and ground temperature could 
be found at a depth of 15 m, although the maximal and minimal 
velocities were reached in mid October and early February, ahead 
of those noted for the near surface measurements. Th e velocities 

Fig. 12. Lateral displacements in Borehole F5 in the rock glacier, 
measured at half-week intervals from 1 Oct. 2010 until 9 May 2011, 
with an automatic inclinometer, where lines defi ning A and B indicate 
two events during which velocities accelerated suddenly to a peak, as 
reported in Fig. 13b.
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changed over the measuring period, whereas the temperature 
stayed constant below 0°C, indicating that the movement was 
driven by gravity and other perturbations, most probably due to 
convective warming from groundwater fl ow.

Velocities were virtually zero at a depth of 16.75 m, where the tem-
perature remained almost constant around 0°C. Th e spike in values 
around 5 Oct. 2010, and the negative velocities at the beginning 
were probably due to local movements around the PVC tube fol-
lowing installation. A direct relationship between the amount of 
precipitation and velocity is not recognized from Fig. 13 due to 
the complex coupling between meteorological, hydrological, and 
mechanical effects. Further monitoring and investigations are 
needed to close this gap.

Conclusions and Outlook
Th e long-term goal of this research is to develop a better under-
standing of the thermo-hydromechanical interactions in the 

vadose zone within a degrading, creeping 
rock glacier, which has accelerated over the 
past decade by an order of magnitude and 
may also ultimately infl uence the stability of 
the rock glacier. Results and fi ndings about 
the behavior of the Furggwanghorn rock 
glacier over the past 2 yr have been obtained 
from multidisciplinary field characteriza-
tion, using geophysical, geotechnical, and 
hydrological methods, and an associated 
monitoring program.

Th e results are of two kinds. First, a combina-
tion of all data allows a picture to be formed 
of the heterogeneous internal structure of 
the rock glacier, including the depth to bed-
rock, the top of the permafrost, an active 
layer of about 3 to 5 m depth, the highly 
variable ground permeability and the posi-
tion of a major shear zone. Second, unique 
inclinometer data, in combination with the 
temperature and meteorological data, deliv-
ered details about the internal and surface 
movements of the rock glacier under the 
infl uence of transients in temperature and 
water fl ow.

Permafrost was predicted from seismic pro-
files and then identified physically during 
two separate borehole drilling campaigns. 
It was confirmed subsequently from the 
temperature measurements in the ground. 
Temperatures were, in general, close to the 
melting point at depths below the active 

layer in the four boreholes instrumented with thermistors. 
Ground temperatures in the active layer responded synchro-
nously with the air temperature, with increasing lag and damping 
with depth. Contradictory infl uences aff ected the temperature 
regimes during the winter months in which rock glacier topog-
raphy and inhomogeneity of the structure and the hydrological 
regime aff ected the thermal distribution in the thermally degrad-
ing zone. Temperatures just above 0°C were measured in zones 
at some depths in Boreholes F2 through F4, especially within a 
depression that contained snow for most of the year (Borehole F3).

An automatic inclinometer was installed to monitor the displace-
ments in one of the boreholes. A unique set of displacement data 
was obtained over a period of 7 mo, showing 1.2 m of shear dis-
placement over a zone of approximately 1-m thickness at a depth 
of 15 m, where the ground temperature was more or less constant 
at values fractionally below zero degrees. Th is active shear horizon 
was also identifi ed by GPR investigations.

Fig. 13. Comparisons between meteorological data and rock glacier movements, where lines 
defi ning A and B indicate two events during which velocities accelerated suddenly to a peak. (a) 
Air temperature and precipitation from 1 Oct. 2010 until 1 May 2011; (b) velocities at diff erent 
depths in the rock glacier; (c) ground temperature at diff erent depths in the rock glacier.
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Th is is the fi rst time that such extreme deformations have been 
measured in situ in an alpine rock glacier. Strain rates were evalu-
ated with depth over the top 15 m from installation in autumn 
2010 to failure of the device at the end of the spring season 2011. 
A seasonal response was observed that was not consistent with 
the in situ ground temperatures, inferring that the eff ects of snow 
melt and precipitation were signifi cant drivers. Th e net surface 
displacement was 1.6 m in 7 mo, implying that photogrammetric 
measurements by other authors, indicating surface movements of 
around 3 m yr−1, would be consistent.

Promising results from the automatic inclinometers led to iden-
tifi cation of a shear horizon and quantifi cation of seasonal strain 
rates. New inclinometers were installed in the two boreholes that 
were drilled in the AZ in a second campaign in autumn 2011 to 
complete the ground model. Th ese measurements will be evaluated 
in the near future.

Th e ground in the AZ is highly permeable. Flow velocities of water 
indicated by tracers were large (of the order of tens of meters per 
hour) but still smaller than for other rock glaciers with larger 
catchment areas. Th e heterogeneous nature of fl ow paths was con-
fi rmed by the fact that tracers injected close to each other took very 
diff erent pathways. Th is heterogeneity is a critical part of under-
standing how rainfall and melt water infi ltrate into the rock glacier 
and contribute to ongoing and accelerated thermal degradation.

Further investigations into the hydrological regime are needed 
to understand the mechanisms that infl uence the creep behavior 
and the stability. Th e combined interpretation of temperatures and 
displacements at 0.5 m depth is not straightforward. Th ey appear 
to be strongly infl uenced by snow cover and snow melt. Th erefore, 
snow cover patterns in the TDZ and AZ will be recorded in future 
work from cameras that were installed in summer 2012. Th e snow 
depth, and generally the snow cover distribution, is a potential 
major infl uence when interpreting the thermal behavior during 
these two winter seasons.

Additionally, thermo-hydromechanical constitutive and numerical 
modeling will be performed for selected zones in the rock glacier 
to validate the models and calibrate parameters. Th is is essential to 
prove the measured results and to develop a better understanding 
of the interacting processes.
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