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A B S T R A C T

The talus slope at Flüelapass was the first mountain permafrost study site in Switzerland in the 1970s and the
presence of ice-rich permafrost at the foot of the slope has been investigated in the context of several studies
focusing on the role of snow cover distribution. We review previously developed hypotheses and present new
ones using various data sources, such as temperature measurements in boreholes, a subaquatic DEM generated
from unmanned aerial system (UAS) photogrammetry, terrestrial laser scan measurements of snow depth,
geophysical ground investigations and automatic time-lapse photography. From this combination of data sources
together with observations in the field, an interesting sequence of geomorphologic processes is established at
Flüelapass. As a result we show how mass wasting processes can initiate the genesis and long-term conservation
of ice-rich permafrost at the base of a talus slope.

1. Introduction

The lower fringe of mountain permafrost is often characterized by
permafrost talus slopes or by rock glaciers with the root zone located in
ice-rich permafrost talus slopes (Delaloye and Lambiel, 2005; Gruber
and Haeberli, 2009; Lambiel and Pieracci, 2008). Permafrost in these
landforms is, therefore, preferentially used to calibrate models of the
local distribution of permafrost (Boeckli et al., 2012; Etzelmüller et al.,
2001; Gruber and Hoelzle, 2001; Sattler et al., 2016) or to analyse the
consequences of climate change on mountain permafrost (Monnier and
Kinnard, 2016; Springman et al., 2012). The processes controlling the
presence of permafrost in talus slopes, especially at elevations in the
lower belt of the local permafrost environment are, thus, of particular
interest. The talus slope at Flüelapass was the first site at which
systematic research into mountain permafrost was carried out in the
Swiss Alps and was first investigated by Haeberli (1975). Haeberli
carried out extensive refraction surveys here and discovered the
presence of ice-rich permafrost along the foot of the talus slope. This
was later confirmed by vertical electrical soundings carried out by King
et al. (1987). Furthermore, Haeberli (1975) showed a spatial correla-
tion between thaw depth and perennial avalanche snow deposits: At the
time of observation, the thaw depth was thinner at locations with

perennial avalanche snow. This observed spatial relation led to the
hypothesis that permafrost at the foot of talus slopes is present because
of the insulating effect of superimposed perennial snow fields against
radiation and atmospheric warming (Haeberli, 1975). We henceforth
refer to this as the “insulation theory”. This was adopted by other
studies carried out at Flüelapass. Lerjen et al. (2003) supplemented the
hypothesis by adding the effect of soil properties (organic material vs.
rock and gravel) on the thermal regime of the ground. Luetschg et al.
(2004) analysed ground temperature simulations, ground surface and
borehole temperature measurements and found that a delay in snow
melt influences the active layer temperatures. This was interpreted as a
confirmation of the insulation theory. Lerjen et al. (2003) and Luetschg
et al. (2004) cited the effect of snow erosion by wind as a ground
cooling factor in the Flüela talus slope but did not specifically show a
spatial correlation between the distribution of permafrost and the
spatial pattern of wind erosion.

Ice-rich permafrost often occurs at the foot of talus slopes (e.g.
Lambiel and Pieracci, 2008; Scapozza et al., 2011). The insulation
theory is one of two general explanations for this spatial niche of
permafrost. The second explanation refers to air ventilation in talus
slopes. Several studies have shown that ventilation can lead to
substantial ground cooling in talus slopes and might contribute to
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permafrost conservation or development (Delaloye and Lambiel, 2005;
Gądek, 2012; Morard et al., 2010; Niu et al., 2016; Schneider et al.,
2012; Wicky and Hauck, 2016; Zacharda et al., 2007). On the basis of
borehole temperature measurements Phillips et al. (2009) also demon-
strated the occurrence of a ventilation effect underneath the perennially
frozen part in the Flüela talus slope, but showed that it mostly causes
positive temperatures in the voids in winter, thus contradicting a
development of permafrost by ventilation at this site.

Snow coverage has changed at the Flüela site in recent decades:
whereas perennial avalanche deposits at the base of the slope were the
normal case in the 1970s according to Haeberli (1975), no perennial
snow has occurred for the last 14 years at least, according to time-lapse
images taken by an automatic camera. Data availability has signifi-
cantly improved since the 1970s; e.g. borehole temperatures, geophy-
sical soundings or remote sensing data and the length of observation
periods have increased, allowing a critical verification of the hypoth-
eses made in the past. It is still unclear whether a substantial effect of
avalanche snow or wind driven snow redistribution occurs on the
presence of ice-rich permafrost. Based on the improved dataset
presented here, we will discuss whether the insulation theory is indeed
the most relevant explanation for permafrost in the Flüelapass talus
slope and present an alternative hypothesis which may be relevant for
other sites with ice-bearing talus slopes. A key question here: what is
the origin of the excess ice in the Flüela talus slope?

2. Site description and geomorphological history

The talus slope at Flüelapass is located on the NE flank and at the
base of the summital rock wall of “Chlein Schwarzhorn”, a 2986 m high
peak in the eastern Swiss Alps (46°44′37.804″N 9°56′13.758″E). The
foot of the talus slope at 2375 m a.s.l. forms the eastern shore of lake
Schottensee, which has an area of 83,000m2 (Fig. 1). Two 20 m vertical
boreholes were drilled in the slope in 2001; the upper one (B1) is 125 m
above the lake at 2501 m a.s.l., and the lower one (B2) is 20 m above
the lake at 2394 m a.s.l. Around B1 the slope is covered with soil and
grass and positive temperatures are registered throughout the borehole
(no permafrost), whereas the foot of the slope around B2 is devoid of
vegetation, covered in talus and has negative temperatures between 3
and 10 m depth (permafrost). The stratigraphies of both boreholes are
presented in Phillips et al. (2009) and apart from the surface and the ice
content they are very similar, with rocks and gravel and a very blocky
layer that is a few metres thick around 10 m (B1) and 15 m (B2) depth,

respectively. The grain sizes of the talus at the surface of B2 range
between 10 and 40 cm. The lower quarter of the slope is a snow
avalanche deposit zone and avalanche snow often persists here for long
periods of the summer.

A series of interesting landforms at Flüelapass reveal the history of
the site and help to elucidate the genesis of permafrost ice at the bottom
of the talus slope. These landforms are highlighted on the orthophoto in
Fig. 2. There is a conspicuous shallow channel around B2, delimited by
two sharply defined parallel escarpments. These escarpments are
oriented parallel to the slope and reach from the lower third of the
talus slope to the lake shore. We have observed similar channels with
sharply defined escarpments in talus slopes at other sites. Fig. 3 shows a
similar feature at a talus slope at Piz Corvatsch (Eastern Swiss Alps),
close to the Murtèl rock glacier (Haeberli et al., 1998). A distinct lobe is
evident directly below the shallow channel at Piz Corvatsch. Unpub-
lished terrestrial laser scanning (TLS) and electric resistivity tomogra-
phy (ERT) measurements we carried out indicate that the Corvatsch
lobe is creeping downslope and contains ice. It is, therefore, very likely
that the loose rock material forming the lobe originates from the
shallow channel above and was displaced by permafrost creep.

At Flüelapass a similar lobate form is also evident below the shallow
channel, at the lake bottom. The orthophoto in Fig. 4, acquired by UAS
borne photogrammetry shows this lobe, which encloses a deep depres-
sion in the lake. Based on the morphology (Haeberli, 1985) we consider
both lobate features at Piz Corvatsch and Flüelapass as being small rock
glaciers.

Rock glaciers cannot form under water, as the water temperature
would lead to ice melt (Haeberli et al., 2001). The only explanation for
the underwater rock glacier at Flüelapass is, therefore, that the lake is
younger than the rock glacier. This in turn explains the deep depression
in the underwater lobe. After the lake flooded the rock glacier, the
ground ice melted and a thermokarst depression developed. The rock
glacier front and side walls which contained less or no ice now form the
underwater lobe with 45° steep side walls (Fig. 5). Similar features are
visible all along the SW lakeshore, indicating widespread permafrost
creep at the base of the talus slope in the past (Figs. 2 and 4). The sizes
and positions of the lobes correspond to the main deposition areas of
snow avalanches.

At the NW end of the lake there is a field of large rocks and boulders
with a distinctly rougher texture than the neighbouring talus slopes
(Fig. 2). This area is clearly the deposition zone of a large rock fall
originating from the rock wall NW of the lake. This deposit likely

Fig. 1. Photograph showing the Flüela talus slope on 13.07.2009 with the positions of the two boreholes. The pattern of snow melt out is quite complex (Photograph: M. Phillips).
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blocked the northward runoff from Flüelapass and dammed the lake
(Suchlandt and Schmassmann, 1936) which then flooded the rock
glacier. At the Eastern side of the rock fall deposit a new stream channel
has developed (Fig. 2). A part of the lake runoff is however still
discharged under the rock fall deposit and is released by a spring at the
N lower end of the rock fall deposit. Directly around and below the
spring, a series of ripple-like features are evident with a wave length of
approximately 6 m (Fig. 6). These are probably mega-ripples, which are
formed by flood waves released during a lake outburst (Burr et al.,
2009). Hence, rock fall event(s) and the subsequent lake formation
were probably followed by a partial lake outburst here. Similar ripples
are also known to be formed by permafrost creep (Frehner et al., 2015).
Other geomorphologic characteristics of a relict rock glacier are
however missing here.

3. Methods

3.1. Temperatures in boreholes

The boreholes at Flüelapass were equipped with thermistor chains
(with 12 YSI 44008 thermistors) and a Campbell CR10X data logger.
Temperatures are measured every 2 hours at 0.25, 0.5, 1.0, 1.5, 2.0,
3.0, 4.0, 6.0, 8.0, 10.0, 15.0 and 20.0 m depth. In February 2016 the
thermistor chain was removed from B2 for recalibration and it was
found that the thermistors at 6.0, 8.0, 10.0 and 15.0 m depth had been
subject to a slow but distinct temperature drift (causing artificially high
temperatures to be registered). This problem can be induced by
moisture in the thermistors and tends to start slowly and increase
exponentially (Luethi and Phillips, 2016). Recalibration of this ther-
mistor chain and measurements made from July 2016 onwards with a
new thermistor chain indicate that the drift was such that the
postulation made by Phillips et al. (2009) regarding the occurrence of
permafrost degradation from the base upwards is likely wrong and that

Fig. 2. Orthophoto of the Flüelapass site with mapped landforms. Each of these features is discussed in the study (orthofoto: swissimage©2014 swisstopo (5704 000000).

Fig. 3. Example of a creep lobe at Piz Corvatsch, which is similar to that at Flüelapass
(orthofoto: swissimage©2014 swisstopo (5704 000000).
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the ground ice is still intact to a depth of approximately 10 m. It is
difficult to determine the exact time at which drift started.

Borehole temperatures are used to define the thickness of perma-
frost and active layer (AL). Furthermore, we calculated thermal orbits
by plotting temperatures of neighbouring thermistors against each

other. The shape of these orbits gives indications on the type of heat
transfer occurring (Beltrami, 1996; Smerdon et al., 2009; Zenklusen
Mutter and Phillips, 2012b). The end of snow melt dates are defined by
the date at which the spring zero curtain ends at 0.25 m depth. We
defined the maximal thickness of the AL by linear interpolation
between the lowest thermistor in the AL and the uppermost thermistor
in the permafrost. Linear interpolation might not be appropriate to find
the absolute thickness of the AL but gives an indication of the
variability of AL thickness over time.

3.2. Geophysics

In addition to early refraction seismic surveys (Haeberli, 1975) and
vertical electrical soundings (King et al., 1987) at the Flüela talus slope,
new geophysical surveys were conducted in summer 2009 with the aim
to map the spatial distribution of ground ice in the talus slope in more
detail. We used electrical resistivity tomography (ERT) and refraction
seismic tomography (RST), as both methods are highly sensitive to the
transition from unfrozen to frozen materials and, thus, well suited to
identify ice-rich permafrost (e.g. Kneisel and Schwindt, 2008).

ERT data were obtained along a vertical profile that crossed both
borehole positions and three parallel horizontal profiles in the lower
part of the talus slope. The measurements were carried out using a
Geotommulti-electrode instrument (Geolog) and 75 electrodes with 4 m
spacing (resulting in 296 m profile lines). Measurements were per-
formed in the Wenner-Schlumberger configuration, as a good compro-

Fig. 4. Orthophoto created from UAS imagery with the contour lines of the corresponding (subaquatic) DEM. The underwater lobe constitutes the front of a relict rock glacier with a deep
thermokarst sink in its centre (Photograph SLF UAS, 2016). Similar features are visible along the lake shore.

Fig. 5. The steep front of the flooded rock glacier at the foot of the Flüela talus slope.
(Photograph: M. Schaer, 08.10.2012).

Fig. 6. Mega-ripples around the spring below the rock fall deposit at Flüelapass, which may have been formed by a lake outburst after the rock fall which dammed the lake.
(Photograph: R. Kenner, 28.09.2016).
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mise between spatial resolution and high signal-to-noise ratio. Data
processing was conducted with filtering procedures and choice of
inversion parameters as detailed e.g. in Hilbich et al. (2011). Data
inversion (i.e. the calculation of the specific resistivity model of the
subsurface based on the measured apparent resistivities) was performed
using the Software Res2DInv (Loke 2012).

In addition, RST data were collected parallel to selected ERT
profiles, but with smaller extent and penetration depth (see Fig. A,
Appendix). We used a 24 channel Geode instrument (Geometrics) with a
sensor spacing of either 4 or 5 m (resulting in 92 and 115 m profile
lines) and shot points every 8 or 10 m, respectively. Tomographic
inversion was performed using the software ReflexW (Sandmeier,
2014). First arrival picking and choice of inversion parameters were
conducted as described in Hilbich (2010).

Although the RST method often reveals less detailed structural
information of the subsurface, it provides valuable complementary data
in ambiguous situations (e.g. Hilbich 2010). Especially in talus slopes
(or other coarse blocky landforms) resistive anomalies can usually be
interpreted as zones with high porosity, but it cannot always be
determined whether they are predominantly air- or ice-filled voids. In
contrast, seismic velocities of air and ice differ by one order of
magnitude and ice-rich anomalies can usually be well distinguished
from zones with air-filled voids (Hauck and Kneisel, 2008; Kneisel and
Hauck, 2003; Kneisel and Schwindt, 2008).

3.3. Subaquatic digital elevation model from UAS borne photogrammetry

A digital elevation model (DEM) and an orthophoto of the base of
the talus slope and of parts of the lake bottom were calculated from
aerial images acquired with a Sony NEX-7 camera (24 Mp, 20 mm F/2.8
optical lens), mounted on an Ascending Technologies (AscTec) Falcon 8
octocopter (Bühler et al., 2016). We obtained a DEM resolution of 4 cm
and an orthophoto resolution of 2 cm. The images were taken on
08.09.2016 from around 100 m above ground with an overlap of
approximately 75% along track and 65% across track. Eight ground
control points were integrated in the set of images, whose coordinates
were defined using a Topcon GR5 GNSS receiver in real time kinematic
mode. For image orthorectification and the generation of a georefer-
enced 3D point cloud of the ground surface the Agisoft software
PhotoScan Pro v1.2.6 was used. Additionally we carried out point
reference measurements of the water depth, using a sounding pole and
the Topcon GR5 GNSS receiver.

When comparing the reference depth measurement with the 3D-
data derived from aerial images, the effects of optical refraction on the
water surface are quite prominent (Rinner, 1969). This leads to an
underestimation of water depth, because the image ray path is assumed
to be a straight line in PhotoScan, which is only valid for land-points. In
our case, the differences reached values from ~0.3 m for water depths
of about 1.3 m up to ~0.8 m for depths of 2.8 m. This means that the
refraction has to be considered for subaquatic points. Unfortunately,
most commercial software cannot provide this function. Therefore a
special software was developed at the Institute for Photogrammetry and
Remote Sensing at TU-Dresden (Mulsow, 2010) for the processing.

The results from PhotoScan were used as initial values for image
orientation, camera calibration data and the DEM. New image points
were automatically measured in the photographs and classified as
subaquatic or land-points. The water surface was modelled as a plane,
with its height determined from the GNSS measurements and its surface
normal in vertical direction. For the refraction index of water, a tabular
value of 1.33 was assumed. Finally, the data were processed simulta-
neously in a bundle-adjustment to calculate the image orientation, the
camera calibration data as well as the surface points. In contrast to a
standard bundle adjustment, our software was extended with a multi-
media-module. In the standard pinhole camera model the image ray
path is defined as a straight line between the object point, the
projection centre of the camera and the image point. In the case of a

subaquatic point, the ray path is a polygon between an object point, the
penetration point through the water, the projection centre and the
image point. The implemented multimedia-module calculates the
refraction at the interface between water and air and provides the
image ray direction between the image point and the projection centre
for the bundle adjustment. For land-points the direction is given by the
vector between the projection centre and the point itself. In the case of a
subaquatic point it is given by the projection centre and the penetration
point of the image ray through the water surface. A detailed description
can be found in (Mulsow, 2010). When comparing the photogramme-
trically derived DEM with reference lake depth measurements, an RMS
of 10 cm could be obtained (9 check points). This corresponds to the
relative accuracy of the subaquatic reference points, obtained from the
adjustment (9 cm).

3.4. Terrestrial laser scanning

Terrestrial laser scans were carried out yearly in summer between
2009 and 2016 to capture potential surface deformations and to obtain
a detailed DEM of the Flüela talus slope. An additional scan was carried
out on 23.01.2013 to determine the distribution of snow depth over the
talus slope. The laser scans were performed using a Riegl VZ6000 long
range laser scanner. The point clouds showed a spatial resolution of
10 cm and were georeferenced by control points (Kenner et al., 2014).
The co-registration of the scans was verified in snow free areas like rock
walls or on boulders.

3.5. Time-lapse camera

A time-lapse camera (Panasonic Lumix DMC FZ100) is located on a
small rock wall opposite the talus slope. It takes photographs of the lake
and of the talus slope on a two-hourly basis from 06.00 am until
22.00 pm. The pictures allow the distribution of snow cover and
avalanche activity to be determined.

4. Results

4.1. Ground temperatures in the Flüela boreholes

The ground temperatures measured in B2 from 2002 to 2016 are
shown in Fig. 7. The rectangle marks the artefact caused by thermistor
drift between 6 and 10 m depth which falsely indicates permafrost
thaw. These depths were excluded from the analysis. The thickness of
the AL is constant over the whole time series and is shown in Table 1,
together with the end of snow melt dates. The stable ground ice
conditions are also indicated by the TLS measurements which show no
signs of ground deformation. The dates of snow disappearance, deduced
from the uppermost borehole temperatures, are confirmed by the snow
melt progression visible in the time-lapse images. The permafrost is
warm with maximum temperatures around −0.1 °C at all depths. The
thermal orbits of the thermistors at 15 m and 20 m depth (Fig. 8, top)
are chaotic and indicate the ventilation analysed by Phillips et al.
(2009). The seasonal thermal effect of ventilation underneath the
permafrost is also clearly visible in Fig. 7. It causes a cooling of the
ground below the permafrost body and, thus, probably influences the
lower border of the permafrost. However as the temperatures are
mostly positive throughout the year in the ventilation zone, they are too
high to cause the presence of permafrost on their own. The thermal
orbits of the thermistors at 3 m and 4 m depth, both located in
permafrost, show ellipsoidal shapes and indicate the dominance of
conductive heat transfer initiated from the top (Fig. 8, bottom). In
contrast, in borehole B1 positive temperatures are recorded at all
depths throughout the year. Only the thermistor at 0.25 m depth
measured slightly negative temperatures during a few winters.
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4.2. Geophysics

In accordance with the results of the earlier seismic refraction
soundings (Haeberli, 1975) and vertical electrical soundings (King
et al., 1987), our ERT data indicate ice-rich permafrost at the base of
the talus slope, which slowly thins out upslope (Fig. 9). This inter-
pretation is also supported by our refraction seismic data, which show
high P-wave velocities in this area indicating ground ice occurrence as
opposed to air-filled voids, which would lead to lower P-wave velocities
(Fig. A, Appendix). Three horizontal ERT profiles (Fig. 9; Fig. A,
Appendix) indicate that the ice rich permafrost is present all along
the lake shore. Further upslope, in the central part of the longitudinal
profile, a layer with high resistivities (10000–20,000 Ωm) is visible at
10–30 m depth, which can be interpreted as a blocky substrate with
high air- or low to moderate ice content. Bedrock was detected at
approximately 30–40 m depth in the central part of the profile and at
15 m depth at borehole B1 (Fig. 9). In general, our results largely
confirm the findings of Haeberli (1975) and King et al. (1987), partly
with a remarkable correspondence, given the differences in measure-
ment geometry, acquisition parameters and data processing. This
relates especially to the spatial extent of the confined ice-rich perma-
frost body at the foot of the talus slope.

4.3. Subaquatic DEM

The orthophoto and the correspondent DEM acquired using un-
manned aerial system UAS photogrammetry is shown in Fig. 4. The
elevation model shows that the thermokarst depression is approxi-
mately 4.5 m deep in relation to the surrounding lobe. The absolute
water depth in the depression is approximately 7 m at a distance of
11 m from the shore and the highest point of the lobe is 0.5 m under
water at a distance of 33 m from the shore.

5. Interpretation and discussion

5.1. The genesis of excess ice permafrost in the Flüela talus slope

The geomorphological analysis of the Flüela site indicates the
former occurrence of permafrost creep in the talus slope. This process
is caused by excess ice (Arenson et al., 2002; Haeberli et al., 2006; Kääb
and Reichmuth, 2005). The presence of excess ice at the foot of the talus
slope indicates a possibly important if not dominant process of ground
ice formation: the burial and/or embedding of (avalanche) snow
deposits below steep rock walls or talus slopes by rock fall or scree
slides (Humlum et al., 2007; Isaksen et al., 2000; Kenner and
Magnusson, 2017; Potter, 1972). Sanders et al. (2014) presented a case
study of such a rock fall on snow, directly above a relict rock glacier. At
the Flüela site the avalanche snow deposits easily reach 7 m thickness.

Fig. 7. Contour plot of the borehole temperature time series in B2. Some thermistors were subject to thermal drift. In spring 2016 the thermistor chain was exchanged and the new data
reveal that no change in permafrost extent occurred since the beginning of the time series.
(Data: SLF/PERMOS).

Table 1
End of spring zero curtain at 0.25 m depth (date of end of snow melt) and maximum
active layer thickness at B2.

End of spring zero curtain at 0.25 m depth Active layer thickness

2003 12.06. 2.96
2004 17.07. 2.90
2005 28.06. 2.93
2006 26.06. 2.96
2007 03.06. 2.97
2008 24.06. 2.96
2009 03.07. 2.95
2010 02.07. 2.96
2012 29.06. 2.96
2013 22.07. 2.95
2014 17.06. 2.96
2015 13.06. 2.96

Fig. 8. Thermal orbits of neighbouring thermistors in the borehole B2. Elliptic orbits
indicate purely conductive heat transfer.
(Data: SLF/PERMOS).
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Thin debris layers of a couple of cm can already delay the melt of such
snow deposits (Evatt et al., 2015; Nicholson and Benn, 2006;
Reznichenko et al., 2010). Thus, in addition to one large rock fall, a
sequence of smaller events would suffice to effectively insulate snow
remains. Another means of debris layer formation on avalanche snow

can be the melt out of scree, which is incorporated in the avalanche
snow. Fig. 10 shows an avalanche deposit at B2 in March 2017 which is
interspersed with scree. In case of multiple perennial avalanche layers,
the scree can form a closed layer at the surface due to melt out. This
activates a positive feedback, as firn melt is reduced by the scree, thus
enabling scree accumulation on top of the firn for a longer period of
time.

During the last glaciation, the maximal ice coverage reached
approximately 2600 m a.s.l. at Flüelapass, as is demonstrated by the
presence of polished rocks to this elevation E of the lake. In its present
form, the investigated talus slope must, therefore, have developed
postglacially (Phillips et al., 2009). The formation of talus slopes like
the one at Flüelapass would, however, not have been possible during
the Holocene, taking current rates of erosion as a reference (Ballantyne,
2002). Instead, rock fall activity was generally much more intense at
the beginning of the Holocene than today (e.g. Haeberli et al., 1999).
This might mainly have been caused by the strong warming (Fischer
et al., 2006; Gruber and Haeberli, 2007; Noetzli et al., 2003) after the
last glaciation. During periods with frequent rock fall during which the
talus slope developed, the burial of avalanche snow, leading to ground
ice formation is likely (Phillips et al., 2009) and explains the correlation
of avalanche depositions and subaquatic creep lobes in terms of their
size and position.

There are some other indications for the relevance of excess ice
formation because of the burial of avalanche snow in alpine permafrost
in general. Kenner and Magnusson (2017) highlighted these processes
by analysing an inventory of rock glaciers in the Swiss Albula mountain
range. We have since analysed the avalanche snow coverage of all 122
rock glaciers in this inventory: Aerial images taken in four different
years between 2006 and 2015 were analysed to define the number of
talus slopes in the root zone of rock glaciers covered with avalanche
snow (Table 2). On average, 71% of the rock glaciers still had snow in
the root zones at the time of image acquisition in autumn or late
summer. Rock fall can, therefore, potentially cover avalanche snow at
these locations at any time of year. Furthermore snow avalanche
deposits are limited to slope angles below 30° because avalanches do
not stop in steeper slopes (Munter, 2003). The same slope limitation is
valid for ice rich permafrost (Kenner and Magnusson, 2017), which
applies to the Flüela talus slope but also for example to the talus slopes
investigated by Lambiel and Pieracci (2008). Fig. B (Appendix) shows
the zones of high electrical resistivity (indicative for ice-rich perma-

Fig. 9. Electrical resistivity tomography profile of the Flüela talus slope. The white line in the orthophoto indicates the position of the profile. The positions of 3 supplementary cross
section profiles, included in the appendix, are mapped with grey lines. The red circles mark the positions of the boreholes. The high resistivity values in the lower part of the talus slope
indicate ice rich ground.

Fig. 10. Avalanche deposit interspersed with scree around the Borehole B2.
(Photograph: M. Phillips, 02.03.2017).

Table 2
Percentage of 122 rock glaciers in the Albula Range with avalanche snow deposits in the
root zone in autumn or late summer.

Date 27.08.2015 19.08.2012 20.08.2009 09.09.2006

Percentage of rock
glaciers with
avalanche snow in
root zone

63% 80% 84% 57%
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frost) in the Mont Dolin talus slope adopted from Lambiel and Pieracci
(2008) and areas with slope angles steeper than 30°. In contrast to a
typical talus slope, the slope angle does not increase homogenously
with elevation at this site. Accordingly, the ground ice distribution
shows no typical “base of talus slope” pattern but follows the 30° slope
limit.

5.2. The thermal influence of wind- or avalanche driven snow redistribution
on permafrost in the Flüela talus slope

Former studies focused on the redistribution of snow as the
explanation for the permafrost distribution at the Flüela site (Lerjen
et al., 2003; Luetschg et al., 2004). The insulation theory focusses on

snow redistribution by avalanches, causing ground cooling by long
lasting or perennial snow deposits at the base of the slope, whereas
areas above melt out earlier. Time-lapse images demonstrate that this
typical melt out pattern does not occur every year (see for example
Fig. 1). The date at which snow melt at B2 ends differs by up to 50 days
within the 14 year time series we analysed (Table 1). Additionally there
has no longer been any perennial snow as was documented by Haeberli
(1975) for the early 1970s. Neither the interannual variation of the
snow melt date, nor the long term changes regarding perennial snow
patches have had a strong impact on AL thickness in B2, which has
stayed very constant at circa 2.95 m for the entire time series. The
limited sensitivity to interannual variations is typical for ice rich
permafrost (Zenklusen Mutter and Phillips, 2012a), as is present at

Fig. 11. Temperature differences between the boreholes B1 and B2 for different depths. Whereas temperatures differ strongest close to the surface in winter, the largest differences in
summer occur at 3 m, close to the permafrost table in B2. The effect of different melt out dates is limited (Data: SLF/PERMOS).
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B2 (Phillips et al., 2009, ERT results Fig. 9). If the insulation theory
applies, long term changes in the date of snow melt should cause some
reactions in permafrost.

A comparison of the temperatures in both boreholes might explain
the absence of such reactions: the delay in snow melt at B2 has only a
small effect on the ground temperatures near the permafrost table.
Fig. 11 shows temperature differences between B1 and B2 for the AL
and the uppermost permafrost thermistor in B2. The zero curtain during
snow melt starts simultaneously in both boreholes but ends earlier in
B1, which causes a steep peak in AL temperature differences. These
peaks show a short delay with increasing depth but become consider-
ably smaller towards the depth of permafrost in B2 (red dashed line in
Fig. 11). If the duration of avalanche snow coverage were decisive for
the thermal conditions in both boreholes, this peak should represent the

maximum temperature difference between B1 and B2 at 2 or 3 m depth.
According to the logic of the insulation theory, ground temperatures
should converge again after the end of snow melt at B2. The
temperatures continue to diverge, however, after this peak of snow
melt (Fig. 11). The snow cover duration, thus, only has a subordinate
effect on ground temperature in B2.

Furthermore, the insulation theory implies that the absence of
permafrost in the upper talus slope should be caused by a stronger
surface warming in summer because of the lack of insulation by
avalanche snow. This effect, however, is rather small compared to the
large differences in surface temperature regime between both boreholes
in winter. Fig. 12 shows that ground temperatures at 0.25 m depth are
quite similar in B1 and B2 after snowmelt in summer, but show
differences of up to 10 °C during the whole winter season. Lerjen

Fig. 12. Temperatures measured in B1 and B2 at 0.25 m depth. Whereas they are similar in summer, large differences are evident in winter and during snow melt.
(Data: SLF/PERMOS).

Fig. 13. Snow depths measured using terrestrial laser scanning in the Flüela talus slope on 23.01.2013. The borehole positions are shown.
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et al. (2003) and Luetschg et al. (2004) supposed that winter snow
erosion by wind contributes to these differences in winter ground
cooling. A TLS survey from January 2013, however, shows much more
snow already at the base of the talus slope where permafrost is present
than in the upper permafrost-free parts (Fig. 13). We consider the snow
distribution in Fig. 13 as being representative for early winter, because
snow distribution patterns are particularly constant over the years,
especially in pass regions (Mott et al., 2010). Wind driven snow erosion,
therefore, does not seem to play a role for permafrost conservation. We
hypothesize that the presence of permafrost is more likely influenced by
the thermal characteristics of the ground than by snow redistribution.

5.3. The effect of soil/talus grain size and ground ice on the thermal
characteristics of the ground

One explanation for the different ground surface cooling in winter
in B1 and B2 is the difference in grain sizes and was described by all of
the former studies at the Flüela site (Lerjen et al., 2003; Luetschg et al.,
2004; Phillips et al., 2009). The upper 50 cm in borehole B1 consist of
grass covered organic soils and sand, whereas coarse grained talus
occurs at the surface at B2. As fine grained and vegetated soils have a
higher water retention capacity, the water content can be higher and
they cool down slower in autumn because of the release of latent heat
during freezing (Schneider et al., 2012).

Coarse grained talus at the surface is also known to cause a cooling
effect in summer (Gruber and Hoelzle, 2008; Schneider et al., 2012),
however, this effect is not dominant here. In contrast to winter, the
highest temperature differences in summer between B1 and B2 do not
occur in the upper 0.5 m, which have different grain sizes - but they
increase towards the depth of the permafrost in B2 (Fig. 11). This
increase in temperature differences below 0.5 m depth occurs despite a
very similar stratigraphy in both boreholes (Phillips et al., 2009). This
implies that the thermal effect of the ground ice dominates the effect of
the surface soil properties in summer and vice versa in winter.

Considering that permafrost is also absent in parts of the upper slope
that have talus at the surface (Haeberli, 1975; Lerjen et al., 2003;
Luetschg et al., 2004), the ground ice content appears to be the most
relevant difference between both boreholes concerning the thermal
regime. One common point of view is that perennial ground ice can
develop because of permafrost conditions (Scapozza et al., 2011); this
process was described by Haeberli and Vonder Mühll (1996) under the
term congelation ice. We suggest that the opposite is also possible, i.e.
that long term stable permafrost conditions can develop in a talus slope
at or below the lower fringe of mountain permafrost because of the
incorporation of snow or ice into the ground by mass wasting processes
as explained in Section 5.1. This process of ground ice genesis is to a
certain extent independent from the thermal ground conditions reign-
ing at the time of deposition. As well as the soil grain sizes, the presence
of ground ice, however, can change the thermal regime of the ground

after its formation (Schneider et al., 2012).
Ice-rich permafrost is characterized by soil pore spaces that are

completely filled or even oversaturated with ice (excess ice) (Ferrians,
1989). In contrast, ground devoid of ice contains air instead. The ice
content increases the heat capacity of the ground, its thermal con-
ductivity (Côté and Konrad, 2005) and its emissivity. In winter the high
conductivity of ice saturated ground favours heat transfer upwards to
the permafrost table and the heat emission towards the AL is faster. In
summer energy is absorbed by the ice and rapidly distributed down-
ward through the ice body, which is an efficient heat conductor. As long
as the ice is not isothermal at 0 °C, it can absorb a large amount of
energy without undergoing melt because of its high heat capacity in
comparison to pore spaces filled with air (Fig. 14).

Ground ice acts as an effective heat sink: it rapidly absorbs and
emits heat and distributes it over a larger area in ground. Incorporation
of ice into the ground can, thus, allow the formation and conservation
of permafrost in contrast to ice free ground, despite a similar energy
budget at the surface. This implies that the thermally defined state of
permafrost can be reached by the (non-thermal) process of ground ice
formation.

6. Conclusions and implications for permafrost research

We postulate that the avalanche snow deposits located on perma-
frost ground at the foot of the Flüela talus slope indicate the formation
of ice-rich frozen ground by burial and/or embedding of avalanche
snow into coarse-grained debris, perhaps at times of more intense rock
fall activity during the distant past (Late-glacial/early Holocene?). This
process may have occurred in combination with insulation effects
against radiation and atmospheric influences as earlier suggested by
the insulation theory but could also have played a predominating role.
The formation of ground ice initiated long-term thermally self-stabilis-
ing permafrost. Additional factors contributing to a contrasting thermal
regime over the slope are the intra-talus ventilation and the different
soil properties at the surface. The ventilation cools the ground below
the permafrost and, thus, influences the lower edge of the permafrost
body. The finer grained organic soil around B1 particularly reduces
ground cooling in winter. The influence of these factors on the present
day permafrost conditions, however, is limited: the ventilation only has
a barely traceable effect on the permafrost temperatures and the
permafrost distribution is not correlated with the presence of superficial
talus.

Existing knowledge about the process of permafrost formation by
mass movements, which probably dominates the lower belt of moun-
tain permafrost is of particular relevance, because the coupling of these
processes to climate change is not straightforward. Increases in rock fall
activity induced by climate change might even favour the process of
ground ice formation because of mass wasting processes. Paleoclimatic
reconstructions related to permafrost and future permafrost distribution

Fig. 14. Sketch showing the changes in the thermal characteristics of the ground caused by ground ice and how they contribute towards the presence of permafrost and its conservation.
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modelling should carefully consider these aspects. Furthermore we
conclude that:

• The effect of long lasting avalanche snow on ground temperature is
indisputable but its effect on permafrost conservation is probably
limited and may previously have been overestimated at the Flüela
talus slope. Differences in surface heat exchange between B1 and B2,
resulting from delayed snow melt at B2, have a relatively small
influence on the temperatures close to the permafrost table. Strong
temporal variabilities of the snow cover are neither reflected by the

permafrost extent nor by the permafrost temperatures, at annual
and multiannual scales.

• At the Flüelapass site, wind driven snow redistribution does not
appear to influence the distribution of permafrost.

• The presence of a relict rock glacier at the lake bottom is additional
proof of the existence of excess ice in the Flüela talus slope. The
“Schottensee” lake at Flüelapass is younger than the relict subaqua-
tic rock glacier and was dammed by a rock fall. Mega-ripples located
below the rock fall deposit are an interesting indicator of a
subsequent lake outburst.

Fig. A. Horizontal ERT profiles and the vertical RST profile (bottom) acquired in the Flüela talus slope.
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