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1 Introduction
The high mountain landscape at the southern side of the Großglockner in the Nationalpark Hohe Tauern has an abundant amount of periglacial forms which can be investigated by geophysical measures.
In this paper we will show some results of a geophysical field campaign from 14.09 - 19.09.2020,
where students of the University of Bonn and Members of the Geomorphology & Environmental Systems Research Group investigated periglacial features around the Glorer Hütte between Kals and Heiligenblut. The study area is located at an altitudinal range from 2600 to 2900 m a.s.l., which equals
transition of alpine zone with alpine mats to subnival zone at higher elevations. The annual mean
temperature is around -2 °C and a precipitation of 1500 mm annually is shown. Geologically, the area
is located at the southern edge of the Tauern Window. The landscape, which is a result of glacial and
periglacial erosion, includes various periglacial forms like solifluction lobes or rock glaciers. Therefore, the area and its periglacial forms are well investigated since the 1980s by long-term measures
and since 2008 by geophysical methods (Stingl et al. 2010).
In this field campaign, we investigated the permafrost occurence within different rock glaciers by
electrical resistivity tomography (ERT) and limnic sediments close to the Oberer Glatzsee (locally
referred to as “Schafsjausensee”) by coring. In addition to that, drone flights were applied to gather
information about the research area by photogrammetry. ERT is an effective geophysical method to
detect physical properties and changes in subsurface conditions. In the field campaign it is used to
detect permafrost throughout various rock glaciers around the Glorer Hütte. In this paper we present

Figure 1: Study site locations within the Glatzbach catchment.
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the results of two sections at the Glatzschneid rock glacier at an elevation of around 2800 m a.s.l (see
yellow mark on figure 2). The aim is to locate the permafrost body in the rock glacier.
By the coring methods around the lake “Schafsjausensee” we investigated the stratification of limnic
delta sediments. We used the Pürkhauer Method to gather information about the stability of the ground
and based on that we used ram core drilling to examine the first meters below surface.
Figures 1 and 2 give an overview of the research area with the locations of the applied methods.

Figure 2: Research area around Glorer Hütte and Oberer Glatzsee. (Satellite Imagery obtained by ESRI)

2 Geological and Geomorphological Setting
During the orogenesis of the Alps, the Pennine Ocean closed and its rocks were covered by the rock
formations of the Eastern Alps during the Cretaceous and Tertiary periods. In the area of East Tyrol
and Salzburg, the so-called Tauern Window was formed as the geologically deeper layers were pressed
to the surface and are outcropped today. Thus, in the region around the Großglockner mainly Penninic
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layers are exposed. The top of the Großglockner is mainly formed by prasinite, a metaphorically overprinted basalt of the former Pennine ocean floor. In addition to prasinite, serpentinites, breccias, quartzites, dolomites, and quartz- and calcareous phyllites are also involved in the formation of the
Großglockner base (Schmid et al. 2013). The latter are particularly susceptible to physical and chemical weathering. The Grossglockner area is surrounded by thick layers of “Bündnerschist”, which consist of micaschist. Adjacent to the south are old crystalline masses of metamorphic rock. From the
metamorphic rocks in the Tauern Window, a former cover thickness of more than 10 km can be deduced (Schmid et al. 2013). The rocks underwent several metamorphoses, changed their mineral content accordingly and became the crystalline rocks we see today.
The surroundings of the Glatzbach catchment can be characterized as a typical high mountain landscape, which was created by glacial erosion during the Pleistocene. Deep cirques and hanging valleys
are classic landscape features as results of these processes (Otto et al. 2012). Numerous solifluction
lobes and earth hummocks (thufur) are very common periglacial landforms that have developed in the
area, which is due to the fine material rich, frost- and flow-prone substrates (Stingl et al 2010). In the
old crystalline, south of the study area, block-rich steep slopes dominate and show rock glacier formations (Stingl et al. 2010).
Significantly determined by the local surrounding temperature is the occurrence of permafrost, which
is therefore dependent on solar radiation, snow cover and surface characteristics like debris cover. In
the Glatzbach catchment, sporadic and discontinuous permafrost occurs between 2700 and 2900 m
a.s.l. on north-east facing slopes (Otto et al. 2012).
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Methods

3.1 Differential GPS
The Global Positioning System (GPS) is a United States space-based global navigation satellite system
(GNSS), providing reliable three-dimensional position and time information in all weather and at all
times and anywhere on or near the Earth (Krainer n.d.). The system consists of three different segments: Space, control and user. The first part is made up of at least 24 US government satellites which
are distributed in six orbital planes with an inclination of 55° from the equator in a Medium Earth Orbit
at around 20200 km, circling the Earth every 12 hours. The Control Segment are stations on Earth
which monitor and maintain the GPS satellites. Finally, the User Segment are receivers which process
the navigation signals from the satellites in order to calculate position and time (Mai 2014). Those
receivers need a connection to at least four satellites, but more satellites enable a higher accuracy.
Unfortunately, basic GPS positions have a meter of accuracy which is too low for exact positioning in
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a scientific context. Fortunately, so-called differential GPS (dGPS) significantly improves the accuracy and integrity of conventional GPS. A high-quality GPS “reference receiver” is needed at a known,
surveyed location (Fig. 3). This receiver estimates the slowly varying error components of each satellite range measurements and calculates a correction factor for each GPS satellite in view. During the
measurement with the rover (Fig. 4), the correction is broadcast to the user on a convenient communications link (Parkinson et al. 1996).

Figure 3: Positioning of the reverence receiver at a
surveyed known location (Source: V. Kirby).

Figure 4: Rover used to measure the location of ERT
electrodes (Source: V. Kirby).

The integrity of dGPS, which is the probability that the displayed position is within the specified or
expected error boundaries, is significantly better than GPS because it reduces the probability that a
GPS user would suffer from an unacceptable position error which can result from an undetected system
fault (Parkinson et al. 1996). Differential GPS can be used as a method to track changes in surface
position and movement, which can be important in mountain regions considering high erosion rates.
Rapid measurements can be done as well as the mapping of morphological changes concerning displacement and elevation. If several positions of the same feature over time are known, the flow velocities of mass movements can be calculated. However, during our field trip exact locations were measured for only our research sites, such as drilling cones, ERT electrode positions or Ground Control
Points, not making use of dGPS as an individual method but more as a supporting tool. With the rover
all the research sites were georeferenced with a high precision and accuracy. The precise setting up of
4

the reference receiver is crucially important to obtain the best results and for comparing them with
other studies. Based on the point positions, survey maps were created using GIS software, such as
QGIS or ArcGIS (see fig. 1,2,8,10).

3.2 Drilling
Sediment cores from high alpine lake environments give the chance to investigate periglacial erosion
and deposition cycles. The investigated drilling site at the Schafsjausensee (Oberer Glatzsee) has previously been studied by T. Höfner & K. Garleff with 44 bore holes and 14C datings (Stingl et al. 2010).
The study of the cores gave an overview of multiple sedimentation stages during the Holocene with
warmer periods indicated through rich humus accumulations and colder periods shown through higher
amounts of gravel and solifluction conditions (Stingl et al. 2010). During this field campaign, three
locations in the Delta area were sampled to compare differences between NW and SE drill locations
around the Schafsjausensee. In preparation, test drillings were performed with the Pürkhauer (fig. 6b).
The major source area of suspended particles from the inflow from tributaries was probed (mostly
Allochthonous material). A one meter long drill probe was hammered into the ground by a hydraulic
hammer drill and also recovered hydraulically. In total 1,40 m of core material could be recovered.
Previous drilling experience showed that with very silt-like material and the usage of a core catcher
part of the probe could be lost. In order not to lose any material no core catcher was used. At the
drilling site HT_DP1NW and HT_DP2NW (Fig. 5) bedrock was already reached after 1,40 m. In the
P3SE drilling site the third meter of the probe was lost due to high groundwater level. Subsequent
preparation and processing of the recovered probes was carried out in the Geomorphological and Paleontological laboratory of the University of Bonn with the support from Gabriele Kraus. The cores were
cut in half with a circular saw to perform a soil description and analysis.

Figure 5: Two drilling locations on the NW of the lake (Source: V. Kirby 2020)
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A

B

Figure 6: Mica schist / Phyllite at the bottom of the drilling core HTP1NW (A) and Pürkhauer extracted (sample from
HTP2NW) (B) (Source: V. Kirby 2020).

3.3 Drone
"Structure from Motion” (SfM), which is a photogrammetric technique for obtaining high-resolution
datasets at a range of spatial scales, has seen a surge for geomorphological research in recent years due
to being low-cost and user-friendly (Westoby et al. 2012). Unmanned Aerial Vehicles with imaging
sensors, such as Drones, can acquire remotely sensed data. Especially for digital elevation modelling
and geomorphological terrain analysis in remote, high-alpine environments this method is revolutionary. Other methods such as ground surveys GPS or total stations cannot be installed due to hostile
landscapes with steep and unconsolidated slopes and poor satellite coverage. Furthermore, alternative
ground-based methods like terrestrial laser scanning are too expensive and not suited for such difficult
terrain. Finally, airborne surveys are not useful because of image foreshortening and a significant loss
of sight because of three dimensionality in mountainous landscapes (Westoby et al. 2012).
Instead of needing a network of targets with known 3-D positions for SfM, the camera pose, and scene
geometry are reconstructed simultaneously through the automatic identification of matching features
in multiple images. These features are tracked from image to image; therefore, camera positions and
object coordinates are estimated initially. Using non-linear least-squares minimisations these numbers
are refined iteratively. The 3-D point clouds are generated in a relative “image-space” coordinate system which must be aligned to a real-world
object space coordinate system. The transformation can be done through the identification of Ground Control Points (GCPs)
which have been selected before the flight
using dGPS (see section above) (Westoby
et al. 2012).
Figure 7 shows the P4 RTK drone (DJI
2020) which was used for carrying out the
data collection. A special feature is the

Figure 7: P4 RTK drone by DJI in motion (Source: V. Kirby 2020)
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RTK (Real-Time kinematic) for highly accurate positioning to a centimetre and the drone’s ability to
connect to a mobile GNSS reference station (see fig.8, GPS Base). Furthermore, its camera has a 1”
CMOS-Sensor with 20 Megapixels which can achieve a Ground Sample Distance of 2,74 cm at a flight
height of 100 m with a vertical accuracy of 1.5 cm and a horizontal one of 1 cm. The drone can be
controlled by the GS RT App and a remote control with an integrated 5.5” screen. In addition to traditional flight modes, the App offers different planning modes such as two- and three-dimensional photogrammetry, waypoints and dividing the mission. KML/KMZ files can be imported to improve the
workflow of the mission. The fast image transmission system OcuSync and Time Sync for precise data
protocols are helpful ad-ons. The latter continuously balances out the data of the autopilot, camera and
RTK modules. It ensures that each photo is provided with precise metadata and locates the position
data in the visual centre of the object for ideal results and precision of photogrammetric methods.

Figure 8: Rampart Rock Glacier (RRG) Study Site. Blue star refers to drone base.

Starting from the base station the drone flew at an altitude of 30 m over the designated area (RRG
Polygon) which was set on the remote control beforehand. The area covers the valley descending from
the Glorer Hütte and includes the Rampart Rock Glaciers (southern part in Fig. 8). Before the mission,
the height, speed and direction of the flight and the overlap of pictures must be set. The lower the
height and bigger the overlap and size of the covered area, the longer the drone needs to execute the
mission. Therefore, the time restriction is mainly influenced by the battery of the drone, which will
return to the base station at a battery level of 30 %. In order to further process with the SfM method
and create digital elevation models (DEMs), the software Agisoft metashape can be applied here
(https://www.agisoft.com/). If a future flight is planned covering the same area, multi-temporal DEM
7

comparisons can be performed. In order to do so, the difference between two consecutive DEMs for a
quantitative assessment of topographic changes in a certain time interval needs to be calculated
(Fischer et al. 2013). Those models are commonly described as DEM of difference (DoD).

3.4 Electrical Resistivity Tomography
The application of ERT is well-suited for permafrost studies, as the resistivity changes allow conclusions about frozen or unfrozen ground to be generated and can be graphically displayed. The unique
benefits of direct current ERT profiling provide an effective pathway to understanding and documenting the presence and change in permafrost in alpine environments (Kisyov 2017). In conjunction with
the multi-temporal analytical capability, the permanent installation of ERT equipment allows comparative studies of spatial permafrost variability to be repeated with high levels of accuracy. In addition,
the relative ease by which spacing and configuration of electrodes can be adjusted denotes a wide
range of coverage (m) in diverse landscapes and terrain types; including but not limited to rock glaciers, rockwalls, moraines, landslides and glacial debris cover in high mountains (Schrott 2008). Subsequent patterns of movement and erosion can then be anticipated as a means of disaster preparedness
and hazard mitigation throughout mountain communities (rates of permafrost degradation- consequences). The diversity of ERT application extends beyond mountain systems into other disciplines
including civil and structural engineering (i.e. building foundation stability – Olayinka 2019), archaeological mapping and mineral exploration (Zhou 2018).
Though permafrost is a visually hidden thermal ground property (Gruber & Haeberli 2009), the Electrical Resistivity Tomography is an effective geophysical method to detect physical properties and
changes in subsurface conditions and thus of permafrost (Schrott & Sass 2008). As an indirect, geophysical method, it measures the electrical resistance in the ground through the generation of an electric field with electrodes. Depending on the electrical resistance, a differentiation between the frozen
and liquid phase of water, thus frozen or unfrozen rock, can be made, which in turn allows conclusion
about permafrost occurrence. Four electrodes are relevant for the measurement: Two electrodes, where
electric current is applied into the ground and two electrodes, where the voltage response is measured.
These electrodes are automatically selected by a switching unit controlled by a microcomputer. The
voltage-to-current ratio then defines the resistance. Finally, the distribution of the subsurface resistivity
is calculated by means of inverse modelling and is displayed in a two-dimensional tomogram (Sass
2004).
Characteristically for water is the good electrical conductivity, which simultaneously means that low
resistivity values from the ERT indicate unfrozen ground. Though verification with validating methods
like seismic refraction and measuring of the ground surface temperature is necessary (Schrott & Sass
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2008). Krautblatter et al. (2010) extended the ERT-method by providing certain quantitative information about frozen rock temperature through laboratory-calibrated quantitative ERT. It converts the
resistivity information into quantitative temperature information. This knowledge is important for the
slope stability, since the minimum stability of permafrost is obtained at temperatures between -5 and
0 °C (Krautblatter et al. 2010). Overall, ERT is suitable to monitor permafrost degradation and aggradation and to detect fluid flow.

Figure 9: Profile 1 (A) and Cross Profile (B) (Source: V. Kirby 2020)

Figure 9A shows profile 1 extended longitudinally from site base, where starting measurements began
at the location of the computer processor, extending up-slope in a westerly direction. Superficial red
marking added retroactively to delineate approximate location of electrode placements along cable.
Image captured from site base. Lower portion (easterly direction) of profile 1 not captured in this
imagery. Figure 9B shows cross profile as depicted from site base extending southward, slope increase
in this portion of the cross profile was more significant than the north-extending portion (not pictured).

Figure 10: ERT Study Site

9

The ERT site is positioned atop the Glatzschneid rock glacier, on the south facing slope of a ridge
situated north of the Oberer Glatzsee. The landscape is dominated by a talus slope and scree field with
high variation in debris size. The surface of the investigated slope is characterized by a blocky debris
cover, originated from rockfall events of the dolomitic rockwall towards the southwest. Furthermore,
it is located at the lower boundary of discontinuous permafrost distribution in this region and the presence of the coarse-grained debris/rock glacier in this high alpine setting indicates likelihood of permafrost (Otto et al. 2012). Two intersecting profiles were established perpendicular to one another, around
2859 m a.s.l., towards the rockwall located along the western ridge of the slope (Fig. 10). The first
profile was established longitudinally along the rock glacier, where the inclination ranges between 8
and 25° in the lower part (mean inclination of 14°) and between 16 and 40 ° in the upper, steeper part
of the slope (mean inclination of 28°). From the used ABEM Terrameter LS 2 system with a graphical
user interface, one 60 m-long cable was laid up-slope, and one down-slope, with electrode placements
at 3 m apart. Additional precautions were taken to ensure each electrode was sufficiently moist and in
contact with the smallest grain size available. The ABEM Terrameter LS 2 computer first completed
a test run to verify contact and functionality of each electrode; results returned indicating several ‘no
contact’ and ‘error’ for the electrodes. A test run was completed by the computer, indicating several
‘no contact’ and ‘error’ for the electrodes. The errors were largely a result of the difficult terrain but
could be corrected by either removing and reinstalling the electrode or by simply providing more
moisture to further encourage conductivity.
The initial test was completed and provided real time updates throughout the data collection period.
Differential GPS coordinates were documented at each electrode point along the profile to provide
precise and accurate location information. Once the data for the first profile was collected and stored,
the equipment was disassembled and reinstalled as a cross profile, intersecting the first, perpendicularly. The cross-profile length was 40 m shorter than the longitudinal profile. Due to the shorter length
of the profile, a shorter distance between electrodes (2 m) was also implemented, as to maintain an
equidistant estimation. The inclination of the north-west directing part of the cross profile, looking
from the computer, ranges between 5° and -20° (mean inclination of -5°), with a decreasing slope
further north-west and overall dominating coarse rocks. From the south-east approaching part of the
cross profile, the inclination ranges between 3° and 31° (mean inclination of 19°) with an increasing
slope further to the direction of the dolomite rockwall (SE). In this section, a snow field forms a small
concave feature, before the slope turns into a concave formation, where the grain size declines further
upwards from coarse rock to medium grained scree (mainly micaschist). A test run was completed
before readjusting several of the electrodes, and the initial test was completed shortly thereafter. DGPS
coordinates were also obtained for each of the electrode placements along the cross-profile.
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4 Results of ERT Profiles
The tomogram shown in figure 11 exemplifies the subsurface resistivity of the longitudinal profile 1
with a length of 120 m (along the x-axes) on the Glatzschneid rock glacier between 2840 and 2880 m
a.s.l. (elevation on the y-axes).

Figure 11: Longitudinal Profile 1

The degree of misfit in the calculated model is measured in terms of the percentage Root Mean Square
(RMS) error. After 10 Iterations, the RMS of the Inversion-Model comes to 2.2 %, indicating that the
model is a good representation of the real subsurface structure. Based on the observations in previous
studies, values above 10000 ohm.m are interpreted as ground ice occurrence, marked as red and purple
regions in the tomogram (Otto et al. 2012). Values below 10000 ohm.m in green and yellow colors
can be regarded as non-frozen ground. The blue marked values with low resistivity pose moisture
within the slope.
The Inversion results show high resistivity in the central and upper part of the slope with values exceeding 12300 ohm.m, both at 10 m depth. The frozen core in the central part reaches from 54 to 75
m along the slope in 10 m depth between 2865 and 2855 m a.s.l. and is bigger than the upper core,
which is extending between 18 and 28 m along the profile. Other, but smaller regions with high resistivity are found in around 3 m depth in the upper part as well. The upper part is overlaid close to the
surface with medium resistivity, indicating the active-layer, which is regarded as unfrozen. Since the
survey was taken in late summer, the active layer could have reached its maximum in thickness.
In the lower part at around 87 and 96 m, high resistivity values are observed directly at the surface.
Below these regions the ground seems high in moisture due to low resistivity, leading to the assumption that though showing high resistivity these regions are not frozen and are probably ground with air
content, where water possibly already infiltrated and only air is left. Remarkably, a core with low
11

resistivity emerges between the two permafrost cores at 10 m depth between 33 and 48 m, which is
possibly due to subsurface drainage or frost melt. Overall, the permafrost in the vertical transect is
heterogeneous distributed with two remarkable permafrost bodies above 2850 m a.s.l. in 10 m depth.
The RMS error of the cross profile (Figure 12) is 10% after five iterations, which is slightly more
inaccurate than the longitudinal profile 1 model, but still significant. The cross profile has a length of
80 m between 2855 and 2865 m a.s.l. and the maximum values of the second ERT are about 19000
ohm.m.

Figure 12: Cross Profile

The upper part of the cross profile (0 to 40 m) with a finer surface material shows mostly low resistivity
in the green and blue coloured regions and therefore non-frozen ground. The only part with high resistivity is at the surface around 32 m, which marks a visually observed snow field. Right beside the
snow field are two underground cores with moisture (marked in blue), probably due to the snow melt.
In the profile part between 40 and 80 m, high resistivity is observed ranging from 10 to 0 m in depth.
The highest resistivity can be found at 70 m in about 5 m depth. On the surface of this widespread
permafrost occurrence is blocky material.
Overall, permafrost in the cross profile is observed in regions with blocky material, whereas the finegrained regions have a non-frozen subsurface.

5 Discussion and Limitations
All methods used in the field campaign come along with advantages and limitations. Unmanned Aerial
Vehicles (e.g. drones) can generate point clouds with the coupling of the Structure from Motion
Method is comparatively low-cost and user friendly. In our case the P4 RTK drone offered an on time
setting for the mission supported with an app. The drone can fly even in difficult terrain and with its
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light equipment can be carried into mountainous landscapes. However, in too windy weather conditions the drone cannot fly and unsuitable weather conditions with heavy rainfall hinder research. The
post-processing of the collected data points in order to create DEMs is time consuming.
For the precise positioning dGPS can be seen as a supporting tool for other methods such as ERT
electrode positions or drilling points. It can be implemented as an individual method for detecting
topographic changes, benefitting with high precision and low installation and maintenance costs. It
can measure in ranges from mm to km and available real time data (Krainer n.d.). The receiver, however, must be placed very accurately so that in very windy environments it may be moved. As a result
the measured positions are wrong and very low temperatures may cause technical problems (Krainer
n.d.). Moreover, the data processing can be very complex and sometimes highly specific software is
needed (Krainer n.d.).
Sediment cores are giving the chance to receive a detailed overview of the underlying substrate. Varying sediment deposition cycles can be investigated. Furthermore, it is possible to date the cores and
to obtain ground-truthing-data. Depending on the research site and transportation possibilities the
heavy equipment with two generators and the drill-hammer can make it difficult to reach remote areas.
As well the probe is showing just a small sample site. While drilling high ground water levels as well
as bed-rock can interfere with the sample.
Through the utilization of ERT methods, the opportunity for long-term comparative studies which
remain relatively low-cost is possible. Previous research points to the possibility of successful longterm studies with semi-permanent installations as an effective method for degradation monitoring of
permafrost, as well as other environmental changes (Otto et al. 2012). The ability of contemporary
equipment to display real time data throughout the acquisition also allows for an improved accuracy
in the data collection process. This also allows for a brief in-situ analysis as well as pre-testing for
error corrections.
Difficult measurement conditions, like a difficult terrain and the weight of the equipment, have negative impacts on data quality and errors. Therefore, the accessibility and infrastructure as well as safety
and cooperative weather are important. Nevertheless, the quantitative interpretation of ERT requires a
high level of expertise.

6 Conclusion
Of all the methods used, ERT is the most precise and direct for obtaining information on the distribution of permafrost bodies in rock glaciers. Although drone imagery can provide information about
ground movements when comparing different time periods, it does not provide direct information
about the location and extent of permafrost. Nevertheless, the complementary use of drone flights is
13

very useful due to simple data collection even in the most impassable terrain. Although the collection
of data by ERT is complex on rough, blocky terrain, with some expertise it generates valuable, easily
interpretable line data. With the data collected, the existence of permafrost bodies within the
Glatzschneid rock glacier could be proven with high probability. In a next step, it would be useful to
compare the data with the surveys of the previous year or future years in order to detect changes in the
extent of the permafrost bodies. The drone data should also be compared with those of the next years
in order to measure ground movements over time. However, it is not possible to specify the data by
drilling on the rock glaciers, as the material cannot be used in these areas. The extremely heavy drilling
material could only be used on more easily accessible terrain around Lake Glatzsee. Unfortunately, no
results could be presented in this report as there was no access to the laboratory. Nevertheless, the
drilling that was carried out can provide information on the stratification and sorting of the near-surface
sediments of the deltas.
As van der Linden (2010) points out, “...upper areas mostly cannot be observed from the ground,
remote sensing applications represent a means of closing this gap which hampers a full understanding
of the alpine sediment cascade.” The coupling of multiple methods is encouraged whenever possible,
and although throughout the study period, weather conditions were optimal, this is not always the case.
The interpretation of remotely sensed data may provide further benefit to such studies. Future work
with the obtained results should include a detailed description of the sediment cores. Furthermore, the
results of the Drone flight will be processed with Agisoft Metashape to create a DEM.
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