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Abstract. Rock slope instabilities and failures from permafrost rocks are among the most significant alpine hazards in a
changing climate and represent considerable threats to high-alpine infrastructure. While permafrost degradation is commonly
attributed to rising air temperature and slow thermal heat propagation in rocks, the profound impact of water flow in bedrock
permafrost on warming processes is increasingly recognized. However, quantifying the role of water flow remains challenging,
primarily due to the complexities associated with direct observation and the transient nature of water dynamics in rock slope
systems. To overcome the lack of quantitative assessment, we combine datasets of rock temperature measured in two deep bore-
holes (2016-2023), monthly repeated electrical resistivity tomography acquired in 2013 and 2023, site-specific temperature-
resistivity relation determined in the laboratory with samples from the study area, and borehole piezometer. Field measure-
ments were carried out at the permafrost-affected north flank of the Kitzsteinhorn (Hohe Tauern range, Austria), characterized
by significant water outflow from open fractures during the melt season. Borehole temperature data demonstrate a seasonal
maximum of the permafrost active layer of 4-5 m. They further show abrupt temperature changes (~ 0.2-0.7 °C) at 2, 3, and
5 m depth during periods with enhanced water flow and temperature regime changes between 2016-2019 and 2020-2022 at 10
and 15 m depth, which cannot be explained solely by conductive heat transfer. Monthly repeated electrical resistivity measure-
ments reveal a massive decrease in resistivity from June to July and the initiation of a low-resistivity (< 4 k{2m) zone in the
lower part of the rock slope in June, gradually expanding to higher rock slope sections until September. We hypothesize that
the reduction in electrical resistivity of more than one order of magnitude, which coincides with abrupt changes in borehole
temperature and periods of high water heads up to 11.8 m, provides certain evidence of snowmelt water infiltration into the
rockwall becoming pressurised within a widespread fracture network during the thawing season. This study shows that, in
addition to slow thermal heat conduction, permafrost rocks are subjected to sudden push-like warming events and long-lasting
rock temperature regime changes, favoring accelerated bottom-up permafrost degradation, and contributing to the build-up of

hydrostatic pressures potentially critical for rock slope stability.
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1 Introduction

Over the past decade, awareness of climate change-related hazards in alpine environments has increased, including rock slope
failures from warming permafrost rocks. Degrading permafrost in rock walls can reduce the stability of rock slopes (Gruber and
Haeberli, 2007), increasing the likelihood of slope failure and endangering mountain infrastructure (Duvillard et al., 2021b).
Rising temperatures alter the mechanical properties of rock and ice (Krautblatter et al., 2013; Mamot et al., 2018), which can
increase the number of rockfalls and rock-slope failures in permafrost-affected rockwalls (Ravanel et al., 2017; Hartmeyer
et al., 2020; Savi et al., 2021; Cathala et al., 2024b). Therefore, precise knowledge of changes in frozen rock’s thermal and
mechanical regime is of particular interest to address mountain tourism’s increased vulnerability and prevent or limit damage
to high-alpine infrastructure (Duvillard et al., 2019).

Potential triggers of rock slope failure have been attributed to high water pressures (e.g., Fischer et al., 2010; Ravanel et al.,
2017) that can arise from the infiltration of rainwater or meltwater from snow, glaciers, ice-filled joints or permafrost. In some
cases, the hydrological processes contributing to the destabilization of the rock slope were directly evidenced by ice and water
coating the scarp shortly after the event (e.g., Walter et al., 2020; Mergili et al., 2020; Cathala et al., 2024a). The infiltra-
tion capacity and hydraulic permeability of a rockwall are determined by the degree of fracturing, pore space characteristics,
saturation, and temperature (Gruber and Haeberli, 2007). The surface water availability from snowmelt and rainfall for in-
filtration into steep rock slopes was recently estimated by a numerical energy and hydrological balance model (Ben-Asher
et al., 2023). Ice-filled fissures reduce the permeability compared to unfrozen fissures (Pogrebiskiy and Chernyshev, 1977),
leading to perched water and the build-up of high hydrostatic pressures (Magnin and Josnin, 2021). Although the destabiliz-
ing shear stress of high water levels on the rock mass is well known (Krautblatter et al., 2013), piezometric pressures have
only been observed in permafrost regions on one rock glacier (Phillips et al., 2023; Bast et al., 2024) and in one open crack
at shallow depth (Draebing et al., 2017). Direct observations of piezometric pressures in deep depths (> 10 m) have not yet
been measured in permafrost-affected rockwalls, but remain crucial for understanding hydrological processes and thus for the
prospective prediction of rock slope failures.

Non-conductive heat transport due to water flow along fractures can rapidly raise the temperature, leading to the formation
of thaw corridors, which potentially enhance local permafrost degradation (Gruber and Haeberli, 2007) and erosion of ice-filled
clefts (Hasler et al., 2011a) compared to slow thermal heat propagation in rocks. The physical processes of water flux in frozen
bedrock are intrinsically difficult to quantify, exhibit non-linear, complex behavior, and are therefore poorly studied. Phillips
et al. (2016) observed brief and intermittent thermal anomalies in borehole measurements in an alpine rock ridge, interpreted
as water percolating through fractures after heavy precipitation. Seismic analysis and geophysical soundings have revealed
seasonal variations in cleft-ice infill and meltwater percolation in fractures (Krautblatter et al., 2010; Keuschnig et al., 2017;
Weber et al., 2018).

Changes in water and ice content can be detected by electrical resistivity tomography (ERT), which is, therefore a well-
established method (e.g., Hauck, 2002; Schneider et al., 2013; Hilbich et al., 2022; Cimpoiasu et al., 2024) that has been

increasingly applied in mountain permafrost environments in recent years (Herring et al., 2023). Monitoring active layer dy-
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namics and spatial and temporal permafrost evolution requires repeated ERT surveys, preferably using the same survey ge
ometry and xed installed electrodes. ERT monitoring over several years has demonstrated degrading permafrost associatec
with global warming (e.g., Mollaret et al., 2019; Scandroglio et al., 2021; Buckel et al., 2023). However, most monitoring
approaches emphasize the inter-annual evolution of bedrock permafrost and often overlook seasonal variations in resistivity,
especially during thawing periods.

ERT measurements offer valuable, indirect information, requiring either laboratory calibration (Krautblatter et al., 2010) or
ground temperature for quantitative interpretation. Borehole temperature measurements are direct thermal observations. The:
only provide point-scale data along the borehole pro le in a heterogeneous alpine terrain but do not allow for differentiation
between water and ice close to 0 °C. The freezing point of water can be shifted depending on rock properties, salinity, and pore
pressure (Arenson et al., 2022), allowing unfrozen water content at sub-zero temperatures. In addition, temperature change
may be slowed by latent heat effects while signi cant changes in the water-to-ice ratio occur. To reduce uncertainties in the
characterization of subsurface properties, a complementary approach that combines borehole observation and geophysical da
such as electrical resistivity (e.g., Hauck, 2002; Etzelmuller et al., 2020) and/or seismic refraction data (e.g., Hilbich, 2010;
Wagner et al., 2019) is required.

The in uence of water uxes on the thermal and hydrostatic regime in bedrock permafrost remains a key challenge, despite
the demonstrated link between hydrological uxes and rock slope instability. In this study, we address the lack of quantitative
and in-situ observations of rockwall hydrology by analyzing repeated ERT measurements, ground temperature data from two
deep boreholes (2016-2023) and piezometric pressure data (2024) at the fractured north face of the Kitzsteinhorn (Hohe Tauert
range, Austria). This study highlights the importance of a higher geoelectrical measurement frequency compared to annual
campaigns, an integrated approach of different indirect and direct measurements, and emphasizing the signi cance of melt
period analysis in delineating both temporal patterns and spatial distribution of intense water ow within fractures. These
insights will improve our knowledge of the complex seasonal water ow in rockwalls that potentially accelerate permafrost
degradation and contribute to promoting and triggering factors for rock slope failures.

2 Study site

The investigated rockwall is located in the summit region of the Kitzsteinhorn (3.203 m asl), part of the Hohe Tauern range in
Austria (Fig. 1). The Kitzsteinhorn region is characterized by rocks of the Penninic Bindner Schist Formation in the Tauern
Window and belongs to the Glockner Nappe. The lithology in the study area is dominated by calcareous mica-schists traversed
by a scaly band of serpentinite parallel to the schistosity that dips steeply with approximately 45° to NNE (Cornelius and Clar,
1935; Hoeck et al., 1994; Hartmeyer et al., 2020).

The north face of the Kitzsteinhorn exhibits a signi cant degree of fracturing, characterized by joint openings of up to 20 cm,
predominantly along cleavage planes (Schober et al., 2012). The development of the enormous number of joint sets was favore
by stress release and intense physical weathering processes (Hartmeyer et al., 2012). The main joint sets are K1, which has

sub-vertical dip to the west, and K2, which features a steep dip to the southwest (Fig. 1). K3 and K4 are less abundant. K3
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Figure 1. (a) Detailed view of the investigated, north faced rockwall below the Kitzsteinhorn summit station (Hohe Tauern range, Austria),
the position of the ERT pro le, the two deep boreholes (B1/B2), and the piezometer. (b) The geotechnical setting of the rock face is described
by the schematic representation of the main discontinuities K1, K2, K3, K4, and the schistosity SF, as well as (c) the dip angle and direction

of their mean set planes.

dips medium-steeply to at to S-SSE, and K4 dips steeply to NW. Laboratory tests of mica-schist rocks with ice- lled joints
have shown that the shear resistance along rock-ice interfaces follows a temperature- and stress-dependent failure criterior
where warming and unloading lead to a mechanical destabilization and can lead to self-enforced rock slope failure (Mamot
et al., 2020). Keuschnig et al. (2017) installed in 2012 the ERT pro le at the north-facing rockwall below the station of the
Kitzsteinhorn cable car, ranging from an elevation of 2.965 to 3.017 m asl (Fig. 1). The ank has been severely affected at
its base by the rapid retreat of the Schmiedingerkees Glacier, which caused increased rockfall activity in the lower part of the
rockwall, with single detachments of up to 88§ fiHartmeyer et al., 2020). Several rockfall events have damaged the lower
part of the ERT pro le. As a result, the electrical resistivity measurements, carried out monthly from June to September 2023,
now cover an elevation range from 2.976 to 3.017 m asl. The slope gradient of the rock face increases as it approaches the
glacial cirque and is averaged at 47° (Keuschnig et al., 2017). Weather conditions at the study site in 2013 and 2023 were
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analyzed using recordings from the Glacier Plateau and Alpincenter weather stations, including air temperature, snow height,
and rainfall (Fig. Al).

This study is part of the 'Open-Air-Lab Kitzsteinhorn' (Keuschnig et al., 2011; Hartmeyer et al., 2012), a comprehensive
long-term project to monitor the response of bedrock permafrost to climatic change across multiple scales. Empirical-statistical
calculations by Schrott et al. (2012) on the distribution of permafrost in the Hohe Tauern region indicate a high permafrost
probability above 2.500 m asl on north-facing rockwalls and above 3.000 m asl on south-facing slopes of the Kitzsteinhorn.
In addition, permafrost has been detected by electrical resistivity measurements in the northern section of the tunnel 'Hannah-
Stollen’, which connects the Kitzsteinhorn cable car station to the south side at an elevation of approximately 3.000 m asl
(Hartmeyer et al., 2012).

3 Methods and data processing
3.1 Borehole temperature measurements

Rock temperature measurements in two deep boreholes close to the geoelectrical pro le have been conducted since Decenr
ber 2015 and were analyzed until December 2023. Borehole B1 is situated close to electrode 1 (x = 0 m) at an elevation of
3.030 m asl, and borehole B2 is positioned between electrodes 22 (x = 42 m) and 23 (x = 44 m) at an elevation of 2.970 m asl.
Both boreholes were drilled perpendicular to the surface and the schistosity, reaching a depth of 22 m (B1) and 30 m (B2).
The temperature inside both boreholes was recorded based on a highly sensitive measuring system: After drilling, B1 and B2
were equipped with water- and airtight polyethylene casings interrupted by non-corrosive brass rings at the designated depth:s
of the temperature sensors. The annulus was lled with concrete to avoid water/air circulation and ice formation in the void
between the casing and ambient bedrock. A chain of customized high-precision Pt100 thermistors (ac€u@ac3C) was

inserted into the casing and established direct mechanical contact with the brass rings of the casings. Due to the high therma
conductivity of the brass rings and their direct physical connection to the sensors, this setup enables improved thermal cou-
pling between the temperature sensor and surrounding rock mass compared to most other systems. The system used for tt
present study thus responds sensitively to (minor) changes in temperature and is well-suited to record short-term uctuations
of bedrock temperature. Sensors were installed at 0.1, 0.5, 1, 2, 3, 5, 7, 10, 15, 20, 21.5 (only B1), 25 (only B2) and 30 m (only
B2) depth. The measuring interval was set to 10 minutes. Scaled images of the borehole walls were acquired using an optical
scanner to identify and locate discontinuities. These images provided insight into parameters including joint frequency and
aperture over the entire depth of B1 (22 m) and to a depth of approximately 15 m in B2.

Lightning strikes damaged several thermistors throughout the long-term monitoring (2016-2023), leading to data gaps start-
ing in June 2017 (B2 = 0.5, 10 m), July 2019 (B2 = 20 m), June 2020 (B2 = 7 m), September 2020 (B2 = 25 m), April 2023
(B1 = 20 m), June 2023 (B1 = 7, 10, 21.5 m, B2 = 1 m). Warming releases resulting from construction activities for sum-
mit station maintenance in summer 2023, mainly due to drilling operations near B1, could have affected ground temperature
measurements. Consequently, we excluded the affected data sets from B1 (August-December 2023).
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The thermistor signals in B1 and B2 were analyzed for irregularities and characteristics typical for non-conductive heat
transfer. Near-surface temperatures (depth < 2 m) were excluded from the analysis as they are characterized by short-tern
uctuations with large amplitudes, making distinguishing between changes induced by non-conductive heat transfer and mete-
orologically forced changes complex. For the recordings in 2 and 3 m depth, thermal anomalies were identi ed using the rst
derivative with a moving average of 12 points (i.e., measurement interval of 2 hours). High signals in the rst derivative were
manually reviewed for characteristics typical of non-conductive heat transfer, which exhibit a temperature rise of up to 0.7 °C
in less than 2 hours. Sudden, signi cant changes between two measurements (10 min) with a return to the previous tempera-
ture level are caused by overvoltage effects following lightning strikes and were therefore not considered further. Due to the
smooth curvature of the thermal signals in 5 m depth, thermal anomalies were directly visible in the data and were manually
determined.

3.2 ERT data acquisition

A general description of the ERT procedure can be found in Appendix B. The ERT pro le used for the present study was
installed in 2012 and initially used for a year-long continuous subsurface monitoring of permafrost conditions using automated
ERT starting in February 2013 (Keuschnig et al., 2017). Therefore, 37 electrodes were permanently drilled into the bedrock at
intervals of 2 m. Stainless-steel climbing bolts with a length of 90 mm and a diameter of 10 mm were preferred to xed stainless-
steel screws (Krautblatter and Hauck, 2007) as they allowed good electrical contact with the bedrock without applying metallic
grease and ensured long-term durability. The automated ERT measurements were performed from February-December 201
on a 4-hour sampling interval using Wenner con guration, as it provides the best signal-to-noise ratio in permafrost rockwalls
(Zhou and Dahlin, 2003) and good horizontal resolution (Hauck and Kneisel, 2008). Two lightning strikes severely damaged
the hardware and prevented most measurements between June and September 2013. We performed ERT measurements ove
24-hour period at the end of each month from June to September 2023 using the same protocol type to Il this data gap. We
analyzed short-term variations in electrical resistivity values for each measurement campaign to exclude random errors and
quantify the respective measurement uncertainty (Fig. B1). Due to several rockfall events, the lower part of the ERT pro le
was damaged, and only the top 30 xed electrodes could be used in 2023 (i.e., 58 m pro le length). To enable comparison
of the 2013 and 2023 data series on a temporal and spatial scale, we selected tomographies at the end of each month of th
automated ERT measurements in 2013 (February-June and September-December) and shortened them to the same pro |
length (electrodes 1-30). Further technical details of the respective ERT measurements are given in Table B1.

The ERT measurements conducted in 2023 were carried out under varying weather conditions (Fig. 2). A thin layer of ice
partially covered the rock surface during the morning and night of the ERT measurements in June, while signi cant surface
runoff was observed passing the lower part of the ERT pro le during the afternoon of the June campaign and throughout the
measurement period in July. During ERT observations in August and September, most of the rockwall was covered by snow,
reaching a height of up to 10 cm. Mean daily air temperature derived from a nearby weather station on the Glacier Plateau
(distance 500 m, 2.940 m asl) indicated positive mean values for all days of ERT measurements in 2023. Datum points with

considerable deviations from neighboring values were manually Itered, resulting in a maximum declaratignodidatum
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Figure 2. Weather and rock surface conditions on the days of ERT measurements in 2023 described by mean daily air temperature (MDAT)

derived from the nearby (500 m distance) weather station at the Glacier Plateau (GP), and estimated values of snow cover area (SCA) and

snow height (SH). During the ERT measurements in June and July, pronounced surface runoff was observed in the lower part of the ERT
pro le.

points per measurement. These outliers were masked and excluded from further data processing. All ERT measurements wer
inverted using the software package Res2Dinv (Loke and Barker, 1996) with adapted settings for permafrost rock faces. Robust
inversion routines with half electrode spacing and mesh re nement were applied to cope with expected high electrical resis-
tivity gradients (Krautblatter and Hauck, 2007). After four to ve iterations, a reasonable level of convergence was achieved
without over- tting the data. Resistivity models with a high root mean square (RMS) error between the modelled and observed
data are obtained, particularly during the winter months when frozen surface conditions impede the coupling of electrodes.
Contact resistance values vary seasonally (Herring et al., 2023); in our case, values <W@€ekobserved during summer
measurements, while values > 200 were mainly measured during winter measurements (Table B1). The high contact resis-
tances (> 200 k) could not be mitigated due to safety issues of accessing the problematic electrodes during the snow-covered
period of the rock face. However, an assumption of inaccuracy and subsequent complete exclusion of the affected data sets
justi ed by high contact resistances and high RMS errors, would make it impossible to provide all-season ERT observations.
We, therefore, retained the data sets of the winter measurements (February-May and September-December 2013) but withhel
detailed interpretation in recognition of the potential presence of noise. In addition, the change in the raw data, i.e. the apparent
resistivity, of the different measurements (June 2013, June-September 2023) was analyzed in relation to the investigation depth:
to exclude artifacts from the inversion (Fig. B2). A summary of the data post-processing is given in the Appendix (Table B1),
as well as the differences in the resistivity between the tomograms from June-September 2023 (Fig. B3).



