WATER FLOW IN FRACTURED BEDROCK PERMAFROST:
A POTENTIAL HAZARD FOR HIGH ALPINE INFRASTRUCTURE
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ABSTRACT

Alpine permafrost is highly sensitive to ongoing climate warming. Its degradation can reduce slope stability and thus poses an increasing
hazard to high alpine infrastructure. However, the role of fluid flow has often been neglected in studies of rock wall permafrost. We pro-
pose the first insights into the hydrological dynamics in an unstable permafrost rock wall below the summit station at the Kitzsteinhorn
monitored by means of long-term geoelectric measurements and rapidly changing rock temperatures at depth. Our results show that fluid
water infiltrates the rock wall in spring and is pressurized during summer. While water flows accelerate permafrost degradation upwards
through non-conductive heat fluxes, the resulting hydrostatic pressures can build up to critical levels in terms of rock wall stability. This
study contributed to an improved process understanding of permafrost dynamics and water flow, which is necessary for proper hazard

assessment of high alpine infrastructure.

INTRODUCTION

The sensitivity of alpine regions to climate warming was dramatically demonstrated on 12 June 2023: a massive landslide with a volume of
approximately 1 Mio. m3 occurred on the southern summit of the Fluchthorn massif near Galtir in Tyrol. According to the initial findings of
experts and ongoing research, the degradation of permafrost and the subsequent increased water availability played a key role in precondi-
tioning and triggering this event. As permafrost thawing and degradation will increase in the 21st century (Hock et al., 2019), it is reasonable

to expect that the frequency of these events will increase, posing a serious risk factor to high alpine infrastructure.

Permafrost is defined by the thermal state of the lithosphere and describes a permanently frozen subsurface layer with temperatures below
or equal to 0°C for at least two subsequent years. The definition is independent of ice, so a significant portion of unfrozen water may be
present in permafrost bodies. This is possible due to a shift of the freezing point of water under 0°C depending on rock properties, salinity,
and pore pressure (Arenson et al., 2022). However, from a rock mechanical and rock thermal point of view, the presence of liquid water
is critical. The infiltration of precipitation water and snowmelt into rock slope discontinuities transfers convective heat to the permafrost,
promoting accelerated warming of the frozen zone. In turn, the melting of the existing ice creates new pathways for water, resulting in both

convective heat transfer to greater depths and the build-up of critical, destabilizing water pressures.

Electrical resistivity tomography (ERT) is a common non-invasive geophysical method for permafrost monitoring in high-mountain environ-
ments. Therefore, an electric current is injected into the ground, and the resulting voltage response is measured using the ratio of voltage to
current as a measure of resistance. Since rock resistivity is highly temperature-dependent, the ERT measurements are used to differentiate
between frozen and unfrozen materials. Additional long-term rock temperature measurements in boreholes provide direct, quantitative, and
comparable thermal information to validate geoelectric measurements and to further describe the occurrence of infiltrating water. In this pi-
lot study, we investigated the feasibility of electrical resistivity measurements to understand the fluid flow in an unstable permafrost-affected

rock wall around high alpine infrastructure.

STUDY SITE

The study area is located at the Kitzsteinhorn (3.203 m asl) within the municipality of Kaprun in Austria and is part of the Glockner Group in
the Hohen Tauern mountain range. The lithology of the summit region is primarily dominated by calcareous mica schist (Hoeck et al., 1994),
a rock type which shows an apparent reduction in shear strength of ice-filled joints depending on temperature and normal stress (Mamot
et al., 2020). An enormous number of joint sets have developed as a response to the release of stress and the significant effects of severe
physical weathering (Hartmeyer et al., 2012). The Kitzsteinhorn north-face is underlain by permafrost according to long-term temperature

measurements in boreholes up to 30 m deep.

This study is part of the “Open-Air-Lab Kitzsteinhorn” project, which monitors the short- and long-term response of permafrost and slope
instability to climate warming. Therefore, Keuschnig et al. (2017) installed an Automated-ERT array on a permafrost-affected rock wall near
the summit cable car station with an average slope gradient of 47°. The profile covers an elevation of 2.976 and 3.017 m asl and is located

close to the two temperature boreholes B1 and B2 (see Figure 1).
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Figure 1: Location of the ERT profile, as well as the location of the borehole temperature measurements B1 and BZ at the summit region of the Kitzsteinhorn, Austria.

The mean, minimum, and maximum annual rock temperatures measured in 2022 are shown separately for B1 and B2 in Figure 2. After
performing linear regression of the temperature profiles, the active layer reached a maximum depth of about 4.2 m in both profiles, and the
zero annual amplitude (ZAA) was recorded at a depth of 28 m in borehole B1. The ZAA is characterized by a maximum seasonal variation
of the temperature of 0.1°C (Williams and Smith, 1993).
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Figure Z: Minimum, mean, and maximum values of the temperatures in boreholes B1 and B2 in 2022. The calculations are based on 10 minutes measuring intervals.

DATA ACQUISITION

The ERT measurements were performed from February to December 2013 with an interval of four hours. Several lightning strikes in July
and August 2013 caused severe hardware damages and data loss. We repeated the monitoring from June to September 2023 to obtain the
subsurface characteristics during a seasonal progression. All measurements were carried out using the identical set of 30 electrodes per-
manently installed with a two-meter spacing. Detailed information regarding the installation of the measurement profile is provided by
Keuschnig et al. (2017).

The rock temperature measurements in boreholes B1 and B2 began in December 2015 and were acquired at 10-minute intervals. The tem-
perature sensors are located at various depths within both boreholes, ranging from a depth of 0.1 to 20.0 m and at 21.5 m in B1, as well as
at 25.0 and 30.0 m in B2. The entire data sets were quantitatively analysed for thermal anomalies, which are characterized by sudden (<12

h) changes in bedrock temperature (>0.1°C) that do not remain stable for more than a short period (<62 h).

RESULTS AND DISCUSSION

The temperature measurement at 3.0 m depth in B2 in the year 2022 is shown in Figure 3a. The annual quasi-sinusoidal temperature curve is
characteristic of the warming and cooling of the rock mass driven by conductive heat fluxes. At the beginning of the winter, the temperatures
decreased slower and even stayed constant over a period of around two months. This zero-curtain effect is caused by snow accumulation,
which insulates the bedrock against cold air temperatures. Thermal anomalies were observed particularly during the spring thaw period and
at depths (e.g., 2.0 and 3.0 m) close to open fractures according to optical borehole scans. The rapid rise in bedrock temperature indicates

a non-conductive form of heat transfer, which can be induced by the intrusion of fluid flow in the fracture system.
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The analysed Wenner time series consists of a monthly measurement taken from February to June in 2013, September to December in 2013,
and June to September in 2023. High resistivity values (> 32 kQm) were observed at shallow depths during the freezing period between
February and June and from September to December, indicating the presence of ice-filled joints (see Figure 3b). As a result of rainfall and
snowmelt during the spring thaw period, liquid water is present in the fracture system, which is known from borehole analysis. This causes
a significant drop in resistivity values below 16 kQm. During the summer months, the inflow of fluid water exceeds the outflow, forcing a
bottom-up flow under pressure, which is indicated by an upward trend of decreasing resistivity values over time. Subsequently, the highest

fluid flow was observed in September 2023.
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Figure 3: (a) Temperature in borehole B1 at a depth of 3.0 m in 2022 versus mean resistivity of the measurements in 2013 (Jan-Jun and Jun-Dec, dashed line) and in 2023 (Jun-Sep, solid
line). Thermal anomaly events of the borehole temperature are highlighted. (b) Electrical resistivity tomography during freeze (left) and thaw (right) conditions, including mapped fractures.

Areas of high resistivity represent frozen rock mass and ice-filled fractures, whereas areas of low resistivity indicate the presence of fluid flow.

CONCLUSIONS

This study presents a unique observation of the dynamics of fluid water flow in a permafrost-affected rock wall around a high alpine in-
frastructure using long-term ERT measurements and direct borehole temperature measurements. The ERT time series consists of monthly
repeated observations from February to December in 2013 and 2023. The rock temperature time series of the two boreholes were analysed
from 2016 to 2023 showing a rapid increase in temperature during the spring period, probably caused by infiltrating water (Phillips et al.,
2016). This coincides with significant changes in resistivity that identify fluid flow in fractures, promoting bottom-up warming of the rock
wall and the build-up of destabilising pressures. To validate and quantify this observation, complementary data (e.g. piezometers) are re-
quired. Nevertheless, knowledge about the occurrence of the fluid flow dynamics in permafrost bedrock is already an important prerequisite

for stability assessment and hazard evaluation of high alpine infrastructures.
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