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Abstract. Permafrost degradation significantly affects the stability of rockwalls in high altitude
regions. Monitoring rockwall permafrost is essential for assessing potential geohazards.
Borehole temperature measurements often lack of sufficient spatial representation in such
highly heterogeneous ground conditions. Conversely, geoelectrical measurements can provide
more comprehensive insights into these dynamics. This study investigates the permafrost
dynamics and hydrogeological system at Aiguille du Midi (3842 m a.s.l., French Alps) using
repeated and Automated-Electrical Resistivity Tomography (A-ERT) approaches, covering a
period of nearly four years (06/2020-12/2023). A total of three geophysical profiles have been
installed on three faces of the Aiguille du Midi (N-W, S and E). An autonomous acquisition
system for permanent resistivity monitoring and remote data acquisition is implemented. A
time-lapse inversion technique is employed to get the temporal and spatial variations of the
electrical resistivity at seasonal and interannual time scales. ERT revealed significant variations
in active layer thickness across different rock faces, along with a slight decrease in electrical
resistivity at depth, indicating permafrost warming over time. The ERT results did not provide
clear evidence of water infiltration or accumulation. Using a petrophysical model, calibrated
with laboratory measurements of the temperature dependence of electrical resistivity, we
estimated the temperature within the frozen zone from the resistivity measurements (under
favorable condition at surface). Validation against direct temperature measurements in a 10-m
depth borehole along the NW profile, demonstrates an accuracy of approximately +1 °C. This
research underscores the efficacy of ERT as a promising, non-invasive tool for monitoring
permafrost dynamics in Alpine environments. It also reveals challenges associated with
conducting A-ERT in high mountain environment, where the contact resistance is very high

(~500 k) and sometimes intermittent due to factors such as thunder strikes and rockfalls.
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1. Introduction

Climate change accelerates the degradation of the permafrost in high-mountains areas
worldwide (Smith et al., 2022). In the European Alps, permafrost has warmed up to > 1°C at
10 m depth, especially in bedrock permafrost (Etzelmuller et al., 2020; Magnin et al., 2024;
Noetzli et al., 2024). Over the last decade, there has been a continuous increase in rockfall
events, particularly those impacting permafrost in the European Alps (Cathala et al., 2024;
Jacquemart et al., 2024; Ravanel et al., 2017). Infrastructures located in high altitude are
increasingly affected by these events (Duvillard et al., 2021, 2018; Hartmeyer et al. 2020).
Permafrost degradation/warming of the rock mass can also locally be accelerated by heat
advection through water infiltration in fractures, causing erosion of the ice-infill (Hauck and
Hilbich, 2024; Hartmeyer et al. 2020). As a result, a loss of bonding between rock and ice may
occur, which in turn alters the mechanical properties of such assemblage (Mamot et al., 2018;
Krautblatter et al., 2013). Therefore, understanding the thermo-hydrogeological dynamics of
steep Alpine rock faces is essential for assessing potential geohazards associated with
permafrost degradation.

To assess permafrost warming, one approach is to directly determine and monitor
rockwall temperatures using temperature sensors installed at the rock surface or in boreholes
(e.g., Magnin et al., 2024). Although borehole temperature monitoring is still the only direct
method to detect the occurrence of permafrost, it provides only point-scale information, while
its distribution and evolution can be highly variable in extreme topographical conditions. In
addition, boreholes in rockwall at high altitude are logistically difficult to realize. They are also
expensive and invasive.

On the other side, geophysical measurements provide higher spatial coverage with
respect to boreholes. Various non- or minimally intrusive methods have been applied to

evaluate permafrost, including Refraction Seismic Tomography (RST) (e.g., Steiner et al.,
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2019; Draebing 2016), Ground Penetrating Radar (GPR) (Campbell et al., 2018), Electrical
Resistivity Tomography (ERT) (e.g., Mollaret et al., 2020; Krautblatter and Hauck 2007) and
Induced Polarization (IP) (Maierhofer et al., 2024; Abdulsamad et al., 2019; Duvillard et al.,
2018; Doetsch et al., 2015). Combined geophysical methods can take advantage of the
complementary petrophysical and spatial sensitivities of these different methods. For instance,
ERT measurement was combined with RST to evaluate ice, air, water, and rock contents
(Mewes et al., 2017; Hauck et al., 2011). Recently, joint inversion of ERT and RST could
reduce the uncertainties in the evaluation of air, water, ice and rock contents (Pavoni et al.,
2023; Steiner et al., 2021; Mollaret et al., 2020; Wagner et al., 2019). IP measurements
(providing tomograms of the electrical conductivity and normalized chargeability) have been
recently used to assess the distribution of permafrost temperature, relying on laboratory
calibration and a petrophysical (physics-based) model connecting resistivity and normalized
chargeability with temperature under frozen and unfrozen conditions (see Moser et al., 2025;
Duvillard et al., 2021, 2018, and references therein).

In the last two decades, ERT has become an increasingly popular tool in permafrost
studies (e.g., Herring et al., 2023; Farzamain et al., 2020; Magnin et al., 2015a; Krautblatter et
al., 2010). Herring et al. (2023) provide a review of the use of ERT method in permafrost
research, detailing both the advantages and limitations of this method in such a context. A
significant advantage of using electrical resistivity measurements to assess mountain
permafrost is that the freezing and thawing of water filling pores are associated with
considerable changes in resistivity (generally between one to three orders of magnitude, see
Coperey et al., 2019). Because of this sensitivity, electrical resistivity tomograms can be used
to assess of the presence and distribution of permafrost.

Repeated ERT measurements at specific time intervals using the same survey geometry

can be used to track the temporal and spatial evolution of permafrost over time (e.g., Offer et
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al., 2025, Hilbich et al., 2008). However, rapid changes due to water flow, infiltration or
drainage (such as during snowmelt or rainfall) may not be captured by monthly or seasonally
repeated measurements (Krautblatter et al., 2010). Alternatively, continuous resistivity
measurements, known as Automated-ERT (A-ERT) or ERT monitoring, offer the ability to
track the ongoing evolution of permafrost and capture rapid, heterogeneous and non-linear
changes in its temperature and ice content (e.g., Scandroglio et al., 2021; Doetsch et al., 2015).
A-ERT over period of several years has been recently used to track the degradation of
permafrost associated with global warming (Mollaret et al., 2019; Keusching et al., 2017;
Doetsch et al., 2015; Hilbich et al., 2008).

Furthermore, the time-lapse inversion of geophysical data derived from fixed
monitoring network provides a succession of tomograms showing the spatial and temporal
changes in subsurface resistivity (see; Karaoulis et al., 2013; Loke, 1999). The results of time-
lapse inversions of apparent resistivity data can be directly linked to the evolution of permafrost
throughout the annual cycle or to rapid variations caused by water infiltration or drainage during
short periods of time (Keusching et al., 2017; Hilbich et al., 2008).

That said, A-ERT at high altitudes (>3500 m) and over a multi-profile setting has not
yet been tested for pluriannual permafrost monitoring. The use of A-ERT under high-altitude
conditions presents specific challenges due to extreme topographical and climatic conditions as
well as meteorological events. However, it could provide valuable information about the
hydrogeological system and the evolution of permafrost in environments where its distribution
and dynamic are highly heterogeneous.

In this study, we present the results of an A-ERT survey conducted over nearly four
years (2020-2023) at Aiguille du Midi (AdM) in the Mont-Blanc massif (French Alps). The site
consists of massive and fractured granite and includes infrastructures such as tunnels and

elevators. Water infiltration was observed at various locations within the tunnels. The objective
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of this study is to investigate permafrost dynamics from infra-seasonal to multiyear timescales
and through various rock faces of a same site. Our goals include: (1) evaluating the potential of
A-ERT to characterize permafrost dynamics, its heterogeneity and non-linearity in steep alpine
rockwalls; (2) assessing the accuracy of temperature derived from resistivity measurements;
and (3) studying the hydrogeological system, including water infiltration and drainage in
fractures, along with their thermal impacts. For this objective, a total of three profiles were
deployed downwards from the summit in three directions: North-West (NW), South (S) and
East (E). Each profile consists of 32 electrodes spaced at 5 m. In addition to field data,
laboratory resistivity measurements were conducted on granite core sample, in both unfrozen
and frozen conditions. Furthermore, temperature which was continuously monitored ina 10 m
deep borehole along the NW profile is used to quantitatively evaluate the temperature

estimation using geophysical measurements of electrical resistivity.

2. Study site

We investigate the Aiguille du Midi (3842 m a.s.l.), which is the highest and most
western summit of the Aiguilles de Chamonix (Fig. 1a). It is located on the NW flank of the
Mont-Blanc massif. It includes three peaks that are all connected by human-made bridges and
galleries. In average, AdM is visited in summer by around 5000 visitors a day transported from
the city of Chamonix by cable-cars. The appearance of the summit of AdM has been greatly
affected by the construction and developments carried out since the 1950s (see Fig. 1). Our
study focuses on the central peak, which is the highest among the three, and which hosts the
cable-car station connecting AdM to Pointe Helbronner with the Panoramic Mont-Blanc cable
car. The topography is characterized by vertical rock walls with an average slope of 78° on the
North-West face.

The lithology in the study area is dominated by massive granite with a very low porosity

(~ 0.01, Magnin et al., 2015a). The highest parts (3740 to 3840 m a.s.l.) of the peak tend to be
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steep, contain few large fractures, and, in places, are characterized by vertical foliation bands
and small cracks (Magnin et al., 2015b). Figure 2 shows the mean monthly and annual air
temperature at AdM during the study period. The year 2021 was the coolest year (yearly
averages: -5.8 °C, -6.9 °C, -5.3 °C, and -5.7 °C from 2020 to 2023, respectively).

In order to evaluate the thermal state and the distribution of permafrost at AdM, three
boreholes have been drilled in 2009. They are labeled BH-NW on the NW face, BH-S on the
South face and BH-E on the East face. Each borehole is 10-m-deep and 66 mm in diameter, and
was drilled normal to the topography (their position is shown in Fig. 1b-d). Each borehole is
equipped with 15-thermistor strings calibrated in an ice-water bath and then placed at different
depths in the borehole. The temperature of the permafrost core shows significant variability
from one face to another. For example, at a depth of 10 meters, the temperature is approximately
-4 °C on the NW face, while it is around -1 °C on the sun-exposed S face (Magnin et al., 2024).
These temperature differences indicate the presence of strong temperature gradients within the
rock mass. In the same way, the Active Layer Thickness (ALT, i.e., the maximum seasonal
thaw layer) is also highly variable as interpolated between temperature sensors: it is observed
to be around 1.3 to 2.7 m in summer on the NW side, while it reaches 4.8 to 7.6 m on the S side
in the early fall. Below this depth, permafrost is present (Magnin et al., 2024). Figure Al
(appendix A) shows the temperature variation over depth in boreholes BH-NW and BH-S on
different date.

BH-NW is located along an electrical resistivity profile (NW profile) and is positioned
between electrodes 8 and 9 (counted from the bottom) of the NW profile (see Fig. 1c). The
temperature measured in this borehole is used to assess the accuracy of the temperature derived

from ERT results using the petrophysical model presented in the next section.
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Figure 2. Monthly average air temperature (°C) at AdM during the survey period (Data from the
meteorological station of Institute of Environmental Geosciences at the Aiguille du Midi). Horizontal

bars show the annual average air temperature.

3. Electrical conductivity - temperature relationship

The electrical conductivity of a rock represents its ability to conduct an electrical current
under the application of an imposed electrical field. The electrical conductivity (inverse of the
electrical resistivity) of a rock depends on its porosity ¢ (dimensionless), water content &
(dimensionless), pore water conductivity, Cation Exchange Capacity (CEC), and rock
temperature T (in °C) (e.g., Revil et al., 1998).

Above the freezing point (typically, but not necessary, around 0°C), electrical

conductivity (o(T) in S m™") increases linearly with temperature according to Revil et al. (1998):

G(T)za(l'o)[1+aT(I'—T0)], (1)

where ar = 0.021£0.02 °C!, T, = 25°C denotes the reference temperature, and o (T,)
denotes the conductivity of the rock at the reference temperature.

In contrast, under freezing conditions, temperature variations have a significant
influence on electrical conductivity because of the occurrence of an insulating phase (i.e., ice

formation) in the pore space and despite the increase in the salinity of the pore water with
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temperature decrease. This temperature dependence of electrical conductivity can be modeled

as follows (see details in Duvillard et al., 2021; 2018; Coperey et al., 2019):

amzlw-a)exp[j%n]*ef}(jf)[naxr—nn, @

C

Where 6, (dimensionless) denotes the residual water content when T<<Ty, Tz denotes the
liquidus or freezing point/temperature, T denotes a characteristic temperature controlling the
transition between the unfrozen state and the frozen state, and ¢ — 6, denotes the maximum
volumetric ice content at low temperatures. Equation (2) provides the opportunity to convert
electrical conductivity or electrical resistivity tomogram measured in the field to a temperature

distribution (e.g., Duvillard et al., 2021).

4. Methods

4.1 Laboratory measurements

In order to calibrate our field measurements and evaluate the parameters (e.g., T¢, 6.)

in the petrophysical model discussed above (Section 3), we conducted an electrical conductivity
experiment on a granite rock sample collected from an outcrop on the site. The cube-shaped
granite sample (dimensions: 5x5x5 cm®) was dried during 24 h at approximately 100 °C, then
saturated under vacuum with degassed water. The water conductivity was measured to be 0.016
S m (representative of the conductivity of collected water from the field (about 150 uS/cm or
0.015 S m1)) at equilibrium at T = 25°C. The sample was left in the solution for several weeks

to reach chemical equilibrium before performing the laboratory measurements. The Sample was
characterized by a very low porosity ¢ = 0.014.

For thermal-resistivity analysis, the sample was placed in a heat-resistant insulating bag
immersed in a thermostat bath (KISS K6 from Huber; dimensions: 210x400x546 mm?; bath

volume: 4.5 L). The temperature of the bath was controlled with a precision of 0.1 °C. Glycol
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was used as the heat carrying fluid (Coperey et al., 2019). The complex conductivity spectra
were obtained over the temperature range of +10 to —10 °C, using a high-precision impedance-
meter ZEL-SIP04-V02 (Zimmermann et al., 2008). The resistivity measurements reported here
are at a frequency of 1 Hz (Coperey et al., 2019).

Figure 3 presents the measurement results for the granite sample from the study site
(labeled Sample AdM), alongside measurements of another granite sample (Sample
Cosmiques) collected from a nearby site at the lower Cosmiques ridge (Mont-Blanc massif,
3613 m a.s.l.), as reported by Duvillard et al. (2021). The experimental datasets are presented
along with data fits, using Equations 1 for temperatures above the freezing point, and Equation
2 for temperatures below the freezing point. We see that the model proposed in Section 3 is
able to fit the data above and below the freezing temperature, providing a proxy for connecting

electrical conductivity or electrical resistivity to temperature.

® Sample AdM
B Sample Cosmiques

— Fit Equation 1
— Fit Equation 2

Resistivity (Q.m)

Tg=-2°C

10° : ; . . i
-15 -10 -5 0 5 10 15

Temperature (°C)
Figure 3. Resistivity-temperature relationship from laboratory measurements on two granite samples
from (1) the study site (Sample AdM), and (2) from the Cosmiques ridge, Mont-Blanc massif, West
(3613 m a.s.l.) (Sample labeled Cosmiques). Tr denotes the freezing temperature. The solid lines
correspond to the fits using the Equation 1 (red lines) and Equation 2 (blue lines), in unfrozen and frozen

conditions, respectively. The parameters of the model in Equation 2 are (T;=-1.3 °C, 8,,=0.004, ¢ (T,) =
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2.3x10* S m*) for Sample AdM, and (T¢= -2.17 °C, 6, = 0.004, (T,) = 9.5x10° S m*) for Sample

Cosmiques.

4.2 ERT Data acquisition

ERT has been conducted over a four-years period (06/2020 - 12/2023). A total of three
cables, each with 32 take-outs spaced 5 m (for a profile length of 155 m), were installed. The
three cables were deployed downwards from the summit in three directions: North-West (NW),
East (E) and South (S). The S profile starts at the South side and pass to the North-West side
around mid-distance (see Fig. 1c, d). The installation of cables was gradual (over a year) starting
from NW side (installed in June 2020), then on the South side (installed in July and August
2020), and finally on the East side (installation finished in March 2021 because of snowpack in
2020 at this side). In order to ensure good electrical contact between electrodes and rock mass,
stainless steel (A4/316) climbing bolts (Fischer 10x126 mm) poured in salty bentonite were
used and placed firmly in holes drilled in the rock. A specially designed jumper was used to
attach each take-out to the bolt to ensure maximum contact. The resistivity cables were attached
to anchors to minimize damage from rockfall and snow pressure.

A LS2-Terrameter (ABEM) with internal impedance of 20 MQ was used for the data
acquisition. The ERT device and control system for monitoring were deployed inside the
summit station with network access, power connection, and overvoltage protection. Data
acquisition was fully automated and remotely controlled. Finally, the position of every electrode
was measured using a differential GPS when the signal is available and a theodolite in steep
areas. The measurements were carried out using a Wenner configuration, which provides a high
signal-to-noise ratio and is widely used in mountain permafrost environments (Mollaret et al.,
2020; Krautblatter and Hauck, 2007; Dahlin and Zhou, 2004). Each profile consists of 155 data
points. An injected current ranging from 0.1 mA to 200 mA was applied, with a maximum stack

numbre of 4 was applied to ensure a standard deviation of less than 5 % in the measured
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resistivity. The first measurements were performed in June 2020. In the period June 2020 and
September 2021, ERT measurements were repeated occasionally. Then the continuous
measurements started in late September 2021 after developing an automated system of
acquisition. Datasets were daily recorded for each profile (NW, S and E profiles).

A Contact Resistance (CR) test was performed before each series of measurements. A
high contact resistance in the rock wall (>100 kQ) was encountered throughout the entire survey
period, which posed a challenge to the quality and continuity of data acquisition. CR varies
between a few kQ and 10 000 kQ. However, beyond a CR threshold, the ERT measurements
lose their accuracy. Electrodes with high CR (>600 kQ) are excluded automatically by the LS2,
leading to gaps in the pseudo-section of apparent resistivity. Special efforts were made to reduce
CR and improve the electrode/rock contact, including the addition of salty water, using copper
electrodes and duplicate electrode. The latter one resulted in a significant and a durable
improvement in RC (one order of magnitude reduction in CR). Figure B1 shows the temporal
evolution of CR at profiles S and NW and the gaps in the A-ERT measurements.

The A-ERT ran into numerous software and hardware issues, resulting in unsystematic
data gaps. The E face cable was severely damaged by a lightning strike, before being totally
destroyed by an uncontrolled rock purge. Additionally, NW and S cables were both damaged
by rockfall, leading to significant data gaps (see Fig. 4). Repairing or replacing the damaged
cables was not possible for several reasons (e.g., limited access to the cable path because of

accumulated snowpack).

4.3. Data processing and inversion

The apparent resistivities were calculated using the open-source package pyGIMLI
(Rucker et al., 2017), which combines measured resistances and electrode positions. Figure 4
shows the temporal distribution of apparent resistivities measured and the averaged apparent

resistivity along the S-profile, with examples of time series (shown in different colors) of
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measured apparent resistivities obtained using various quadrupole configurations (AMNB).
The majority of measured apparent resistivities are distributed over three decades (100 Q.m to

100 kQ.m), with few data points out of this range.
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Figure 4. Distribution of measured apparent resistivity. a) daily distribution of the apparent resistivity
over time at the S face (approximately 300 datasets). Colored lines present examples of resistivity times
series, each corresponding to a different set of quadrupoles (AMNB). b) Mean daily measured apparent

resistivity at the S face.

For datasets used in inversion, the selected data were subjected to the following analysis.
The primary criterion was the number of connected electrodes. We tolerated up to four
unconnected electrodes (because of high RC) in a pseudo-section depending on their positions,
as the contribution of electrodes is not equal in the pseudo-section. After selecting valid
datasets, outliers within each pseudo-section were removed. For data filtering, we analyzed
individually few pseudo-sections (at different times (summer, spring), as a result of this analysis
we decided to apply filter outliers out of range (300Q2m - 20 kQm) for data measured in summer
and autumn, and out of range (300Q2m - 200 kQm) for data measured in spring and winter. More

data filtered at higher resistivities, where data quality is usually poor. Table 1 appendix C
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summarizes the data presented in this study. Most datasets have more than 80 % of the original
recorded data points of each pseudo-section.

The inversion of the electrical resistivity datasets was performed using the open-source
package pyGIMLI (Ricker et al., 2017; Glnther et al., 2006). The inversion uses a Gauss-
Newton minimization algorithm of a cost-function penalizing the roughness of the electrical
resistivity distribution on an irregular grid (Gunther et al., 2006). In the absence of reciprocal
dataset to estimate errors in measurements, we used a linear error model which assumed 5 %
relative error and absolute error 1e5. The parameters used in the inversion process are zWeight
= 10 and smoothness (lambda) =1. The inversion parameters zZWeight was chosen higher than
1 to enhance the vertical discontinuities and structures (i.e., the active layer, infrastructures),
during the inversion process. Then, an iterative process was conducted to select the smoothness

parameter that minimizes the data misfit of individual inversions of a reference dataset.

5. Results and interpretation

5.1. Overview of the raw data

Our interpretation of the ERT data starts with an analysis of the measured apparent
resistivity data, which can provide insights into subsurface conditions. Figure 5 shows the
variations in the average apparent resistivity associated with the same electrode distance or
pseudo-depth for three selected datasets from two profiles (NW and S profiles). The data reveal
the interannual and seasonal variations in the measured apparent resistivity, as well as the
differences between the two sides. During frozen conditions at the surface (dataset from 12-04-
2021), the apparent resistivity is almost the same on both sides (~100 to 120 kQm near the
surface), with only a slight decrease with depth at both sides. At the end of summer (dataset
from 17-09-2021 and 25-09-2021), the resistivity values are higher in 2021 than in 2020 on

both sides, which correlates with climatic data indicating that 2021 was a cooler year (see Fig.
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2). Secondly, on the north face, the average resistivities increase with depth (from ~7 kQ.m to
~12 kQ.m), while on the south side, the average resistivities decrease with depth (approximately
13 kQ.m at shallow depth to ~7 kQ.m at greater depth). This difference in the trend between
both sides could be interpreted by cooler conditions (permafrost at shallow depth) at north side

and warmer conditions with thicker active layer at the south face.

10" 3 E

ja) NW profile 17-09-2020 [ 3b) S profile
i e 12-04-2021 | ]
I 25-09-2021

10'; -E

Average apparent resistivity (kQm)

10" - =
5 10 15 20 25 30 35 40 45 50 5 10 15 20 25 30 35 40 45 50

Distance of electrodes (m) Distance of electrodes (m)

Figure 5. Seasonal variations of the average apparent resistivity at different electrode distances (i.e., at
varying depths of investigation). Data in spring show the same pattern on both sides. In autumn, there
is a divergence in the trend of average resistivities with depth on both sides, that is related to the
hydrothermal conditions at each side.

5.2. Internal structure of the site

In order to gain an overview of the internal structure of the study site based on the
resistivity distribution, we carried out inversions of two long profiles (NW+S and NW+E).
Figure 6 shows the electrical resistivity tomogram from late summer 2020 (August 26th, 2020),
where acquisition on both North-West and South sides (NW+S) was performed. The tomogram
clearly reveals the site’s internal structure, with low resistivity areas (warm-colored zones)
indicating the relative positions of the infrastructure elements (elevator and galleries on both
sides). It also shows the extent of the active layer (moderate resistivity areas near the surface),

as well as the permafrost evidenced by high resistivity areas (represented in cool-colors).
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361  Although the lower part of the tomogram appears similar on both the NW and S profiles, which
362 is expected since they lie in rockwalls that are alike regarding slope and aspect (where the
363  lowest part of the S profile is deployed on the NW face as well, see Fig 1c), significant
364  differences are evident in the upper part (i.e., above the gallery level), revealing the contrast
365  between sun-exposed (S side of fractured granite and exposed to strong insolation and shaded
366  face (NW side of massive granite mostly dependent on the sensible atmospheric heat flux). The
367  upper part of the profile therefore reveals strong thermal gradient typical of high-alpine summits
368  (Noetzli et al., 2007; Magnin et al., 2017). The high-resistivity area thus appears limited, likely

369  due to the heat flux from the sun-exposed and warm face towards the close shaded-face.

370
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372 Figure 6. Electrical resistivity tomogram over the NW+S profile measured on August 26, 2020. Grey
373  lines indicate the approximative positions of infrastructure (galleries and elevator). Pf stands for
374  Permafrost zone and Fz for Fractured Zone. E1 to E64 are Electrode numbers. Red dots at P1 indicate
375  the positions of the thermal sensors in BH-NW.

376

377  Figure 7 provides an example of the resistivity tomogram for the combined NW and E profiles.

378  This tomogram highlights the changes in resistivity associated with permafrost, active layer,
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and anthropogenic installation (such as the elevator and gallery (relatively far from the profile
at the E side compared to S profile)). On the eastern side, a thick active layer (> 5 m depth) is
observed, with some resistive zones near the surface. These resistive zones are likely fractured
zones creating an unsaturated and air-filled zone, and surrounded by moderate resistivity
regions where fractures are closed or where water drainage is weak or absent. Data acquisition
on the Eastern side (E profile) encountered numerous challenges related to contact resistance,
rockfalls and cable connections, resulting in long gaps and insufficient data for long time

analysis or time-lapse inversion.
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Figure 7. Electrical resistivity tomogram over the profile NW+E at the end of summer (September 25,
2021). Data acquisition on the East profile run into problems related to electrodes contact and cable
malfunction. The last 10 electrodes from the E profile were removed during processing due to

connection issues. Pf and Fz stand for Permafrost zone and Fractured Zone, respectively.
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5.3. Seasonal and interannual variations

In order to track the seasonal and interannual variations in the permafrost, a time-lapse
inversion approach was employed to invert datasets for each profile (NW, S). The reference
model was moved along with the inversion so that the difference to the preceding step is
constrained. Figure 8 shows the tomograms of resistivity distribution after a time-lapse
inversion of datasets from NW profile at different time intervals. Spatial and temporal changes
in resistivity could be observed, while the anomaly related to the gallery (the warm-colored area
(low resistivity area)) remains consistent over time. The permafrost identified by high
resistivity, is observed in two zones, above and below the gallery. According to temperature
analyzes conducted by Magnin et al. (2024), 2021 was cooler than both 2020 and 2022 (see
Fig. 2). This is reflected in the tomograms by a more prominent cool-colored zone (indicating
colder conditions) in 2021 compared to data in 2020 (Fig. 8b and d). Additionally, there is a
significant variation in the lower part of the tomograms in 2022 (Fig. 8e), which may be related
to water infiltration in fractures that shortcut the heat transfer from the surface to depth (Hasler
et al., 2011). However, this area is uncertain, as it is located at the border of the tomogram
where sensitivity is low. In addition, the RMS error is high in this tomogram, indicating high
uncertainties. Therefore, this information should be carefully considered and verified with
further measurements focused on the zone of interest. Unlike Offer et al. (2025), no evidence
of water accumulation was observed from the geophysical measurements on the NW face. It is
suggested that the water table lies at lower altitude (Magnin and Josnin, 2021).

Instead of analyzing temporal resistivity changes in absolute terms, Figure 8 (f - 1)
illustrates the resistivity variation ratio between two subsequent measurements. This approach
facilitates the tracking and visualization of small changes in resistivity. A value of 1
(represented in white color) corresponds to no change in resistivity between the two

measurements (reflecting consistent geological conditions, topographic effects, infrastructure
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or no considerable change in temperature over time), while the blue color indicates that the
resistivity increased over time, and the red color represents the inverse. It can be observed that
seasonal variations are the most pronounced, as illustrated in Figure 8g, h and i, compared to
short-term fluctuations (see Fig. D2). The effects of freezing and thawing are marked by
maximum variations near the surface (in the active layer). In contrast, over a short time interval
(i.e., a few weeks), only minor variations are noted (e.g., Fig. 8f, Fig. D2 b, e and j). The
decrease in resistivity near the surface at approximately 3780 m, observed in Figure 8i, could
be related to water flow around the gallery, where water infiltration occurs every summer, as
noticed by local staff (personal communication). Consequently, a specific water diversion
system has been installed to protect tourists from these water flows.

Extended times lapse inversion of datasets from NW and S face are presented in

appendix D.
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Inverted resistivities at P1 (BH-NW) and a virtual borehole at P2 are presented in Figure
9. The extracted resistivities show that the variation of resistivity with depth is more pronounced
at P2. This greater variation could be due to a higher water content in the active layer or a
thicker active layer at P2 compared to P1. The greater thickness of the active layer in the upper
section can be explained by the 3D heat transfer and the proximity of the shaded face (NW side)
to the sun-exposed faces (S side) in the top part (Magnin et al., 2017;). Additionally, the
presence of the elevator contributes heating and cooling the granite from inside. In the lower
section (profile P1), the contrast between the resistivity in the active layer and that in the
permafrost is not significant, possibly due to low water content (porosity is around 1 %), or
high surface conductivity in granite. However, it is important to note that the ALT is about 2.7
m at the end of summer (from BH-NW measurements, see Fig. Al), and the smallest quadrupole
spacing is 15 m, which is insufficient to capture thin variations close to surface (Edwards,
1977). Additionally, there is a slight decrease of resistivity over time in the permafrost from
June 30, 2020 to June 30, 2022. Finally, in 2021, resistivity values were higher in both the upper
and lower parts compared to 2020 and 2022, a trend that aligns with temperature measurements

(see Fig. 2, or details in Magnin et al. (2024)).
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Figure 9. Resistivity extracted over depths at different dates and locations (P1, P2). Resistivities
extracted from tomograms in Fig. D1. There is greater variation at the higher profile (P2), where heat
transfer from the nearby sun-exposed faces is more significant in the site’s upper part.

5.4. Temperature - resistivity relationship

Extracted resistivities at P1 are superimposed on borehole BH-NW, where temperature
measurements are available. We are using these two datasets (i.e., temperature and resistivity
measurements at the same location, BH-NW) to explore the potential for estimating temperature
based on electrical resistivity measurements and to perform a quantitative evaluation of the T-
R relationship determined in a laboratory.

It is known that, when temperature > 0 °C (i.e., the case in the active layer), resistivity
depends on multiple variables, including porosity, water content, water salinity, Cation
Exchange Capacity (CEC) and temperature (Revil et al., 2018), which makes it difficult to
model or predict the resistivity value in the active layer. In contrast, under frozen conditions,
resistivity of a medium is primarily controlled by the remaining unfrozen pore water content,

and is assumed to be dependent on temperature, while the other parameters remain constant.
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Therefore, the extracted resistivities in the frozen zone were converted to temperature using the
petrophysical model in Equation 2 (Duvillard et al., 2021; 2018; Coperey et al., 2019). Figure
10 shows the measured temperature alongside the estimated temperature from ERT data, plotted
against depth at different dates (in summer and autumn). A good agreement can be observed
between the measured and estimated temperature in frozen conditions, with differences of less
than +1 °C at depths between 4 and 10 m. This suggests that temperature distribution across the
site can be calculated using this model (e.g., Duvillard et al., 2021), assuming the medium is
homogenous and resistivity variations are solely attributed to temperature. However, at AdM,
this condition is not satisfied due to the infrastructure, which creates a conductive zone within
the medium (see Figs. 6, 7). Predicting temperature in the active layer is not feasible since
temperature is not the dominant factor affecting resistivity. The data collected under frozen
conditions at the surface (i.e., measured in winter and spring with high contact resistance)
resulted in large discrepancy between the estimated and measured temperature and could not
be reliably used for temperature estimation. A-ERT measurements still a challenge in frozen

condition at surface.
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Figure 10. Comparison between measured temperatures in BH-NW and estimated temperatures derived
from geophysical measurements (i.e., extracted resistivity values at different dates) using the
petrophysical model in Equation 2. The gray-shaded area indicates the extent of the active layer at the
time of measurement. The red-shaded zones show the £1 °C range around the measured temperature.

To go further in our analysis, Figure 11 shows the extracted resistivity at P1 vs.
temperature data measured in BH-NW at different dates. Laboratory measurements on two
granite samples (labeled Sample AdM and Sample Cosmiques) are also shown. Three key
observations can be made: i) Data collected in winter and spring (frozen conditions at surface),
presented by blue symbols, show resistivity values higher than those expected from laboratory
measurements, which aligns with the field observations reported by Maierhofer et al (2024).
This may be related to the salt segregation during freezing, which may enhance conductivity of
pore water and, consequently reduce resistivity of samples. ii) At higher temperature (unfrozen
conditions at surface), a linear trend is observed that aligns with laboratory measurements for

part of datasets. The difference in resistivity between field and laboratory data under unfrozen

conditions could be attributed to the heterogeneity at the field scale and/or the difference in
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water content and water salinity between laboratory and field environments. Where, laboratory
measurements were conducted in saturated conditions (saturation was performed under vacuum
using degassed water). iii) Field data exhibit greater dispersion compared to laboratory data,
which can be attributed to several factors, including 3D effects at the site, the influence of
infrastructure and heterogeneity at different scales (from fractures scale to pore scale). In
addition, there is a difference in resolution between the two field measurements: temperature

measurements are local, while resistivity measurements account for a larger volume.
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Figure 11. Resistivity vs. temperature. Resistivities are extracted from the tomograms in Figure D1 at
location P1. Temperature is measured by sensors at BH-NW. Laboratory data on two granite samples

and fitting with Equation 1 and 2 are shown too.

5.5. Hydrogeological dynamics

One of the objectives of this study was to assess hydrogeological dynamics. Due to gaps

in the ERT time series, the analysis did not yield conclusive information. Therefore, we selected



522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

27

specific datasets (nearly complete pseudo-sections) and compared the results of the time-lapse
inversion to gather information about water infiltration and drainage. Although we could not
precisely identify the infiltration and drainage pathways or the water table (which may be
located at a lower altitude) using ERT measurements, we observed several instances that serve
as evidence of water flux.

Figure 12 shows the results of the time-lapse inversion of datasets along the S profile at
various time intervals. The same inversion parameters were applied as those used on the NW
side. In the upper part of the profile (above the gallery), seasonal variations are influenced by
fractures, which affect the flow pathways and resistivity signals during seasonal cycle. This part
of the profile is characterized by strong insolation (i.e., sun-exposed area) that dries the rock
and fractures, leading to an increase in resistivity near the surface due to air-filled pores and
fractures (e.g., Fig 12b and e). The decrease in resistivity in this zone (e.g., Fig 12a, ¢, d and h),
could be interpreted as a result of a higher water saturation caused by the circulation of
snowmelt or rainfall water. The absence of precipitation data at the site prevented the
correlation and validation of the ERT observations with rainfall events. Water infiltration and
drainage in this area increase the ALT. The conductive zone observed beneath the fractured

area results from minimal or nonexistent water drainage, which leads to higher water saturation.
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6. Discussion

In this study, we use repeated and automated ERT to investigate the evolution of
permafrost at a high mountain site. As expected, data from A-ERT are of lower quality
compared to manual measurements, where the operator can intervene to improve CR after each
electrode check (Doetsch et al., 2015; Hilbich et al., 2009). The high CR is the main problem
for getting good and durable A-ERT. Therefore, conducting ERT in frozen surface conditions
on rockwall permafrost remains challenging because of the high CR. Various approaches were
tested to improve CR. For instance, duplicated electrodes provided a durable and significant
improvement in CR (~ one order of magnitude reduction), helping to enhance data quality.

Time lapse inversion of the measured resistivity showed the seasonal and interannual
variations (Fig. 8 and 9). We observe that resistivity decreased over time at greater depths (e.g.,
at P1 and P2, comparing data from July 30, 2020 and July 30, 2022), indicating degradation of
the permafrost such as also revealed by borehole measurements (Magnin et al., 2024). However,
this decrease in resistivity is minor, likely due to the relatively short observation period of two
years at NW side and 4 years at S side. A thicker active layer is observed at the upper section,
which can be attributed to 3D heat transfer processes and the close proximity of the shaded
north-west face to the sun-exposed southern faces in the upper part of the slope (Magnin et al.,
2017; Noetzli et al., 2007). The presence of the galleries and elevator contributes also to heat
the granitic peak from inside decreasing the resistivity above the tunnel.

The contrast between the resistivity in the active layer and that in permafrost is not
significant in the lower section on the NW side (P1 Fig. 9), which may be due to low ice
content/water content where the porosity is around 1 %, or due to high surface conductivity in
granite. The alteration of granite involves the transformation of primary minerals (mica and
alkali feldspars) into secondary clay minerals (such as kaolinite), which are known for their

high cation exchange capacity and, consequently, their contribution to surface conductivity
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(Piolat et al., 2025; Revil et al., 2024). Additionally, the sensitivity of the used dispositive (with
a smallest quadrupole length of 15 m) could affect the resolution of ERT image near the surface
(Binley and Kemna, 2005).

The temperature estimation based on ERT data leads to good agreement with observed
temperatures, with differences of less than £1 °C at depths 4 to 10m, indicate that the proposed
model (Equation 2) can accurately reproduce temperatures in permafrost. Consequently, this
approach could provide valuable insights into the thermal distribution at the site. However, the
internal temperatures of permafrost typically have just a few degrees below freezing (e.g.,
Noetzli et al., 2024). A precision of 1°C may be insufficient in permafrost studies, where minor
temperature variations can greatly impact stability and long-term thermal evolution.

Furthermore, the transition between frozen and unfrozen conditions is not clearly
distinguished at resistivity curve extracted from field measurements (see Fig. 9, 10). The
freezing point, which is expected to result in a significant change in resistivity (as observed in
laboratory measurements), does not exhibit the same effect in field. However, some datasets
show gradual increase in resistivity when temperature decreased (i.e., indicating gradual
freezing). This point needs to be addressed in further research with smaller dispositive to
improve the resolution of geophysical measurements.

On the south face, the tomograms of resistivity show near-surface pore desaturation,
attributed to strong insolation on the rock face that is perpendicular to the sun beam, along with
features that may relate to water infiltration along fractures. The exact pathways of infiltration
and drainage are still ambiguous, possibly due to the resolution of resistivity measurements.
Finally, with the AdM setting, we can also hypothesize that the saturated conditions are almost
never reached. There is water circulation, but no accumulation or development of a water
column, because the water table is likely lower than the area covered by the measurements

(Magnin and Josnin, 2021), conversely to Offer et al. (2025) at the Kitzsteinhorn for example.
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Indeed, our investigation is in a different setting: high altitude peak lying ~2000 m above the

water table (Magnin and Josnin, 2021) while in the Kitzsteinhorn outcrops from a glaciated

areas with a probably much closer water table. A-ERT acquisition using shorter spacing

between electrodes improves the resolution near the surface, and could provide more detailed

information about the subsurface.

7. Conclusions

We used repeated and Automated Electrical Resistivity Tomography (A-ERT) to

monitor permafrost dynamics over nearly four years at AdM in the French Alps, aiming to

better understand the complexities of permafrost behavior in response to climatic variations.

The key findings are summarized as follow:

Through detailed analyses of ERT data, we were able to characterize the active layer
and identify significant seasonal and multiannual changes in permafrost dynamics.
Importantly, we observed that the ALT varied significantly from one face to another
in coherence with climate signals and measured temperatures in boreholes. The
results underscore the utility of ERT as a promising, non-invasive approach for
monitoring permafrost evolution in high mountains, enabling the identification of
permafrost

This research demonstrate that temperature can be accurately derived from
geophysical measurements of electrical resistivity based on a petrophysical model
connecting resistivity to temperature with precision of approximately +1 °C in
permafrost.

Our assessments of the hydrogeological system revealed instances of possible water

flow; however, the exact pathways of infiltration and drainage remain unclear.
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Although installation of A-ERT system is relatively low costs, it requires substantial
maintenance, especially on unstable rockwalls where rockfalls and lightning effects lead to
cable problems. This study highlights the urgent need to address challenges related to climate
conditions at high-altitudes that affect device performance and contact resistances, in order to

enhance the reliability and durability of continuous A-ERT data collection.
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Appendix A: Temperature measurements in boreholes on different date BH-NW and
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Figure Al: Temperature variation over depth in boreholes BH-NW and BH-S on different date
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aligned with the ERT measurement periods shown in Figures 8, 12 and D1. The gray-shaded area
indicates the extent of the active layer at each borehole.
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Appendix B: Evolution of the contact resistance (CR) over time at NW and S profiles.

The CR measured before each daily measurement between 09/2021 and 12/2023 are presented

in Figure B1.
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Figure B1. Temporal evolution of contact resistance at the North-West side and South side. Data partly

missing are due to cable defects.
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Appendix C: Summary of data presented in this study

Table 1. Summary of data presented in this study. Number of data before filtering is 155 datum
points of Wenner configuration. Most of datasets has more than 80% of total number of

measurements. Two datasets have more than 40% of lost data because of disconnected

electrodes.
Date N-W Profile S Profile
Nu;?cf:?rfﬁ:edrata Percentage (%) Nu;r;z errfﬁ:e(jrata Percentage (%)

30-06-2020 151 97.5 - -
26-08-2020 149 96.1 90 58
17-09-2020 151 97.5 90 58
12-04-2021 118 76.1 121 78
09-07-2021 114 73.5 - -
12-08-2021 149 96.1 140 90.3
17-09-2021 145 93.5 131 84.5
25-09-2021 143 92.2 144 929
29-03-2022 121 78 - -
25-04-2022 141 91 131 84.5
14-05-2022 141 91 147 94.8
24-05-2022 140 90.3 146 94.1
30-06-2022 102 65.8 - -
30-07-2022 - - 145 93.5
15-08-2022 - - 145 93.5
15-09-2022 - - 144 93
19-03-2023 - - 138 89
28-04-2023 - - 143 92.2
25-05-2023 - - 148 95.5
25-06-2023 - - 144 929
29-07-2023 - - 140 90.3
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Appendix D: Time lapse inversion results

Appendix D presents time- lapse inversions of a large number of datasets from north-west face
and south faces. The Resistivity variation ratio between consecutive electrical resistivity

tomograms is also evaluated. A summary of these datasets is provided in Table 1C.
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Figure D1. Electrical resistivity tomograms at different dates (from June-2020 to June-2022) along the
NW side (NW profile). The conductive zone (in warm colors) indicates the presence of the gallery and
elevator (see Fig. 6). The red dots (P1 in panel a) indicate the positions of the thermal sensors in the
borehole BH-NW. Data presented on Figures 9, 10 and 11 are extracted at the red dots (P1 and P2).
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Figure D2. Resistivity variation ratio between consecutive electrical resistivity tomograms (shown in
Fig. 9) along the NW side. Blue colors indicate an increase in resistivity, while red colors represent a

decrease in resistivity from one measurement to the next.

Figure C3 illustrates the resistivity variation ratio between successive measurements on
the S profile (Figure 12). The dynamics of the active layer are evident, with freezing-thawing

effects visible near the surface (e.g., Fig. D3a, d, and g). The heat effect (i.e., decrease in



688

689

690

691

692

693

694

695

696

697

698

699

700

701

38

resistivity values near the surface) is more pronounced in the lower section (below the gallery).
Another type of anomaly could be observed at greater depth, where heat and/or cool waves
resulting of heat transfer (with delay) lead to local variations at greater depth (e.g., Fig. D3, e,
g and i). In contrast, the fractured zone in the upper portion obscures the temperature
dependency of resistivity due to fluctuations in air and water content (i.e., resistivity in this zone
is impacted by factors beyond just temperature). Water infiltration in this area could explain the
rapid and significant decrease in resistivity observed between 3790 and 3820 m a.s.l. (e.g., Fig.

D3c, f, and j), which increases the thickness of active layer in this zone.
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Figure D3. Resistivity variation ratio between consecutive electrical resistivity tomograms (shown in
Fig. 11) along the South side. Blue colors indicate an increase in resistivity, while red colors represent
a decrease in resistivity from one measurement to the next. The red arrow shows the position of

possible water infiltration.
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