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25  Abstract. Permafrost warming significantly affects the stability of rockwalls in high altitude
26  regions. Subsurface monitoring of permafrost is essential to assess the resulting potential
27  geohazards. This study investigates permafrost dynamics at Aiguille du Midi (3842 m a.s.l.,
28  French Alps) using an Automated-Electrical Resistivity Tomography (A-ERT) approach,
29  conducted over a period of four years (2020-2023). A total of three geophysical profiles have
30  been installed on three sides of the Aiguille du Midi. An autonomous acquisition system for
31 permanent resistivity monitoring and remote data acquisition is implemented. A time-lapse
32 inversion technique is employed to get time lapse variations of the electrical resistivity of
33 Aiguille du Midi at different time scales. In addition to the field measurements, laboratory
34  measurements of electrical resistivity are conducted on one water-saturated granite sample in
35  both unfrozen and frozen conditions to evaluate the temperature-dependency of resistivity.
36  Temperature information about the thermal state of permafrost is available from three shallow
37  boreholes drilled in 2009, used to validate our interpretation. A-ERT showed significant
38 variations in the active layer thickness across different rock faces, along with a slight decrease
39 in the resistivity of permafrost, indicating its warming over time. Our findings indicate that the
40 temperature dependence of resistivity in field conditions (open system) is slightly less
41 pronounced than in controlled laboratory experiments (closed system). Using a petrophysical
42 model connecting temperature to resistivity, the temperature distribution within the frozen zone
43 can be estimated from the resistivity measurements (during summer and autumn) with an
44 accuracy of ~x1 °C. This research underscores the efficacy of ERT as a promising, non-invasive
45 tool for monitoring permafrost dynamics in Alpine environments. It highlights the need for
46  further methodological refinement to better resolve subsurface properties, potentially using
47  induced polarization data.

48

49
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so 1. Introduction

51 Climate change accelerates the degradation of the cryosphere in high-mountains areas
52  worldwide (Etzelmller et al., 2020). Over the last decade, there has been a continuous increase
53 inrockfall events, particularly those affecting permafrost in the European Alps (Cathala et al.,
54  2024; Jacquemart et al., 2024; Ravanel et al., 2017). Infrastructures located in high altitude are
55 increasingly affected by these events (Offer et al., 2025; Duvillard et al., 2021, 2018).
56  Permafrost degradation/warming of the rock mass can also locally be accelerated by heat
57  advection through water infiltration in fractures causing the erosion of the ice-infill (Hauck and
58  Hilbich, 2024). As a result, a loss of bonding between rock and ice may occur, changing in turn
59 the mechanical properties of such assemblage (Krautblatter et al., 2013). Understanding the
60 thermohydrological dynamics of steep Alpine rock faces is essential for assessing potential
61  geohazards associated with permafrost degradation.

62 Rockwall temperatures can be directly determined and monitored using temperature
63  sensors installed at the rock surface or in boreholes (e.g., Magnin et al., 2024). While borehole
64  temperature monitoring is still the only direct method to detect the occurrence of permafrost, it
65  provides only local information. That said, permafrost dynamic can be controlled by various
66  processes such as water flows in fractures, that are not fully captured by point-scale temperature
67  measurements (Hauck and Hilbich, 2024). In addition, boreholes in rockwall at high altitude
68  are logistically difficult to realize. They are also expensive and invasive.

69 Geophysical measurements provide high spatial coverage with respect to boreholes.
70  Various non- or minimally intrusive methods have been applied to evaluate permafrost,
71 including Refraction Seismic Tomography (RST) (e.g., Steiner et al., 2019; Draebing 2016),
72 Ground Penetrating Radar (GPR) (Campbell et al., 2018), Electrical Resistivity Tomography
73 (ERT) (e.g., Mollaret et al., 2020; Krautblatter and Hauck 2007) and Induced Polarization (IP)

74 (Maierhofer et al., 2024; Abdulsamad et al., 2019; Duvillard et al., 2018; Doetsch et al., 2015).
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75  Combined geophysical methods can take advantage of the complementary petrophysical and
76  spatial sensitivities of these different methods. For instance, ERT measurement was combined
77 with RST to evaluate ice, air, water, and rock contents (Mewes et al., 2017; Hauck et al., 2011).
78  Recently, joint inversion of ERT and RST could reduce the uncertainties in the evaluation of
79  air, water, ice and rock contents (Pavoni et al., 2023; Steiner et al., 2021; Mollaret et al., 2020;
80  Wagner et al., 2019). IP measurements (providing tomograms of the electrical conductivity and
81 normalized chargeability) have been recently used to assess the distribution of permafrost
82  temperature, relying on laboratory calibration and a petrophysical (physics-based) model
83  connecting resistivity and normalized chargeability with temperature under frozen and unfrozen
84  conditions (see Moser et al., 2025; Duvillard et al., 2021, 2018, and references therein).

85 In the last few years, ERT has become an increasingly popular tool in permafrost studies
86 (e.g., Herring et al., 2023; Farzamain et al., 2020; Magnin et al., 2015a; Krautblatter et al.,
87  2010). Herring et al. (2023) provide a review of the use of ERT method in permafrost research,
88  detailing both the advantages and limitations of this method in such a context. A significant
89 advantage of using electrical resistivity measurements to assess mountain permafrost is that the
90 freezing and thawing of water filling pores are associated with considerable changes in
91  resistivity (generally between one to three orders of magnitude, see Coperey et al., 2019).
92  Because of this sensitivity, electrical resistivity tomograms can be used to assess of the presence
93  and distribution of permafrost.

94 Repeated ERT measurements at specific time intervals using the same survey geometry
95  can be used to track the temporal and spatial evolution of permafrost over time (e.g., Offer et
96 al., 2025). However, rapid changes due to water flux, infiltration or drainage (such as during
97  snowmelt or rainfall) may not be captured by monthly or seasonally repeated measurements
98  (Krautblatter et al., 2010). Alternatively, continuous resistivity measurements, known as

99  Automated-ERT (A-ERT) or ERT monitoring, offer the ability to track the ongoing evolution
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100  of permafrost and capture rapid changes in its temperature and ice content (e.g., Scandroglio et
101  al., 2021; Doetsch et al., 2015). A-ERT over period of several years has been recently used to
102  track the degradation of permafrost associated with global warming (Mollaret et al., 2019;
103 Keusching et al., 2017; Doetsch et al., 2015; Hilbich et al., 2008).

104 Furthermore, the time-lapse inversion of geophysical data derived from fixed
105  monitoring network provides a succession of tomograms showing the changes in subsurface
106  resistivity (see; Karaoulis et al., 2013; Loke, 1999). Results of time-lapse inversion of apparent
107  resistivity data can be directly related to the evolution of permafrost during the yearly cycle or
108  rapid variations caused by water infiltration or drainage during short periods of time.

109 That said, A-ERT at high altitudes (>3500 m) has not yet been tested for long-term
110  permafrost monitoring. The use of A-ERT under high-altitude conditions presents specific
111  challenges due to extreme climatic conditions and meteorological events. However, it could
112 provide valuable information about the evolution of permafrost.

113 In this study, we present the results of an A-ERT survey conducted over four years
114  (2020-2023) at Aiguille du Midi (AdM) in the Mont-Blanc massif (French Alps). The objective
115  of this study is to examine permafrost dynamics from infra-seasonal to multiyear timescales.
116  Our goals include: (1) evaluating the potential of A-ERT to characterize permafrost dynamics
117  in steep alpine rockwalls; (2) assessing the accuracy of temperature derived from resistivity
118  measurements; and (3) studying the hydrogeological system, including water infiltration and
119  drainage in fractures, along with their thermal impacts. For this objective, a total of three 155-
120  m-long profiles were deployed downwards from the summit in three directions: North-West
121 (NW), South (S) and East (E). Each profile consists of 32 electrodes spaced at 5 m. In addition
122 to field data, laboratory resistivity measurements were conducted on granite core sample, in

123 both unfrozen and frozen conditions. Furthermore, temperature which was continuously
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124  monitored in three shallow boreholes, one of them is located along the ERT profile, is used to

125  validate our interpretation of the geophysical measurements.

126 2. Study site

127 We investigate the iconic Aiguille du Midi (3842 m a.s.l.), which is the highest and most
128  western summit of the Aiguilles de Chamonix. It is located on the north-west flank of the Mont-
129  Blanc massif (Fig. 1a). It includes three peaks that are all connected by human-made bridges
130  and galleries. In average, AdM is visited in summer by around 5000 visitors a day transported
131 from the city of Chamonix by cable-cars. The appearance of the summit of AdM has been
132 greatly affected by the construction and developments carried out since the 1950s (see Fig. 1).
133 Our study focuses on the central peak, which is the highest among the three, and which hosts
134  the cable-car station connecting AdM to Pointe Helbronner with the Panoramic Mont-Blanc
135  cable car. The lithology in the study area is dominated by massive granite with a very low
136  porosity (~ 0.01, Magnin et al., 2015a). The highest parts (3740 to 3840 m a.s.l.) of the peak
137 tend to be steep, contain few large fractures, and, in places, are characterized by vertical
138  foliation bands and small cracks (Magnin et al., 2015b). Figure 2 shows the mean monthly and
139 annual air temperature at AdM during the study period. The year 2021 was the coolest year
140  (yearly averages: -5.8 °C, -6.9 °C, -5.3 °C, and -5.7 °C from 2020 to 2023, respectively).

141 In order to evaluate the thermal state and the distribution of permafrost at AdM, three
142 boreholes have been drilled in 2009. They are labeled BH-NW on the NW face, BH-S on the
143 South face and BH-E on the East face. Each borehole is 10-m-deep and 66 mm in diameter, and
144  were drilled normal to the topography (their position is shown in Fig. 1). Each borehole is
145  equipped with 15-thermistor strings calibrated in an ice-water bath and then placed at different
146  depths in the borehole. In the past few years, the temperature of the permafrost core is highly
147  variable from one face to another, with temperature of about —4 °C at 10 m depth of the NW

148  face to —1 °C at the same depth in the sun-exposed (S face) (Magnin et al., 2024). Those
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149  temperature differences imply strong temperature gradient within the rock mass. In the same
150  way, the Active Layer Thickness (ALT, i.e., the maximum seasonal thaw layer that derived
151  from temperature measurements) is also highly variable: it is observed to be around 1.6 to 2.7
152 m at the end of summer on the NW side, while it reaches 6.8 m on the S side. Below this depth,
153  permafrost is present all along the year (see details in Magnin et al., 2024).

154 BH-NW is located along an electrical resistivity profile (NW profile) and is positioned
155  between electrodes 8 and 9 (counted from the bottom) of the NW profile (see Fig. 1c). The
156  temperature measured in this borehole is used to assess the accuracy of the temperature derived
157  from ERT results using the petrophysical model presented in the next section.

158
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Figure 1. Study site location and geophysical survey setting. The yellow lines indicate the approximate
positions of electrical resistivity profiles on each side (NW, E and S profiles). The red dots denote the
borehole locations. (a) Location of the study site (Aiguille du Midi (AdM)), in the Mont Blanc massif
(here, the French side) largely affected by the permafrost (from, Magnin et al. (2015b)). (b) The
electrical resistivity profile and borehole locations at the East face. (c) The electrical resistivity profile
and borehole locations at the North-West face. (d) The electrical resistivity profile and borehole
locations at the South face.
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169  Figure 2. Monthly average air temperature (°C) at AdM during the survey period (Data from the
170  meteorological station of Institute of Environmental Geosciences at the Aiguille du Midi). Horizontal
171 bars show the annual average air temperature.

172

173 3. Electrical conductivity - temperature relationship

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

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

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

181 oM =c(T)[1+e (T-T,)], 1)

182 where ar = 0.021£0.02 °C’!, T, = 25°C denotes the reference temperature, and o(T,)
183  denotes the conductivity of the rock at the reference temperature.

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

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

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

189 o(T) z{(¢—9,)exp(—-l-;nj+9,} "¢°) [Lta, (T-T,)]. @)

C

190  Where 6, (dimensionless) denotes the residual water content when T<<Tg, T denotes the
191  liquidus or freezing point/temperature, T, denotes a characteristic temperature controlling the
192  transition between the unfrozen state and the frozen state, and ¢ — 6, denotes the maximum
193  volumetric ice content at low temperatures. Equation (2) provides the opportunity to convert
194  electrical conductivity or electrical resistivity tomogram measured in the field to a temperature
195  distribution (e.g., Duvillard et al., 2021).

196

197 4. Methods

198 4.1 Laboratory measurements

199 To evaluate the parameters (e.g., T., 6,) in the petrophysical model discussed above

200  (Section 3), and to calibrate our field measurements, we conducted an electrical conductivity
201  experiment on a granite rock sample collected from an outcrop on the site. The granite (cubic)
202  core sample was dried during 24 h at around 100°C, then saturated under vacuum with degassed
203 water. The water conductivity was measured to be 0.016 S m™* (representative of water from
204  melted snow in the field) at equilibrium at T = 25°C. The sample was left in the solution for
205  several weeks to reach chemical equilibrium before performing the laboratory measurements.

206 The sample was installed in a heat-resistant insulating bag immersed in a thermostat
207 bath (KISS K6 from Huber; dimensions: 210x400x546 mm; bath volume: 4.5 L). The
208 temperature of the bath was controlled with a precision of 0.1 °C. Glycol was used as the heat

209 carrying fluid. The complex conductivity spectra were obtained over the temperature range of
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210  +10to —10 °C, using a high-precision impedance-meter ZEL-SIP04-V02 (Zimmermann et al.,
211  2008). The resistivity measurements reported here are at a frequency of 1 Hz.

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

219 electrical conductivity or electrical resistivity to temperature. Furthermore, the Sample AdM

220  was characterized by a very low porosity ¢ = 0.014.

221
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223 Figure 3. Resistivity-temperature relationship from laboratory measurements on two granite samples
224 from (1) the study site (Sample AdM), and (2) from the Cosmiques ridge, Mont-Blanc massif, West
225 (3613 m as.l.) (Sample labeled Cosmiques). Tr denotes the freezing temperature. The solid lines
226  correspond to the fits using the Equation 1 (red lines) and Equation 2 (blue lines), in unfrozen and frozen
227  conditions, respectively. The parameters of the model in Equation 2 are (T;=-1.3 °C, 8,.=0.004, o (T,) =
228 2.3x10* S m™) for Sample AdM, and (T¢= -2.17 °C, 8, = 0.004, o(T,) = 9.5x10°S m™) for Sample
229  Cosmiques.
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230

231 4.2 ERT Data acquisition

232 A-ERT has been conducted over a four-years period (06/2020 - 12/2023). A total of

233 three cables, each with 32 take-outs spaced 5 m (for a profile length of 155 m), were installed.
234 The three cables were deployed downwards from the summit in three directions: North-West
235  (NW), East (E) and South (S). The S profile starts at the South side and pass to the North-West
236  side around mid-distance (see Fig. 1d). The installation of cables was gradual (over a year)
237  starting from NW side (installed in June 2020), then on the South side (installed in July and
238 August 2020), and finally on the East side (installation finished in March 2021 because of
239  snowpack in 2020 at this side). In order to ensure good electrical contact between electrodes
240  and rock mass, stainless steel (A4/316) climbing bolts (Fischer 10x126 mm) poured in salty
241  bentonite were used and placed firmly in holes drilled in the rock. A specially designed jumper
242 was used to attach each take-out to the bolt to ensure maximum contact. The electrodes
243 remained embedded in the rock wall for all subsequent resistivity measurements. The resistivity
244  cables were attached to anchors to minimize damage from rockfall and snow pressure.

245 A LS2-Terrameter (ABEM) was used for the data acquisition with internal impedance
246  of 20 MQ. The ERT device and control system for monitoring were deployed inside the summit
247  station with network access, power connection, and overvoltage protection. Data acquisition
248  was fully automated and remotely controlled. Finally, the position of every electrode was
249  measured using a differential GPS when the signal is available and a theodolite in steep areas.
250 The measurements themselves were carried out using a Wenner configuration (voltage
251  electrodes in between the current electrodes), which leads to a high signal-to-noise ratio and is
252 largely applied in mountain permafrost environments (Mollaret et al., 2020; Krautblatter and

253 Hauck, 2007; Dahlin and Zhou, 2004).



https://doi.org/10.5194/egusphere-2025-637
Preprint. Discussion started: 4 March 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

13

254 The first measurements were performed in June 2020. Then the continuous
255  measurements started in late September 2021 after developing an automated system of
256  acquisition. In the period June 2020 and September 2021, ERT measurements were repeated
257  occasionally. A Contact Resistance (CR) test was performed before each series of
258  measurements. A high contact resistance in the rock wall (>100 kQ) was encountered
259  throughout the entire survey period, which posed a challenge to the continuity of data
260  acquisition. Figure 4 shows the evolution of contact resistance for each electrode over time for
261 the NW and S profiles. We notice that CR varies between a few kQ and 10 000 kQ (see Fig.
262 4). However, beyond a CR threshold, the ERT measurements lose their accuracy. Electrodes
263 with high CR (>600 kQ) are excluded automatically by the LS2, leading to gaps in the pseudo-
264  section of apparent resistivity.

265 The A-ERT ran into numerous software and hardware issues, resulting in unsystematic
266  data gaps. The E face cable was severely damaged by a lightning strike, before being totally
267  destroyed by an uncontrolled rock purge. Additionally, NW and S cables were both damaged
268 by rockfall, leading to significant data gaps (see Fig. 4)., Repairing or replacing the damaged
269  cables was not possible for several reasons (limited access to the cable path because of
270  accumulated snowpack). Datasets were recorded for each profile (NW, S and E profiles) and
271  two long profiles of 64 electrodes (i.e., profile NW+E and profile NW+S).

272

273

274
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276  Figure 4. Temporal evolution of contact resistance at the North-West side and South side. Data partly
277  missing are due to cable defects.

278

279

280  4.3. Data processing and inversion

281 As expected, data from A-ERT are of lower quality than manual measurements where
282  the user can intervene to improve contact resistance after each electrode check (Doetsch et al.,
283  2015; Hilbich et al., 2009). Therefore, the first challenge was evaluating data quality and
284  rejecting poor dataset. The primary criterion was the number of connected electrodes. We
285  tolerated up to four unconnected electrodes (because of high RC) in a pseudo-section depending
286  on their positions, as the contribution of electrodes is not equal in the pseudo-section. The
287  datasets used in this study were selected from overall available data to support the objectives
288  of this study. After selecting valid datasets, outliers within each pseudo-section were removed.
289  Table 1 summarizes the data presented in this study. Most datasets have more than 80 % of the

290  original recorded data points of each pseudo-section.
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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. The Data corresponds to

the data of the data acquisition.

Date
Nu::tt;errfﬁ:e(:ata Percentage (%) Nu;r]:tl;?rf;l;edrata 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 92.9
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 - - 145 935
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 92.9
29-07-2023 - - 140 90.3

Furthermore, existing infrastructure with metal supports and the harsh topography of

the site also affect data quality. The topography is characterized by vertical rock walls with an

average slope of 78° on the North-West face, which posed some challenges in inversion

software.
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302 The inversion of the electrical resistivity datasets was performed using the open-source
303 package pyGIMLI (Ricker et al., 2017; Glnther et al., 2006). The inversion used a Gauss-
304 Newton minimization algorithm of a cost-function penalizing the roughness of the electrical
305  resistivity distribution on an irregular grid (Glnther et al., 2006). In the absence of reciprocal
306 dataset to estimate errors in measurements, we used a linear error model which assumed 5 %
307 relative error. An analysis was conducted to select the regularization parameters that minimize
308 the data misfit of individual inversions of the reference dataset.

309
310 5. Results

311  5.1. Overview of the raw data

312 Our interpretation began with an analysis of the measured apparent resistivity data (all
313 selected data presented in this study before processing or filtering). This analysis can provide
314 insights into subsurface conditions. Figure 5, shows the variations of the average apparent
315  resistivity (i.e., the average apparent resistivities associated with the same electrode distance
316  (or pseudo-depth) in the pseudo-section), at different electrode distances or different depths of
317 investigation. A difference can be observed between data on the S and NW profiles under
318 unfrozen conditions (Fig. 5a and b). On the North-West face (NW profile) (Fig. 5a), the
319  apparent resistivity is higher at depth (indicating frozen conditions) and lower near the surface
320 (thawing conditions). In contrast, the South face (Fig. 5b) exhibits high values near the surface,
321  related to the fractured area filled with air (resistive material), which increases the medium's
322 resistivity, while lower values are found at greater depths due to close to 0°C conditions
323  depicting warm permafrost (i.e., permafrost with temperature is > -2°C), or increased water
324  saturation. In frozen conditions (Fig. 5¢ and d), a cooling effect is obvious near the surface on
325  bothsides. Itis characterized by high apparent resistivity values (~120 kQm) that decrease with

326  depth.
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327 Figure 6 shows the seasonal variation in the apparent resistivity over time of various
328 electrodes quadrupoles (i.e., at varying depths of investigation). Notably, data from the NW
329 profile (a massive rock area) shows moderate variations over time. In contrast, the apparent
330 resistivity variation is more significant at the Southern face (S profile), where a fracture zone
331 may be filled with water, ice, or air throughout the year. Furthermore, the seasonal variation of
332 apparent resistivity is more pronounced for shallow data (correlated with smaller distance

333 between electrodes) on both sides (see further discussion below).

334
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336  Figure 5. Variations of average apparent resistivity at different electrode distances (i.e., at varying
337  depths of investigation). The upper parts display data collected in summer and autumn (unfrozen
338  condition at surface), and the lower parts show data collected in spring (frozen conditions at surface).
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341  Figure 6. Temporal changes in apparent resistivity for different combinations of quadrupoles (ABMN)
342  reflecting different depths of investigation. The upper section displays data collected from NW profile,
343  while the lower section shows data collected from S profile. Data acquisition on the NW profile stopped
344  atthe end of July 2022 after a cable issue.
345
346
347 5.2. Data inversion and interpretation
348 In order to have an overview of the internal structure of the study site based on the
349  resistivity distribution, we carried out inversions of two long profiles (NW+S and NW+E).
350  Figure 7 shows the electrical resistivity tomogram from late summer 2020 (August 26th, 2020),
351  where acquisition at both North-West and South sides (NW+S) are performed. The tomogram
352 clearly reveals the site’s internal structure, with low resistivity areas (warm-colored zones)
353 indicating the relative positions of the infrastructure elements (elevator and galleries on both
354  sides). It also shows the extent of the active layer (moderate resistivity areas), as well as the
355  permafrost evidenced by high resistivity areas (represented in cool-colors). Although the lower
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356  part of the tomogram appears similar on both the NW and S sides, which is expected since they
357 lie in rockwalls that are alike regarding slope and aspect (Fig 1c), significant differences are
358  evident in the upper part (i.e., above the gallery level), revealing the contrast between sun-
359  exposed (S side) and shaded face (NW side). For further analysis, the inverted resistivities were
360  extracted from the four locations (P1 to P4) indicated by the red lines in Figure 7 and shown in
361 the inset figure (see Fig. 7). In profile P1, a slight increase in resistivity is observed with depth,
362 rising from 9.5 kQm to 18 kQm. Profile P2 exhibits significant variations with depth,
363 characterized by an initial increase followed by a decrease, which can be attributed to the
364  presence of permafrost between the active layer (close to the surface) and the effect of the
365 elevator (at greater depths). Conversely, profile P3 shows higher resistivity near the surface
366  (desaturation effect). The electrical resistivity decreases with depth, likely due to increased
367  water saturation with depth in this area characterized by open fractures. Profile P4 shows a
368  similar trend to profile P1 but exhibits a more pronounced gradient with depth (from 2 kQm to
369 27 kQm). This variation is attributed to heat transfer, particularly in areas close to the sun-
370  exposed face.

371

372
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374  Figure 7. Electrical resistivity tomogram over the NW+S profile measured on August 26, 2020. Grey
375 lines indicate the approximative positions of infrastructure (galleries and elevator). Electrode numbers
376  are shown in red. Red dots (P1 to P4) indicate the positions of extracted resistivity shown in the inset
377  figure. The insert shows the variation of resistivity with depth at the four locations (P1 to P4).

378

379 Figure 8 provides an example of the resistivity tomogram for the combined NW and E
380  profiles. This tomogram highlights the changes in resistivity associated with permafrost, active
381 layer, and anthropogenic installation (such as the elevator and gallery). On the Eastern side, the
382  active layer could be observed below a high resistivity layer that likely indicates the dry layer,
383  and higher resistivity at depth that indicates the permafrost. Resistive zones close the surface
384 and round the active layer can be seen, likely resulting from water drainage at the end of the

385  thawing season, creating an unsaturated and air-filled zone surrounded by the active layer where
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386 no drainage or weak drainage could be existed. On the other hand, data acquisition on the
387  Easternside (E profile) encountered numerous challenges related to contact resistance, rockfalls
388 and cable connections, resulting in long gaps and insufficient data for long time analysis or
389 time-lapse inversion. After this overview of the internal structure, a time-lapse inversion of the

390 data of each profile will be presented in the next section.
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391

392  Figure 8. Electrical resistivity tomogram over the profile NW+E at the end of summer (September 25,
393  2021). Data acquisition on the East profile run into problems related to electrodes contact and cable
394  malfunction. The last 10 electrodes from the E profile were removed during processing due to
395  connection issues.

396  5.3. Time-lapse inversion
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397 To track the resistivity changes associated with nonlinear heat transfer such as heat
398 advection across the site, a time-lapse inversion approach was employed. The reference model
399  was moved along with the inversion so that the difference to the preceding step is constrained.
400  Figure 9 shows the results of the time-lapse inversion of datasets from NW profile at different
401  time intervals. Spatial and temporal changes in resistivity could be observed, while the anomaly
402  related to the gallery (the warm-colored area (low resistivity area)) remains consistent over
403  time. The permafrost identified by high resistivity, is observed in two zones, above and below
404  the gallery. As expected, the most significant variations in resistivity occur near the surface in
405  the active layer where thawing and freezing are visible through the steady resistivity changes.
406  According to temperature analyzes conducted by Magnin et al. (2024), 2021 was cooler than
407  both 2020 and 2022 (see Fig. 2). This is reflected in the tomograms by a more prominent cool-
408  colored zone (more permafrost) in 2021 (Fig. 9e, fand g) in comparison with data in 2020 (Fig.
409  9c) and 2022 (Fig. 9l, taking into account the difference in dates). Furthermore, there is a
410  significant variation in 2022 in the lower part of the tomograms (Fig. 9l), possibly related to
411 water infiltration in fractures that shortcut the heat transfer from the surface to depth (Hasler et
412 al,, 2011). No evidence of water accumulation was observed from the geophysical
413 measurements. It is suggested that the water table lies at lower altitude (Magnin and Josnin,
414  2021). However, this area is uncertain as it is located at the edge of the tomogram where
415  sensitivity is low. In addition, the RMS error is high in these tomograms, indicating high
416  uncertainties. Therefore, this information should be carefully considered and verified with
417  further measurements focused on the zone of interest.

418 Instead of analyzing temporal resistivity changes in absolute terms, Figure 10 illustrates
419  the resistivity variation ratio between two subsequent measurements. This approach facilitates
420 the tracking and visualization of small changes in resistivity. A value of 1 (represented in white

421  color) corresponds to no change in resistivity between the two measurements (reflecting
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422  consistent geological conditions, topographic effects, infrastructure or no considerable change
423 intemperature over time), while the blue color indicates that the resistivity increased over time,
424  and the red color represents the inverse. It can be observed that at short time interval (few days
425  to weeks), the variation in resistivity is negligible (e.g., Fig. 10b, e, f and j). At longer time
426  interval (few weeks to months), only minor variations are noted (e.g., Fig. 10a, h and i), while
427  the seasonal variations are more pronounced as illustrated in Figure 10c, d and g. The effect of
428  freezing is evident, marked by an increase in resistivity of the active layer (Fig. 10c and g). In
429  contrast, Fig. 10d shows the maximum decrease in resistivity near the surface, as expected due
430  to the thawing in the active layer. Further observations on Figures 10a, b and e indicate a local
431  increase in resistivity, as shown by the blue color zone between 3780 and 3800 m a.s.l. That
432 could be associated with water desaturation and drainage observed in the gallery just below this
433 zone.

434
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Figure 9. Electrical resistivity tomograms at different dates (from June-2020 to June-2022) along the
NW side (NW profile). The conductive zone (in warm colors) denotes the presence of the gallery and
elevator (see Fig. 1c). The red dots (P1 in panel a) indicate the positions of the thermal sensors in the
borehole BH-NW. Data presented on Figures 13, 14 and 15 are extracted at the red dots (P1 and P2).
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Figure 10. 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.

On the south side, time-lapse inversion was also conducted using the same inversion

parameters as those used on the NW side (Fig. 9). Figure 11 presents the results of the time-

lapse inversion of datasets from S profile at various time intervals. Two phenomena can be
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450  distinguished on this side: first, in the lower part (i.e., below the gallery denoted by the warm-
451  colored area), seasonal variations in permafrost are clearly observed and could be tracked over
452  time. In Figures 11a, ¢, d, g, h and | (measurements taken in summer and autumn), the steady
453 thawing of active layer through heat conduction from the surface is evident in the lower part.
454  Second, in the upper part of the profile (i.e., above the gallery), the seasonal variations are less
455 pronounced in this fractured area. This region is characterized by strong insolation (i.e., sun-
456 exposed area) that dries the rock and fractures, where drainage of water (of melted ice) reduces
457  water saturation, thereby increasing resistivity near the surface as a result of air-filled pores and
458  fractures. The water infiltration and drainage in this area increase the thickness of the active
459  layer (e.g., Figure 11a, d, g and h), and create a conductive zone observed beneath the fractured
460  area where drainage is minimal or nonexistent (e.g., Fig 11a, ¢, d and h).

461 Figure 12 illustrates the resistivity variation ratio between successive measurements on
462  the S profile. The dynamics of the active layer are evident, with freezing-thawing effects visible
463  near the surface (e.g., Fig. 12a, d, and g). The heat effect (i.e., decrease in resistivity values near
464  the surface) is more pronounced in the lower section (below the gallery). Another type of
465  anomaly could be observed at greater depth, where heat and/or cool waves resulting of heat
466  transfer (with delay) lead to local variations at greater depth (e.g., Fig. 12d, e, g and i). In
467  contrast, the fractured zone in the upper portion obscures the temperature dependency of
468  resistivity due to fluctuations in air and water content (i.e., resistivity in this zone is impacted
469 by factors beyond just temperature). Water infiltration in this area could explain the rapid and
470  significant decrease in resistivity observed between 3790 and 3820 m a.s.l. (e.g., Fig. 12c, f,

471 and j), which increases the thickness of active layer in this zone.
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Figure 11. Electrical resistivity tomograms at different dates (from September-2020 to July-2023) along
the South side (S profile). The conductive zone (in warm-colors) explained by the presence of the gallery
(see Fig. 1d). Red arrows show the positions of possible infiltration or drainage. Data presented on
Figure 13 are extracted at the red dots (P3 and P4) in panel a.
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479  Fig. 11) along the South side. Blue colors indicate an increase in resistivity, while red colors represent

480  adecrease in resistivity from one measurement to the next.
481

482

483 6. Discussion

484 In this study, we utilize A-ERT to investigate the evolution of permafrost at a high

485  mountain site. We take advantage of the existing temperature borehole (BH-NW) located on

486  the NW face along the geophysical profile (NW profile) to validate our interpretation and

487  temperature estimations. For further analyses, inverted resistivity values are extracted at the

488  borehole location (P1) for all temperature sensor depths up to 10 m (see Fig. 9), as well as at

489  three other locations (P2, P3 and P4) illustrated in Figures 9 and 11.

490
491
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492  6.1. Permafrost dynamics from seasonal to pluri-annual time scale

493 The dynamics of the Active Layer (AL) are generally illustrated by the seasonal
494  variations shown in Figures 9 and 11. The tomograms show the overall trend and the
495  distribution of active layer and permafrost in the area. Data extracted at different locations,
496  above and below the gallery (P1, P2 in Fig. 9 and P3, P4 in Fig. 11), are presented in Figure 13.
497  These extracted resistivities reveal that the active layer is thicker in the upper section compared
498  to the lower part, and that resistivity decreases over time in the permafrost.

499 On the NW side (P1 and P2), the variation of resistivity with depth is more pronounced
500 at P2, which indicates a thicker AL compared to P1. The greater thickness of AL in the upper
501  section can be explained by the 3D heat transfer and the proximity of the shaded face (NW side)
502  to the sun-exposed faces (S side) in the top part (Noetzli et al., 2007). In the lower section at
503  NW side (P1 in Fig. 13), the contrast between the resistivity in the active layer and that in the
504  permafrost (frozen zone) is not significant, which may be due to low ice content where the
505  porosity is around 1 %, or due to high surface conductivity in granite. The alteration of granite
506 involves the transformation of primary minerals (mica and alkali feldspars) into secondary clay
507 minerals (such as kaolinite), which are known for their high cation exchange capacity and,
508  consequently, their contribution to surface conductivity (Piolat et al., 2025; Revil et al., 2024).
509  However, it is important to note that the smallest quadrupole spacing is 15 m, which is
510 insufficient to capture thin variations close to surface (Binley and Kemna, 2005).

511 On the South side (the sun-exposed face), above the gallery lies the fractured zone. The
512  extracted resistivities at P3 (Fig. 13) reveal higher values compared to the NW side (P2),
513  showing a difference of more than one orders of magnitude at the same altitude and time. The
514  resistivity along P3 decreases slightly with depth, indicating that almost the entirety of P3 is
515  within the active layer. In this zone, the active layer is thicker due to the fractures, which

516  facilitate the heat transfer and water flow. Below the gallery at P4 (Fig. 13), the active layer is
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more distinct compared to P1 on the NW side, displaying more pronounced variations in

resistivity with depth. Below the gallery on both sides, we observe that resistivity decreased

over time at greater depths (e.g., at P1, comparing data from July 30, 2020 and July 30, 2022,

and at P4, comparing data from April 12, 2021 and April 28, 2023), indicating degradation of

the permafrost. However, this decrease in resistivity is minor because the observation period is

short.

Furthermore, in 2021, resistivity values were higher in both the upper and lower parts

compared to 2020 and 2022, and this is aligned with temperature measurements (see Fig. 2)

(see details in Magnin et al. (2024)). This indicate that A-ERT is able to reveal consistent

permafrost evolution.
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Figure 13. Resistivity extracted over depths at different locations. Resistivity extracted from tomograms

on Figure 9 at P1 and P2, and from tomograms on Figure 11 at P3 and P4.
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531  6.2.Temperature - resistivity relationship

532 Extracted resistivity at P1 is superimposed at borehole BH-NW, where temperature
533  measurements are available. We use these two datasets (i.e., temperature and resistivity
534  measurements at the same location, BH-NW) to explore the potential for estimating temperature
535  based on the electrical resistivity measurements.

536 It is known that, when temperature > 0 °C (i.e., the case in the active layer), resistivity
537 depends on multiple variables, including porosity, water content, water salinity, Cation
538  Exchange Capacity (CEC) and temperature (Revil et al., 2018) and will be difficult to model or
539  to predict the resistivity value at this stage. In contrast, under frozen conditions, resistivity is
540  assumed to be primarily dependent on temperature, while the other parameters remain constant.
541  Therefore, the extracted resistivity was converted to temperature using the petrophysical model
542  in Equation 2 (Duvillard et al., 2021; 2018; Coperey et al., 2019) in the frozen zone. Figure 14
543  shows the measured temperature alongside the estimated temperature from ERT data, plotted
544  against depth at different dates (in summer and autumn). A good agreement can be observed
545  between the measured and estimated temperature in frozen conditions, with differences of less
546  than 1 °C at depths between 4 and 10 m. The data collected under frozen condition at the surface
547  (i.e., measured in winter and spring with high contact resistance) resulted in large discrepancy
548  between the estimated and measured temperature, and could not be used to estimate
549  temperature.

550 The estimated temperature presented in Figures 14 indicate that the proposed model
551  (Equation 2) can accurately reproduce the temperature. Here we used data extracted after time-
552 lapse inversion, however, conducting individual inversion and adjusting the inversion
553  parameters can enhance this estimation of temperature. This suggests that temperature
554  distribution across the site can be evaluated using this model (e.g., Duvillard et al., 2021),

555  assuming the medium is homogenous and resistivity variations are solely attributed to
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temperature. However, at AdM, this condition is not satisfied due to the infrastructure, which

556
557  creates a conductive zone within the medium (see Figs. 7, 9 and 11).
558
Temperature (°C) Temperature (°C) Temperature (°C) Temperature (°C)
-10 =3 0 5 10 -10 =5 0 5 10 -10 -5 0 ) 10 -10 —5, 0 3, 10
0 1 1 1 1 1 1 1 1 1 1 1 1
?
L]
(]
2 - - - * -
|
14
1
[/ ]
1
1
4 — - - -
) i
::’ —s— Measured Temperature  [! I.
‘é —e - Estimated Temperature h ]
A ] !
6 = — - H - !
1 1
4 1
t
Date Date Date Date
3 - 26-08-2020 -] 17-09-2020 = 17-09-2021 - 30-06-2022
1
1
[
1
a) b) o d /
559 10
560  Figure 14. Comparison between measured temperatures in BH-NW and estimated temperatures from
561  geophysical measurements (i.e., extracted resistivity values at different dates) using the petrophysical
562  model in Equation 2. The gray-shaded area marks the extent of the active layer at the time of
563  measurement. There is good agreement between measured and estimated temperature, with differences
564  of less than 1 °C at depths 4 to 10m. In the active layer, predicting temperature is not feasible since
565  temperature is not dominant factor affecting resistivity.
566
567 To go further in our analysis, Figure 15 shows the extracted resistivity at P1 vs.
568  temperature data measured in BH-NW at different dates. Laboratory measurements on both
569  granite samples (labeled Sample AdM and Sample Cosmiques) are also shown. Two key
570 observations can be made: first, data measured in winter and spring (frozen conditions at
571  surface) indicated by blue symbols, resistivity values are higher than what would be expected
572  based on the laboratory measurements, in agreement with the field observations in Maierhofer
573  etal (2024).
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574 Second, at higher temperature (i.e., unfrozen conditions at surface), a linear trend is
575  observed aligning with laboratory measurements for part of datasets. The difference of
576  resistivity between field data and laboratory data in unfrozen conditions may be attributed to
577  difference in water content and water salinity between field and laboratory conditions. The
578 laboratory measurements were conducted in saturated conditions (saturation was performed
579  under vacuum using degassed water). The freezing point, which is expected to result in a
580 significant change in resistivity (as observed in laboratory measurements), does not exhibit the
581  same effect in field. Actually, the transition between frozen and unfrozen conditions is not
582  clearly distinguished in field. However, some datasets show gradual increase in resistivity when
583  temperature decreased. Therefore, we hypothesize that the freezing occurs gradually at
584  temperatures ranging between -0.5 and -2.5 °C. This point needs to be addressed in further
585  research with smaller dispositive to improve the resolution of geophysical measurements.

586 This lack of clarity, observed between field data and laboratory data, may be attributed
587 to several factors, including 3D effects at the site, the influence of infrastructure and
588  heterogeneity at different scales (from fractures scale to pore scale where varying pore sizes led
589  to variable residual water content available for electrical conduction). In addition, there is a
590  difference in resolution between the two measurements: temperature measurements are local,

591  while resistivity measurements account for a larger volume.
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593  Figure 15. Resistivity vs. temperature. Resistivity is extracted from the tomograms in Figure 9 at
594  location P1. Temperature is measured by sensors at BH-NW. Laboratory data on two granite samples
595 and fitting with Equation 1 and 2 are shown too.

596

597

598  6.3. Hydrogeological dynamics

599 One of the objectives of this study was to assess the hydrogeological dynamics. While
600  we could not precisely identify the infiltration and drainage pathways or the water table (which
601  may be at a lower altitude), we did observe several instances that could be classified as evidence
602  of water flux. With the AdM setting, we can hypothesize that the saturated conditions are almost
603  never reached. There is water circulation but no accumulation of water and/or pressure because
604  the water table is likely lower (Magnin and Josnin, 2021). As mentioned earlier, to validate
605 these observations concerning water infiltration (e.g., Fig. 9c, I), electrical resistivity
606  measurements should be centered around the suspected zone at the base of the central peak of
607 the AdM. On the other hand, on the south face, the tomograms show the near-surface

608  desaturation of the pore-space attributed to the effect of the very strong insolation with a rock
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face that is perpendicular to the sun beam, and evidence of water infiltration along fractures
(e.g., Fig. 11e, f and i). The exact pathways of infiltration and drainage are still ambiguous,
possibly due to the resolution of resistivity measurements. 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 an Automated Electrical Resistivity Tomography (A-ERT) to monitor
permafrost dynamics over four years at AdM in the French Alps, in order to better understand
the complexities of permafrost behavior in response to climatic variations. We summarize the
key findings as follow:

e We highlight the critical influence of temperature on resistivity, revealing that the
temperature-dependency of resistivity in field conditions is less pronounced than in
controlled laboratory settings. This discrepancy could be attributed to the field’s
inherent heterogeneity (fractures network, infrastructures), a 3D site effect and the
varying ice and water content within the rock which complicates the resistivity-
temperature relationship. 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

e 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 signal and measured temperatures in boreholes.

e This research demonstrate that temperature can be accurately derived from

geophysical measurements of electrical resistivity based on a petrophysical model
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634 connecting resistivity to temperature with precision of +1 °C at depths between 4
635 and 10 m.

636 e Our assessments of the hydrogeological system revealed instances of water flux;
637 however, the exact pathways of infiltration and drainage remain unclear.

638 o Additionally, the study highlights the urgent need to address challenges related to
639 climate conditions at high-altitudes that affect device performance and contact
640 resistances, in order to improve the reliability of continuous A-ERT data collection.

641  Future research should focus on refining the methods for better resolving subsurface properties,
642  particularly in areas with complex hydrological dynamics. Incorporating induced polarization
643  measurements could enhance the interpretation of resistivity data concerning of water and ice
644  contents.
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