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SUMMARY

In the previous paper of this series, a petrophysical model named the Dynamic Stern Layer
(DSL) model was extended to describe induced polarization phenomena associated with
permafrost by capturing direct and indirect effects associated with the presence of'ice in porous
media. In this paper, time-domain induced polarization data obtained in field conditions are
interpreted thanks to this updated DSL model. We selected three different test sites in order to
apply the DSL model to very different conditions of low and high ice contents to see how ice
content directly and indirectly affects geoelectrical measurements. A first survey is performed
along a cross-section of a ridge in the Kangerlussuaq mountains of Greenland (Site I). In this
area, the rock corresponds to a Precambrian granite characterized by a rather low (<5 per cent)
porosity and therefore a low ice volumetric content on the North face of the ridge. We do not
see any direct ice polarization contribution in the data obtained with a current injection period
of 1 s. We also performed a field survey close to Col des Vés (2846 m a.s.l., Tignes, French
Alps, Site II). This site corresponds to a complex ground ice body overlying a substratum
made of a low-porosity marble, both having high resistivity values. The front of this body
is characterized by a small amount of residual ice while the roots are ice-rich. Therefore the
porosity at this site is high and the ice content highly variable. This case study showcases the
role of ice in the induced polarization data in terms of high chargeability values (close to 1 as
predicted by the theory in which ice behaves as a surfacic protonic semiconductor) at the roots
of the complex ground ice body. A third site (Site III) corresponds to a profile crossing the
Aiguille du Midi (3842 m a.s.l., Chamonix), also in the French Alps in a low porosity granitic
environment. Laboratory experiments are used to interpret the tomograms of the electrical
conductivity and normalized chargeability using the DSL model and water content and cation
exchange capacity tomograms are reconstructed at these sites. This study demonstrates the
ability of induced polarization to be an efficient tool to characterize permafrost in very different
field conditions.

Key words: Electrical properties; Electrical resistivity tomography (ERT); Induced polar-

ization.
and monitor the presence of permafrost at various scales, different
1 INTRODUCTION temperatures and in situations characterized by different ice con-
In the current context of climate change, hydrogeological and geo- tents (e.g. Moore et al. 1994; Hauck et al. 2003; Kulessa et al.
physical methods offer valuable techniques to image, characterize 2003, 2005, 2006; Dafflon et al. 2016; Abdulsamad et al. 2019,
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Figure 1. First test site (Site I) corresponding to an East—West orientated granitic ridge located in the Kangerlussuaq mountains of Greenland. (a) Position on
the West coast of Greenland. (b) Picture showing the South face and the position of the profile and a rope-men indicate the scale and slope. (c¢) Picture showing
the position of the profile between the South and North face. The beginning of the profile is located on a quartz arenite sand resulting from the disaggregation

of the granite, which appears weathered on the South part of the ridge.

2025; Zhou et al. 2022; Herring et al. 2023; Cathala ef al. 2024,
Fereydooni et al. 2024, 2025). Laboratory experiments demonstrate
that the presence of ice tends to drastically increase the electrical
resistivity of rocks and sediments (e.g. Abu-Hassanein et al. 1996;
Krautblatter ez al. 2010). Indeed, during freezing, the pore water (in
equilibrium with the mineral paragenesis and therefore relatively
conductive (typically ~100-400 uS cm™' at 25°C) is replaced by
ice (a relatively insulating material with conductivity in the range
1077 to 10~ S m~! depending on the frequency, see Revil ef al.
2025).

In this context, electrical resistivity has been used for several
decades as an efficient geophysical tool to image the presence of ice
in mountainous and arctic conditions (e.g. Haeberli & Fish 1984;
Haeberli et al. 2006; Kneisel et al. 2008; Mollaret et al. 2019;
Etzelmiiller et al. 2020; Zhou et al. 2022 and references therein).
However, electrical resistivity tomography is notoriously difficult

to interpret as a standalone technique because electrical conductiv-
ity depends on two contributions, bulk and surface conductivities
(Waxman & Smits 1968; Vinegar & Waxman 1984; Revil 2012).
At a given temperature, the bulk component of the electrical con-
ductivity is controlled by the liquid water content and the salinity
of the liquid pore water while the surface conductivity is controlled
by both the liquid water content and the cation exchange capacity
(CEC) of the rock (e.g. Waxman & Smits 1968; Vinegar & Waxman
1984; Revil 2012; Duvillard et al. 2018). Note that the CEC (usually
reported in meq/100 g with 1 cmolkg™' = 1 meq/100 g = 963.20
C kg ") reflects the number of exchangeable cations on the surface
of minerals, especially clay minerals because of their high specific
surface area (e.g. Clavier et al. 1977; Henry 1997). Note also that
crystalline rocks can be very resistive like ice-rich media because
of their low porosity and CEC (Piolat ef al. 2025). This is also the
case of strongly desaturated porous media in general.
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Figure 2. Second test site (Site II) corresponding to a complex ground ice body located in the French Alps. (a) Position in Savoie, France. (b) Picture showing
the complex ground ice body. (c¢) Aerial picture showing the depressions and former lakes in the rock glacier. The roots are in the south part while the front is

further North.

Since electrical resistivity depends on two contributions, there
is a need for additional methods to separate these two contribu-
tions. For instance gamma ray (or spectral gamma ray) is classically
used as downhole measurements to quantify the clay content and
clay mineralogy and can be used to estimate the CEC (Woodruff
et al. 2010). In hydrogeophysics, the inability of electrical resistiv-
ity to be used as a standalone method has led research scientists
to oversimplify the resistivity problem to interpret field data by ne-
glecting surface conductivity (e.g. Herring ef al. 2019, 2021). This
is often done without checking and/or proving the validity of such
an assumption (see discussion in Duvillard et al. 2018). The same

mistake has been done in interpreting electrical resistivity data for
volcanoes and geothermal fields for decades while it is now clear
that surface conductivity is the dominant conduction mechanism
and not the opposite (see for instance Revil et al. 2022; Piolat et al.
2025, and references therein for a thorough discussion on this topic).
The importance of surface conductivity associated with aluminosil-
icates was clearly demonstrated in the previous paper of this series
(Revil et al. 2025) and will be demonstrated again below. Not only
surface conductivity cannot be neglected but this is the dominant
mechanism of electrical conduction in low salinity permafrost envi-
ronments. This implies that all the works based on (ab)using Archie

920z KB 10 uo 1s8nb Aq 691£Z£8/7971e66/| /1pZ/e10nue/1B/woo dno-olwsepeoe//:sdiy woly papeojumoq


art/ggaf464_f2.eps

4 A. Revil et al.

Figure 3. Third test site (Site III) corresponding to the Aiguille du Midi (3842 m a.s.l.) in the Mont-Blanc massif (French Alps). (a) Picture showing the NW
face with the position of the profile. (b) Picture showing the East face with the position of the profile. The plain lines indicate the approximate position of the
geophysical survey. BH-NW indicates the position of the borehole used for the monitoring. (c) Position of the Aiguille du Midi in France. (d) Sketch of the

infrastructures showing the galleries and the elevator.

law as a conductivity equation are simply incorrect. Hopefully, there
is a solution to this crucial issue as discussed below.

Induced polarization is a complementary geophysical technique
to electrical resistivity (e.g. Kemna ez al. 2002, 2012; Gunther ef al.
2006; Breede et al. 2011). It can be measured in the field with the
same equipment as used for resistivity measurements but also in the
same timeframe. In addition to characterizing the ability of rocks to
conduct electricity, induced polarization characterizes their ability
to reversibly store electrical charges under an applied electrical field
(Olhoeft 1985; Olhoeft & King 1991). This ability is characterized

through two interrelated properties named normalized chargeability
and quadrature conductivity. The normalized chargeability is a mea-
surement of the dispersion of the (in-phase) electrical conductivity
with the frequency (Lesmes & Frye 2001). It is also proportional to
the quadrature conductivity measured in frequency—domain mea-
surements as discussed by Revil ez al. (2017, 2025). The measure-
ment of the normalized chargeability can be used to determine the
relative importance of bulk versus surface conductivity since the
normalized chargeability is proportional to the surface conductivity
(Revil 2012, 2013a, b; Weller et al. 2013; Coperey et al 2019). In
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Figure 4. Geophysical tomograms for Site I (Greenland). The crosses along the topography correspond to the position of the electrodes. (a) Electrical
conductivity tomogram (expressed in S m~!). (b) Normalized chargeability tomogram (expressed in S m~!). (c) Chargeability tomogram (unitless, note that

ImVV-1=1073).

absence of metallic particles, the normalized chargeability and the
quadrature conductivity can be connected to the Cation Exchange
Capacity (CEC) of a rock, which characterizes the ability of the
mineral surface to exchange cations with the pore water. The CEC
can be independently determined using titration methods like the
cobaltihexamine method (e.g. Orsini & Remy 1976).

While a lot of works has been done with the electrical resis-
tivity method in the context of permafrost (e.g. Petrenko & Whit-
worth 1999; Vonder Miihll et al. 2002; Hauck et al. 2004; Hilbich
et al. 2009; Hauck et al. 2011; Mollaret et al. 2019; Duvillard
et al. 2025), investigations using induced polarization remain rather

scarce (e.g. Doetsch et al. 2015; Duvillard et al. 2018, 2021; Ab-
dulsamad et al. 2019; Maierhofer et al. 2022; Mudler et al. 2022;
Fereydooni et al. 2024, 2025; Moser et al. 2025). The development
of petrophysical models such as the Dynamic Stern Layer (DSL)
model can be used to interpret field data. The Stern layer is the
internal part of the electrical double layer coating the surface of
mineral grains (Lesmes & Frye 2001) and ice (Daigle 2021). Be-
cause of the polarization of the Stern layer, a porous material can re-
versibly store electrical charges when submitted to a primary electri-
cal field. Other materials behaving like semiconductors (magnetite,
pyrite, ice) can also reversibly store electrical charges because of the
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Figure 5. Geophysical tomograms for Site II (Tignes). The crosses along the topography correspond to the position of the electrodes. (a) Electrical conductivity
tomogram (expressed in S m™!). (b) Normalized chargeability tomogram (expressed in S m™1). (c) Chargeability tomogram underlying the areas of high ice
content (chargeability is unitless but sometimes expressed in mV V' ~1073 in the literature). The positions #1, #2 and #3 refer to three lakes (see Fig. 2).

charge carriers (electrons, protons, p-holes, ionic impurities) they
contained.

In the previous paper of this series (Revil et al. 2025), the DSL
model was completed to account for the polarizability of the ice
itself. While semiconductors like pyrite and magnetite are very
good conductors at high frequencies (conductivity higher than 100—
10000 S m™"), ice remains a poor conductor at high frequencies.
The electrical conductivity of ice has been the subject of numerous
works including the frequency-dependence of its surface conductiv-
ity (Caranti & Illingworth 1983). The role of ice has been discussed
and modelled in the first paper of this series and has been the sub-
ject of numerous works in physics and geophysics (e.g. Petrenko
& Ryzhkin 1997). If liquid water is present in the porous material
and because of the high resistivity of the ice crystals, the electri-
cal current is expected to flow in the liquid pore water as long as
it is connected above a percolation threshold. Therefore it would
not polarize the bulk volume of the ice crystals. That said, ice is
a curious semiconductors because protons can also move along its
surface and create a polarization at the scale of the ice crystals or
aggregates. In the previous paper of this series (Revil ef al. 2018),
we have demonstrated that this interfacial polarization can be repre-
sented by an equivalent bulk surface conductivity and polarization
with a chargeability that depends on the volumetric ice content. At

the opposite, in the case of dry ice, we expect to see the polarization
mechanisms discussed by Stillman and co-workers (Stillman et al.
2010, 2013a, b, 2018; Grimm et al. 2015) because, precisely in this
case and in this case only, the electrical current is forced to move
through the ice crystals.

We first present below the results of three geophysical surveys
using time-domain induced polarization at three sites characterized
by the presence of permafrost. One is located in Greenland and
two are located in the French Alps. Then, we use the updated DSL
petrophysical model developed in the previous paper of this series
to interpret these three field surveys in the context of ground ice
conditions. The three field sites have been selected because they
complement each other. Indeed, two of them correspond to low-
porosity crystalline rocks (granite and granodiorite) and the last
one corresponds to a highly porous rocks in a rock glacier (ice
mixed with rock debris).

Site I is located in Greenland close to Kangerlussuaq. It corre-
sponds to an East—West elongated ridge (392 masl, metres above sea
level) that is partially altered and frozen in its North face (Fig. 1).
The granodiorite present at this site is an old granitoid that is par-
tially weathered. The second site is located close to Col des Vés
(2846 m a.s.l.) in the Vanoise massif (France). At this site, we ob-
serve a massive ground ice body overlying a low-porosity marble
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Figure 6. Geophysical tomograms for Site III (Aiguille du Midi, France). The black circles along the topography correspond to the position of the electrodes.
(a) Electrical conductivity tomogram (expressed in S m~!). (b) Normalized chargeability tomogram (expressed in S m~!).

substratum. In this case, the ice is probably wet, which means that
the ice crystals still remains coated with a film of liquid water
implying a strong role for the frequency-dependent surface conduc-
tivity of ice. This periglacial system displays a remarkable variation
in the ice content. The roots are formed by nearly pure ice covered
overlaid by a thin debris cover (Fig. 2). Site III corresponds to a
profile along the Aiguille du Midi (3842 m a.s.1.) in the Mont-Blanc
massif (France, Fig. 3). The rock is formed by a relatively fresh
granite fractured in some areas.

2 TEST SITES AND SURVEYS

2.1. Background and geophysical surveys

The first test site (labelled Site I hereinafter) is located near the set-
tlement of Kangerlussuag, in the Qeqqgata municipality in the Cen-
tral Western Greenland and about 8 km from the current Greenland
ice sheet (Fig. 1). This site has been chosen because the lithology
corresponds to a Precambrian granodiorite characterized by some
degree of alteration because of its age. The geomorphological con-
text is characteristic of a so-called ‘roches moutonnées’ landscape,
with depressions as observed at the base of the southern face of
the investigated area (see Fig. 1). These depressions are filled with
sandy till deposits resulting from the past glacial extension of the
Greenland ice sheet and the degradation of the altered granodioritic
side of the ridge. In the Kangerlussuaq region, permafrost distribu-
tion is primarily determined by elevation and slope aspect. Snow
cover does not show significant influence (Marcer et al. in press).

Permafrost is present at all elevations on the north-facing slopes,
while it is generally absent or fading on south-facing slopes at lower
elevations (below 394 m.a.s.l.), suggesting increased sensitivity to
recent climate warming (Marcer et al. in press).

The geophysical field survey was conducted in August 2021 using
a400-m-long cable with 80 electrodes spaced at 5-m intervals. Two
measurement cables were installed on the south face (one following
the other), requiring ropes for setting up the survey in the vicinity
of the top part of the ridge. A roll-along technique with a 100-m
electrode shift was used to extend the profile in the North direction.
Both electrical conductivity and chargeability measurements were
performed. The survey parameters are the following: (1) squared
current injection with a period 7 = 1 s, (2) 10 windows of 0.1 s
to measure the secondary voltage curve and (3) dead time of 0.1 s
after stopping the primary current injection.

The second site (Site II) is located on the East side of Col
des Vés (Vanoise massif, Western European Alps, ~2750 m a.s.l.,
France). This site corresponds to a debris-covered glacier in its up-
per part, followed by a rock glacier characterized by the presence
of thermokarsts and lakes on its surface (Fig. 2). Three generations
of lakes have been observed since 1950, with varying degrees of
spatial extent. The local climatic conditions are favourable to the
presence of permafrost, while permafrost is potentially thawing in
the central area and along its lateral boundaries (Marcer ef al. 2017,
2019, 2024). The geophysical data were acquired in August 2019
along a 1260-m-long cable (20-m spacing between the electrodes,
64 electrodes). The same acquisition parameters were used than in
the Greenland survey.
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Figure 7. Complex conductivity measurements for two rock samples from Sites I (granite) and II (marble, basement, see Table 1 for their properties). (a)
In-phase electrical conductivity spectrum of rock sample of KAN-02 granodiorite from Site I (Sisimiut, Greenland). (b) Quadrature conductivity spectrum of
rock sample of KAN-02 granodiorite from Site I (Sisimiut, Greenland). (c) In-phase electrical conductivity spectrum of rock sample of Ti-CS1 Marble from
Site II (Tignes, France). (d) Quadrature conductivity spectrum of rock sample of Ti-CS1 Marble from Site II (Tignes, France). The size of the cubic samples is

3 cm. Pore water conductivity 100 uS cm~! at 25°C.

The third survey (Site III) concerns the Aiguille du Midi (3842 m
a.s.l.), which is located in the Mont-Blanc massif (French Alps). The
investigated site is located on the north—west flank of the massif
(Fig. 3). It includes three peaks interconnected by artificial bridges
and galleries. Our survey focuses on the central peak, which is
the highest among the three. The Aiguille du Midi hosts a cable
car station at nearly 4000 masl (Fig. 3). Its construction started in
the early 1950s. The lithology corresponds to fresh and compact
granite (310 = 10 Myr; Leloup et al. 2005) characterized by very
low porosities (~ 0.01, Magnin et al. 2015a) but heavily fractured
and permeable in some areas. That said, the highest parts (3740 to
3840 m a.s.l.) of the peak contain few large fractures (Magnin et al.

2015b). The acquisition parameters used in our survey, performed
in September 2019, are the following: (1) period for the current
injection 0.5 s., (2) deadtime 0.1 s and (3) the voltage decay was
recorded on ten windows of 0.1 s. We focus on the first record-
ing window between 0.1 and 0.2 s after shutting down the current
between the AB electrodes. Indeed, as a rule of thumb, the consid-
ered windows should be the first windows that can be considered as
electromagnetic noise-free with the two times of the windows much
shorter than the characteristic decay time of the secondary voltage.
The survey comprises 43 electrodes with a spacing of 5 m.

In the two first field surveys, we use 64 10-mm-thick and 40 cm-
long stainless-steel electrodes and at the Aiguille du Midi we use
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Figure 8. Complex conductivity spectra for the soil sample (VALT, see Table 1) during freeze. We plot the in-phase and quadrature components of the complex
conductivity versus the frequency of the input current. Note that there is a new dispersion phenomenon that starts to appear under freezing conditions, possibly
associated with the polarization of ionic and Bjerrum defects in the ice itself and especially on the surface of the ice crystals. This polarization is superposed
to the Maxwell-Wagner polarization mechanism. The lines are just guides to the eyes. Pore water conductivity 100 uS cm~! at 25°C (snowmelt in equilibrium
with the minerals). Modified from Duvillard ez al. (2018).
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Figure 9. Influence of the porosity and CEC on the formation factor and
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tween the data obtained in this paper and those obtained in two other studies.
The plain lines correspond to Archie’s law with two distinct values of the
cementation exponent m. (b) Surface conductivity versus the normalized
CEC (CEC divided by the tortuosity of the bulk pore space defined as the
product of the formation factor by the porosity).

stainless steel expansion bolts with a length of 10 cm as elec-
trodes. The induced polarization data were acquired with an ABEM/
SAS-4000 resistivity metre. Salted water and bentonite mixtures
were used to improve the electrical contacts between the electrodes
and the ground (e.g. Maurer & Hauck 2007). The position of the
electrodes was taken with a differential GPS (Global Positioning
System) with a precision of ~10 cm.

2.2. Results

The inversion of the apparent resistivity and apparent chargeability
data is done with the RES2DINV software (Loke 2002) for Sites I
and IT and pyGIMLI (open source package, see Riicker et al. 2017)
for site II1. We used pyGIMLI for Site III because of its extremely
strong topography, which cannot be handled by RES2DINV. Since
the two codes are based on a very similar inversion strategy (despite
some differences in the way measurement errors are handled or how
smoothness constraints are applied), we obtain code independent re-
sults as tested on simple synthetic cases. In the three cases, the cost
function is indeed minimized penalizing the roughness of the tomo-
grams. For Sites I and II, convergence was reached in five iterations
for the apparent resistivity data and five iterations for the apparent
chargeability data. For Site III, convergence was reached in five
iterations for the apparent resistivity data and only three iterations
were needed to invert the apparent chargeability data. The results
of the tomograms are displayed in terms of inverted conductivity or
resistivity, normalized chargeability and chargeability tomograms
in Figs 4 and 5 for Site I and II, respectively, and in Fig. 6 for
Site III.

For Site I (Greenland), the conductivity and normalized charge-
ability vary over three orders of magnitudes (1072 to 107> Sm™" for
the conductivity, 1073 to 107® Sm~! for the normalized chargeabil-
ity) while the chargeability varies over one orders of magnitude (10
to 1 mV V™! with I mVV~! = 1073). The sand at the beginning
of the profile is characterized by high values of the conductivity
and normalized chargeability. The South flank of the ridge (altered)
is characterized by a high conductivity and intermediate values for
the normalized chargeability. The North flank (which is frozen) is
characterized by very low values of the conductivity and normal-
ized chargeabilities). The frozen rock does not show up a specific
signature on the chargeability tomogram.

For Site II (Tignes, France), the conductivity and normalized
chargeability vary over three orders of magnitudes (1073 to 10~7 S
m~! for the conductivity, 107* to 1078 S m~! for the normalized
chargeability) while the chargeability varies over one orders of mag-
nitude (200 to 1 mV V! with 1 mV V~! = 1073). The rock glacier
is characterized by low values of the conductivity and normalized
chargeability with little contrast with the substratum (compact mar-
ble). The very conductivity is consistent with the resistivity data
(over 1 MOhm m, ice content 35 to 60 per cent) obtained recently
by Zhou et al. (2022) in the Tianshan mountains of China. The rock
glacier is characterized by very high values on the chargeability
tomogram (>100 mV V~!), which is in contrast with the marble
itself. The area downstream of the rock glacier is characterized by
high values of the conductivity and normalized chargeability and
low values of the chargeability. In the next section, we describe
laboratory experiments with the goal to decipher the previous field
responses in quantitative terms thanks to the updated DSL model.

For Site III, the electrical conductivity varies in the range 107> to
1072 S m~! while the normalized chargeability is in the range 1073
to 1077 Sm~' (Fig. 6). This range is similar to the range observed for
Site I corresponding to the granite in Greenland (see Fig. 4). Fig. 6
exhibits a vertical conduit in the central part of main peak of Aiguille
du Midi that may be associated to the presence of the elevator that
is used to access to the upper platform with the antenna (Fig. 3).
The presence of the galleries and elevator contributes to heating the
granitic peak from inside increasing both the conductivity and the
normalized chargeability above the freezing temperature. A direct
effect of the presence of metallic infrastructure (e.g. armed concrete)
is possible but not clearly observed. This may be due to the small
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Figure 10. Influence of the temperature on the conductivity and normalized chargeability of the two crystalline rocks investigated in this study. (a) Electrical
conductivity. Sample KANO2 (graniodiorite). (b) Normalized chargeability. Sample KANO02 (graniodiorite). (c) Electrical conductivity. Sample Ti-CS1

(marble). (d) Normalized chargeability. Sample Ti-CS1 (marble).

volume fraction of metals with respect to the size of the investigated
domain. We will come back to the interpretation of the field data in
Section 4 below.

3 LABORATORY EXPERIMENTS

We selected two low-porosity core samples from the test sites to
see the effect of temperature on their complex conductivity spectra.
In addition, we use a third high porosity sample from the study of
Duvillard et al. (2018) to see the effect of high porosity and there-
fore high ice content at low temperatures. The two low-porosity
samples correspond to a granodiorite sample (KAN-02) from the

ridge shown in Fig. 1 (Site I) and a marble sample (Ti-CS1) from
the substratum of Site II (Fig. 2). The experimental data are shown
here and not in Revil et al. (2018) because of their relevance to
the field data explored in this paper. The samples were first dried
at 60°C for 2 d. Then there were saturated under vacuum (1 mbar)
with a degassed pore water conductivity corresponding to melted
snow. After saturation, we waited for four weeks before proceed-
ing to the complex conductivity measurements to be sure that the
pore space was fully saturated. We followed the same experimental
procedure as in Coperey et al. (2019). The complex conductivity
measurements were performed thanks to the impedance spectrom-
eter developed by Zimmermann et al. (2008). This spectrometer is
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Both at very low salinity (100 uS cm~!, 25°C, snowmelt) and higher salin-
ity (1000 puScm™!, 25°C, NaCl solution), we see that above the freezing
temperature, the data conforms to the prediction of the DSL model in absence
of semiconductors and when surface conductivity dominates the overall con-
ductivity response (in this case the ration of the normalized chargeability
by the conductivity is equal to R = 0.10). Below the freezing point, the
integration of the spectra from low-to-high frequencies (0.01 Hz—1 kHz)
displays a very strong polarization associated with the direct effect of ice
acting as a protonic semiconductor. The presence of salt (NaCl) increases
this polarization because of ionic impurities boosting both the dielectric re-
sponse of the material and its semiconductor properties. LF: Low frequency
(10~2—1 Hz). EDL: Electrical double layer.
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Figure 12. Comparison between surface and bulk component of the con-
ductivity. The data indicates that for snowmelt used to saturate the samples,
the surface conductivity dominates the conductivity of the material for the
three samples analysed in this study. The blue area (in which nearly all the
data points are located) corresponds to the area for which Archie’s law taken
as a conductivity would grossly fail to work.

Table 1. Properties of the rock samples. The CEC denotes the cation ex-
change capacity (1 cmolkg™' = 1 meq/100 g = 963.20 C kg™ '), F the
(intrinsic) formation factor and o g the surface conductivity.

Sample KAN-02 Ti-CS1 ValT
Lithology Granodiorite Marble Soil
Porosity ¢ (-) 0.02 0.01 0.38
CEC (meq/100 g) 0.67 1.98 5.30
F(-) 933 1801 6.7
o5 (1074 Sm™ oy (uS em™) 18100 30100 100100

based on the four-point measurement method and offers a measure-
ment range from 1 mHz to 45 kHz with an accuracy better than 0.1
mrad in most of this frequency range.

The complex conductivity spectra are shown in Fig.7 The two
samples correspond to low-porosity materials, but, that said, their
spectra are vastly different. The transition from unfrozen to frozen is
very abrupt for the granodiorite sample and smoother for the marble
sample. Also, we clearly see a peak in the quadrature conductivity
data for the marble sample that moves to lower frequencies when
the temperature decreases. Since both samples are characterized by
very low porosities, it is expected from the first paper of this series
(Revil et al. 2025) that we should not see direct evidence for ice
polarization. This is indeed the case since no direct polarization
effects is visible when temperature decreases. The effect of the
freezing arises because of a change in the liquid water saturation
in the pore space of the material and concomitant increase of the
salinity in the liquid pore water.

In order to compare these data with a high porosity material
underlying freezing, we use the data reported by Duvillard ez al.
(2018) for a high porosity soil (its complex conductivity spectra are
shown in Fig. 8). In this case, a new dispersion phenomenon starts
to emerge under freezing conditions with the decrease of the tem-
perature. This polarization is likely associated with the polarization
of ionic and Bjerrum defects on the surface of the ice crystals as
described in details by Revil et al. (2025). We will come back on
this polarization mechanism a bit further below. But first we check
that our data on the three porous materials conforms to Archie’s
law for the relationship between the (intrinsic) formation factor F'
and the porosity ¢, and between the surface conductivity og and
the ratio between the CEC and the tortuosity of the bulk pore space
defined as the product of the formation factor and the porosity of the
material. We recall here that the (in-phase) conductivity is related
to the formation factor F by,

0'(0) = 0y + 05'w), )

where os'(w) denotes the in-phase surface conductivity and o, is
the pore water conductivity. Eq. (1) makes clear that the formation
factor is not equal to the resistivity of the material divided by the
resistivity of the pore water (as erroneously written in many papers).
The results show in Fig. 9(a) confirms the choice for the value of the
cementation exponent m = 1.5 4= 0.3. Fig. 9(b) provides the value of
the product between the mass density of the grains p, (2700 kg m 3
for silicates and aluminosilicates) and 2900 kg m~ for carbonates)
and the effective mobility B at 25°C. The temperature dependence
of B is described in the first paper of this series (Revil et al. 2025)
Fig. 10 shows the effect of the temperature on the conduc-
tivity and normalized chargeability data for the two crystalline
rock samples. The curves describing the effect of the temperature
below the freezing point is well captured by the exponential freez-
ing curve developed in Duvillard ef al. (2018). This curve can be
associated in turn to the pore size distribution (Luo et al. 2023,
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Figure 13. Analysis of the ice content at the Col des Vés rock glacier (Site II). (a) Normalized chargeability versus electrical conductivity. The transition
between massive ice to permafrost with a decreasing level of ice is clearly visible on this plot. At —10°C, the conductivity of ice at 1 Hertz is 5x 10® Ohm m.
(b) Picture showing the presence of massive ice in the upper part of the ground ice body. (c) Interpretation of the chargeability tomogram in terms of massive
ice. This showcases the role of ice in the chargeability data because ice is a dirty protonic semiconductor. The low-porosity substratum (made of marble) does
not exhibit such a property and if permafrost is present, its volumetric ice content remains small.

2024a, b, 2025). Above the freezing temperature, the conductivity
and normalized chargeability data depends weakly on temperature.
The texture (formation factor) and CEC control the conductivity
and normalized chargeability values above the freezing tempera-
ture while the temperature has a drastic effect below the freezing
temperature. Because of the change of slope in the trends above and
below the freezing temperature, we may expect a minimum in the
distribution of the conductivity and normalized chargeability data
in the observed field tomograms (see discussion in Duvillard et al.
2021). We will check this prediction in the next section.

In Figs 8 and 11, we focus on the complex conductivity data of
the soil sample #ValT since it presents a high porosity (¢ = 0.38)
susceptible to show the direct and indirect effect associated with the
presence of ice. If we use the data set with snowmelt (100 uS cm ™' at
equilibrium with the sample, 25°C), the plot between the normalized
chargeability and the conductivity conforms to the model prediction
when (i) surface conductivity dominates the overall response of the
material and (ii) if we use the low frequency data (the normalized
chargeability is here the normalized chargeability determined over
two decades times 0.01-1 Hz, a correction factor of 3 if applied to

simulate the normalized chargeability over the full spectrum using
the constant phase model approach developed by Revil ez al. 2017).
In this case, the data are not ‘contaminated’ by the direct effect of
ice polarization which starts to develop at frequencies above 1 Hz.
Instead, if we use the normalized chargeability integrated over the
spectrum (0.01 Hz—10 kHz), the situation is very different below the
freezing point (Fig. 11). We clearly see a very strong polarization
effect which tends to lead to a chargeability M close to 1 when the ice
content is becoming important (see Revil ef al. 2025). Here again,
as explained in the first paper (Revil ef al. 2018), ice polarization
is coming from its surface properties: it polarizes along its surface
because of the presence of protons and not because of its bulk
properties. In presence of liquid water coating the surface of the
ice crystals, the electrical current will flow outside the ice crystals,
along their surface, but not through their bulk components. This is
a major difference between our approach and previous models.
Even more intriguing is the case when we use a high conductivity
electrolyte as pore water. For instance, we also show in Fig. 11, the
case when the same soil (ValT) is saturated by a NaCl salt solution
at0.1 Sm~' (1000 uS cm™" at 25°C). The result above the freezing
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Figure 14. Site I (Greenland). (a) Normalized chargeability versus electrical conductivity. The transition between ice-rich to permafrost with a decreasing
level of ice is clearly visible on this plot. For granite, the alteration product is kaolinite characterized by R = 0.20 (Piolat ez al. 2025). (b) Interpreted tomogram

in normalized chargeability.

temperature remains the same as predicted by the theory. However,
the presence of ice displays an equivalent chargeability higher than
1. This is only possible if other polarization mechanisms are coming
into play such as strong low-frequency dielectric effects, which are
known to exist for ice in presence of salts. We will not pursue further
along this path in this paper. The main point is that in presence
of massive ice, experiments show a strong and direct polarization
associated with ice below the freezing point, in our model, likely
associated with interfacial polarization as explained in our previous
paper (Revil ef al. 2025). Such phenomenon cannot be observed for
crystalline rocks because the maximum amount of ice remains small
with respect to the total volume of rock. With these observations in
mind, we can now look further at the field data in Section 4 below.

Before going to the field data, we come back on the role of
surface conductivity associated with alumina-silicates. In Fig. 12,
we plot the surface conductivity versus the bulk component of the
conductivity for the three samples used in this work and compare
them to the results obtained in Revil et al. (2025). The question
we want to address is what conductivity process (surface versus
bulk) dominates the overall conductivity response of the three ma-
terials investigated in this study in freshwater conditions consistent
with field conditions? Using the measured properties of Table 1, we
clearly see in Fig. 12 that surface conductivity (associated mostly
with clay minerals) is the dominant mechanism of electrical conduc-
tion through these porous media. This confirms again that surface
conductivity cannot be neglected despite the assumption made in
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Figure 15. Site III (Aiguille du Midi, France). (a) Normalized chargeabil-
ity versus electrical conductivity. The analysis of the data shows that there
is only a small fraction of permafrost at the Aiguille du Midi. (b) Inter-
preted tomogram in normalized chargeability. The areas coloured in blue
are designed to suggest the presence of permafrost in this area.

a growing number of studies (Wagner et al. 2019; Mollaret et al.
2020; Steiner et al. 2021, just to cite few of them).

4 INTERPRETATION OF THE FIELD
DATA

4.1. Anatomy of the ice-rich areas

In Figs 13, 14 and 15, we plot the normalized chargeability versus
the conductivity data from the three field sites. We use an amplifi-
cation factor a = 10 prescribed by Piolat ez al. (2025). The rational
for this amplification factor is explained in details in Piolat et al.
(2025) and will not be repeated here. We just mention that it is
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coming into play because the current injection time is not infinity
but for a period 7= 1 s, a dead time of 0.1 s and a recording time
windows of 0.1 s for the first window sampling the decay curves (a
slightly stronger amplification factor should be applied for a cur-
rent injection period of 0.5 s). In Figs 14 and 15, the data aligned
on R = 0.20 consistent with Piolat ez al. (2025) for granite with
kaolinite as alteration product. We recall that R is the ratio between
the normalized chargeability and the conductivity and is also the
ratio between A and B (XA and B are the two mobilities used in DSL
model, see Revil ef al. 2025). This also indicates that the normal-
ized chargeability and conductivity decreases the same way with
the temperature below the freezing temperature and more impor-
tantly that surface conductivity dominates, once more, the overall
conductivity response of the material.

At the opposite, Fig. 13 shows clearly the direct effect of ice
because of high chargeabilities with values close to 1 indicating
the presence of massive ice in agreement with field observations.
The analysis of the data sets is used to see what areas are frozen or
not, which could open the door to the use of clustering techniques
to separate frozen and unfrozen areas or using neural networks to
learn how to decipher such data set to reconstruct the temperature
in Alpine areas. A preliminary step in this direction was proposed
by Duvillard et al. (2021).

In Fig. 16, we analyse the histograms for the three field data set
of the conductivity distribution shown for the tomograms displayed
in Figs 13, 14 and 15. As suggested by Duvillard er al. (2021), the
conductivity corresponding to the freezing point may be associated,
under certain circumstances, with the minimum of these histograms.
This observation finds its explanation with the strong change of
slope associated with the conductivity versus temperature data set
(as shown in Fig. 16d).

4.2. Determination of the water content and CEC

The DSL model discussed in Revil e al. (2025) is applied to obtain
the tomograms of the water content 6 and CEC for Sites I and I
using the two following petrophysical transforms (see Piolat et al.
2025),

1/m
=l -%) @

CEC = —*—, (3)

where o, (S m™!) denotes the pore (liquid) water conductivity,
0 and M, are the conductivity and normalized chargeability from
each cell of the corresponding tomograms (both in Sm~"), R = 0.20
(dimensionless parameter independent of temperature and satura-
tion) for kaolinite and 0.10 for siliciclastic sediments (e.g. Piolat
et al. 2025), m = 1.5 for granite (see Revil et al. 2025) and 2.0 for
the siliciclastic sediments, a = 10 is the amplification factor for the
corresponding parameters used in time-domain induced polariza-
tion (duration of the current injection time, dead time, times selected
for the measuring window in the decay curve, see Piolat et al. 2025),
pg = 2650 kg m~ for granite and siliciclastic sediments: for granite,
Piolat et al. (2025) obtained A(Na*t, 25°C) =(1.7 & 0.5) x 1071°
m?s~'V~! and R = 0.20. This leads to B(Na*, 25°C) = A(Na™,
25°C)/R = (0.85 & 0.3) x 107° m?s~'V~!. For silicoclastic sedi-
ments, we have B(Na*, 25°C) = 3.1 x 107 m*s"'V~1, R = 0.10
and therefore A(Na*, 25°C) = 3.1 x 1071 m?s~!'v~!,

We apply the previous petrophysical transforms to Sites I to I1I
and the results are displayed in Figs 17 to 19. In Fig. 18 (granodiorite
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Figure 16. Determination of the freezing point from the histogram of the field data. (a) Histogram of the field data for Site. The minimum is hard to find
because of the presence of different lithologies including high and low porosity materials. (b) Histogram of the field data for Site II (single lithology). (c)
Histogram of the field data for Site III (single lithology). The conductivity corresponding to the freezing point is located at the first minima of the histogram for
a given lithology. (d) Comparison with the laboratory data of a core sample of granite from the Mont-Blanc massif. Note that above the freezing point, this is
the heterogeneity in the texture and surface properties that control the electrical conductivity distribution while below the freezing point, this is the temperature.

ridge of Greenland, the granite is characterized by a CEC of 0.1
meq/100 g). The Southern part, which is altered, is characterized by
a CEC of ~1 meq/100 g and the sand by a CEC of ~2 meq/100 g.
The two end-members (granitic sand and unaltered granite) are
consistent with the porosity/CEC alteration path defined by Piolat
et al. (2025) and shown in Fig.20

Then, we focus now on the CEC and water content of site 11
shown in Fig.18 The tomograms show the transition from the ice
and rock mass overlying the marble substratum (South part of the
profile) from the unfrozen sediments on the NW side of the profile.
The water content tomograms shows a pocket of high water content
below one of the lake present at the site and resulting from the
melting of part of the permafrost at this site. The method could be
therefore used to better monitor the fate of such water pockets at
this site and elsewhere.

Fig. 19 shows the porosity and CEC tomograms for Site III
(Aiguille du Midi). The range of values is grossly consistent with

the values obtained on rock samples (porosity on the orders of 1
per cent and CEC around 1 meq/100 g, see Fig. 20). Close to the
elevator and galleries, the values of the porosity and CEC are higher
possibly due to the damaged zone surrounding galleries. Clearly the
uncertainty in the drop of porosity from 1 per cent to 20 per cent is
difficult to assess because of various sources of uncertainties such as
the complex geometry of the site, the uncertainties associated with
the inversion algorithm and the use of smoothing, and the uncer-
tainty associated the petrophysical relationships and the input data.
During the drilling of galleries, the release of the stress generates
a fractured domain known as the excavation damaged zone (see
Rutqvist et al. 2005; Tsang et al. 2005). The main implication re-
lated to the excavation damaged zone is the possibility of enhanced
fracture flow parallel to the elevator and tunnel excavations. Frac-
tures formed in the excavation damaged zone would enhance the
fracture connectivity. The flow of the liquid water through this net-
work of cracks and fractures in an area warmed by the heat brought

920z KB 10 uo 1s8nb Aq 691£Z£8/7971e66/| /1pZ/e10nue/1B/woo dno-olwsepeoe//:sdiy woly papeojumoq


art/ggaf464_f16.eps

Induced polarization and permafrost 17

10 _
=
"= 350 =
E, 8 8
s :
= pus
= 6 %
< 300 =

4

2

0

4 ++++ g
S 4F +++++++ N g
o ++++-|++ =
+ oy 3.2 T_;
+ ++++ g
E 360 A :
.E. K ++++++ 2.8 o
=] ? 4 =
2 4 5
= ] 24 %
< 300- R = pr
Sand .+ 5
+++++4‘" 2 =
-+++++~::'t"+++ e~ S
( b ) o
I T T \ — 186 150_10
0 100 200 300 400 500 —

Figure 17. Interpreted results in terms of water content (volume fraction or per cent) and CEC (here in C kg~!) along the 630 m profile at Site I. (a) Water
content tomogram. (b) Cation exchange capacity (CEC) tomogram (expressed here in C kg~! with 10> C kg~! ~ 1 meq/100 g). Note that the South part of the
ridge corresponds to a weathered granodiorite characterized by a higher CEC than the unaltered granodiorite.

S NW
2750 #3 - R
b #2 #1
+ + ++ 44+ B 0.1 =
% 2650 L B 8
c
E‘ ++++++++++++++"“f+++__— 004§
£ - 001 2
<< 2550+ o g
" |0.007
2450+ ‘(/-a‘\: 0.004
— T T T T T T 0.001
0 200 400 600 800 1000 1200
=
S 3 NW| B34 S
2?50*7++ . #2 st et #1 ., Front N E g
_— - i P ++++ r &
3 2650 ' w St 22 &
3 R O S SR e e g ’ %
£ 18 &
< 2550+ r o
14 &
h B T
2450 (b) L S
T T T T T T Llog &
0 200 400 600 800 1000 1200 -

Figure 18. Interpreted results in terms of water content and CEC along the 1.26-km-long profile at Site II. (a) Water content tomogram (dimensionless). (b)
Cation exchange capacity (CEC) tomogram (expressed here in C kg=! with 10° C kg~! ~ 1 meq/100 g).

through the tunnels and elevator may in turn increase of the alter-
ation of the granite, which has been observed at short time scale in
urban environments. Indeed, in presence of liquid water, the alter-
ation of granites involves the transformation of primary minerals

(mica and alkali feldspars) into secondary clay minerals especially
kaolinite Al4(OH)s[SisOj¢]. The alteration of minerals like ortho-
clase (K[AlSi3Og], a potassium feldspar) and albite (Na[AlSi;Og],
a plagioclase) can be written as (Stoch & Sikora 1976; Nguetnkam
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weathered and altered and the CEC used here is reported for sodium Na*.

et al. 2008):

4Me [AlSi;O5] 4+ 4H,0 + 2CO, < @)
Al(OH) [Si4010] + 2MeCO; + 8SiO;.

In equation (4), Me = K, Na. Schiavon (2007) demonstrated that
granite weathering leads to the formation of authigenic kaolinite
in relatively short time-scales. This process can be accelerated in
presence of SO, in acidic conditions. The increase of alteration
of the granite would in turn increase the CEC of the rocks in the
excavation damaged zone.

5 CONCLUSIONS

We have investigated the occurrence of permafrost at three very
different sites both geologically and geomorphologically using the
induced polarization method. Site I in Greenland is characterized by
low-porosity crystalline rocks. Site II in the French Alps is charac-
terized by a massive ice body in its upper part and a porous mixture
of debris and ice in its lower part. This complex ice body is overly-
ing a low porosity bedrock (marble). Site III also in the French Alps
corresponds to a granitic peak. At each site, we acquired electrical
resistivity and induced polarization measurements. After inversion,
the data were displayed in terms of electrical conductivity, normal-
ized chargeability and chargeability tomograms. The petrophysical
model developed in the first paper of this series is applied to the
determination of the liquid water content and CEC. The following
results have been obtained.
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(1) At Sites I and 111, the direct effect of ice is not visible be-
cause of its small volume fraction related to the small porosity
of the materials. When we plot the normalized chargeability ver-
sus the electrical conductivity, there is no change of slope of the
trend indicating that the low frequency normalized chargeability
and the conductivity follow the same trend with temperature below
the freezing point.

(2) The presence of massive ice at the root of the rock glacier
of Col des Vés gives high resistivities (in the range 1-20 Mohm
m) and chargeability values close to 1. Ice is a dirty semiprotonic
semiconductor but its surface properties should not be overlooked
and the dependence of its surface conductance with frequency can
explain the high polarizability of ice with chargeability values close
to 1. This is the case here for high ice contents associated with a
highly debris-covered glacier transitioning to a rock glacier with a
high ice content and a decreasing ice content toward the front of the
rock glacier.

(3) At Site II1, the data are consistent with the data recorded in
Greenland in terms of trend indicating a value of R = 0.20 consistent
with the presence of kaolinite as alteration product. The presence of
a borehole at Aiguille du Midi in which temperature was monitored
and close to which resistivity were monitored can allow a com-
parison with the experimental data obtained in the laboratory. The
comparison is good indicating that resistivity (and induced polariza-
tion) can be used to monitor temperature thanks to the exponential
freezing curve developed by Duvillard ez al. (2018) and discussed in
the first paper of this series. Furthermore, the tomograms analysed
in terms of porosity and CEC (used as a proxy for alteration) seem
to evidence the presence of an excavation damaged zone around the
elevator and galleries present at this site.
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