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SUMMARY

In the last decade, the dynamic Stern layer (DSL) model has proven to be a reliable petrophys-
ical model to comprehend induced polarization data at various scales from the representative
elementary volume of a porous rock to the interpretation of field data. Preliminary works
have demonstrated that such model can be extended to understand the induced polarization
properties of ice-bearing rocks and to interpret field-acquired induced polarization data in
the context of permafrost. That being said, the direct effect of ice was let aside. We first
review the DSL model in presence of ice and discuss the role of ice as an interfacial protonic
dirty semiconductor in the complex conductivity spectra with an emphasis on the role of the
complex-valued surface conductivity of ice crystals above 1 Hz. We propose a new combined
polarization model including indirect and direct ice effects. By direct effects, we mean the
effects associated with changes in the liquid water content and salinity of the pore water. By
direct effect, we mean that the role of the interfacial properties of the ice surface and liquid
water is still present in the pore space of the porous composite. In this case, the electrical
current is not expected to cross the ice crystals. Instead, it would polarize the surface of the
ice crystals (and therefore the ice crystals) and generate a very high chargeability that can
reach one depending on the value of the volumetric content of ice. We apply the DSL model
to a new set of complex conductivity spectra obtained in the frequency range 10 mHz—45 kHz
using a collection of 25 rock samples including metamorphic and sedimentary rocks in the
temperature range +15/4-20 °C to —10/—15 °C. We observe that the model explains very well
the observed data in the low-frequency range (10 mHz—1 Hz) without any direct contribution
of ice. In the high-frequency range (above 1 Hz), we observe a weak contribution possibly
associated with the contribution of ice crystals in low-porosity crystalline rocks. We establish
under what conditions the direct contribution of ice can be neglected. We also investigate
the role of porosity, cation exchange capacity and freezing curve parameters on the complex
conductivity spectra of crystalline and non-crystalline rocks during freezing. Laboratory ex-
periments demonstrate that in most field conditions including permafrost conditions, surface
conductivity associated with conduction on the surface of clay minerals (and alumino-silicates
in general) is expected to dominate the overall conductivity response. This is in sharp con-
tract with many claims found in the literature. Therefore Archie’s law cannot be used as a
conductivity equation in this context because of the contribution of surface conductivity. A
large experimental and field data set at the Aiguille du Midi (3842 m a.s.l., French Alps)
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for the resistivity versus temperature data of granitic rocks demonstrates the role of surface
conductivity in the overall conductivity of the rock.

Key words: Electrical properties; Electrical resistivity tomography (ERT); Tomography.

1. INTRODUCTION

The occurrence of gravitational instabilities in Alpine regions has
recently increased in response to climate change (e.g. Gariano &
Guzzetti 2016; Hartmeyer et al. 2020; Jacquemart ef al. 2024). This
is especially true for rock falls and landslides associated with the
warming of permafrost generally located above 2500 m a.s.l. in the
European Alps (e.g. Ravanel et al. 2010). In turn, this has prompted
new research efforts regarding the distribution of permafrost in
high-altitude areas and the role of the permafrost warming in the
hydromechanical behaviour of ice-bearing rocks and sediments (e.g.
Magnin et al. 2015a; 2015b; Myhra et al. 2017; Magnin et al. 2017,
2024, b; Cathala et al. 2024a). Furthermore, this has also lead to
further needs in developing new non-intrusive tools and methods to
characterize the properties of porous and fractured bearing-ice ma-
terials and monitor their hydromechanical behaviour as a function
of temperature (Magnin et al. 2015; Herring et al. 2023; Offer et al.
2025; Chen et al. 2025).

Electrical resistivity is broadly used to characterize permafrost
since there is a change from a conductive phase (the liquid pore wa-
ter) to a relatively resistive phase (the ice) (e.g. Hauck 2002; Hauck
& Vonder Miihll 2003; Hauck et al. 2003; Krautblatter et al. 2010;
Keuschnig et al. 2017; Mollaret et al. 2019; Scandroglio et al. 2021).
However, electrical resistivity cannot be considered as a stand-alone
technique because it depends on two contributions called hereinafter
the bulk and surface conductivities (see Duvillard e al. 2018, 2025;
Moser et al. 2025). Furthermore, in the context of permafrost in-
vestigations and analysis, a limitation arises from the fact that the
resistivity ranges of other non-icy materials can overlap with that
of ice, leading to potential misinterpretations of the field data. This
has led some authors to oversimplify the petrophysical models used
to interpret electrical resistivity data by keeping only Archie’s law
(Archie 1942) as a conductivity equation describing the bulk con-
ductivity component of rocks and sediments. Neglecting surface
conductivity in low-salinity environments (e.g. Herring et al. 2019,
2021) is perhaps a questionable assumption because the bulk con-
ductivity contribution is directly proportional to the salinity while
the surface conductivity is poorly dependent on the salinity (e.g.
Waxman & Smits 1968; Duvillard et al. 2018). In this paper, we will
demonstrate that this assumption is not tenable anymore. Looking at
the strength of surface conductivity with respect to the bulk conduc-
tivity contribution is the first of our four main goals in this scientific
contribution.

Induced polarization is an extension of the electrical resistivity
method (e.g. Olhoeft 1981a, b). In addition to measuring the elec-
trical conductivity (the inverse of the resistivity), this non-intrusive
geophysical method focuses on the measurements of the quadra-
ture conductivity (frequency-domain) or normalized chargeability
(time-domain). These two properties, which are proportional to each
other (Revil ef al. 2017a), characterize the ability of a porous mate-
rial to reversibly store electrical charges under an applied (imposed)
electrical field (Vinegar & Waxman 1984; Titov et al. 2002). A rock
can be considered as an equivalent circuit with two resistors in paral-
lel to a resistor and a capacitor (e.g. Vinegar & Waxman 1984; Revil
2012, 2013; Fig. 1). One resistor represents the current though the

pore space, one resistor represents the conduction through the dif-
fuse layer coating the surface of the grains (frequency independent
when the diffuse layers form a continuous path along the mate-
rial). The last two elements are a resistor in series with a leaking
capacitance representing the role of the Stern layer in the conduc-
tion/polarization of the grains. Above the freezing temperature and
in absence of metallic particles (especially semiconductors such as
pyrite and magnetite), this ability is essentially due to the polariza-
tion of the electrical double layer (EDL). This EDL (composed by
the Stern and diffuse layers, its inner and outer parts, respectively)
coats the surface of mineral grains and the grains behave as giant
dipoles when submitted to an electrical field or current (Vinegar &
Waxman 1984).

Quantitative works using galvanometric induced polarization in
the context of permafrost study are scarce (e.g. Duvillard et al. 2018;
Abdulsamad et al. 2020; Maierhofer et al. 2022; Fereydooni et al.
2024, 2025; Moser et al. 2025; Limbrock et al. 2025). Duvillard
et al. (2018, 2021) and Abdulsamad et al. (2020) developed an
induced polarization model based on the dynamic stern layer (DSL)
concept. In presence of ice, their model was developed under the
assumption that the rock behaves as a closed system (water and
especially salts cannot escape the volume under consideration).
There are two other goals to this paper. The first is to develop a
generalized complex conductivity model to comprehend complex
conductivity spectra in a broad range of temperatures including
below the freezing temperature. In this paper, we first expand the
model of Duvillard ef al. (2018) by (i) considering open or closed
conditions and (ii) we investigate the direct effect of ice on the DSL
model in ice-bearing porous rocks and sediments. Indeed, ice itself
is a dirty protonic semiconductor. The second goal is to extensively
investigate the role of the ice water interface as being responsible
for a strong frequency-dependent additional surface conductivity,
which can provide ice with an equivalent bulk conductivity that is
frequency dependent and a very strong chargeability.

Finally a fourth goal of our paper is to test the predictions of this
extended model on a complete database using 25 well-characterized
rock sample data to document the value of the exponential freezing
curve introduced by Duvillard ef al. (2018). In doing so, we will
neglect the role of the Maxwell-Wagner—Sillars contribution that for
unfrozen materials can be seen only at frequencies above 100 Hz to
100 kHz depending on the cation exchange capacity of the material
(Fig. 2). A comparison between laboratory data and field data for
granite is performed using a data set obtained at the Aiguille du Midi
(3842 m a.s.l.) in the French Alps to demonstrate the validity of our
petrophysical results when compared to direct field measurements.
Further discussions of this model to field data are provided in the
second paper of this series for three case studies (Revil ez al. 2025).

2. THEORETICAL MODEL

2.1. General considerations

We consider a representative elementary volume (REV) of a frac-
tured or porous ice-bearing rock or sediment (Fig. 3). This REV is
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Figure 1. Electrical behaviour of a porous material without ice. (a) Representative elementary volume of a rock without ice but in presence of clay minerals.
The sketch shows also a fully polarized clay particle under the influence of an external electrical field. F denotes the formation factor, o, the pore water
conductivity and og® and 08 the instantaneous and DC (Direct Current) surface conductivity, respectively and M, the normalized chargeability. (b) Equivalent
circuit when the diffuse layers of the minerals overlap. The resistances R, R, and R3 are associated with the bulk conduction, the diffuse layer conduction and
the Stern layer conduction, respectively, while the capacitance /#; denotes a Warburg (leaking) capacitance associated with the Stern layer polarization. (c¢)
Structure of the double layer with the diffuse and Stern layers (OHP stands for the Outer Helmholtz plane).

considered to be homogeneous and isotropic for the sake of sim-
plicity but our model could be easily extended to anisotropic porous
rocks considering that the formation factor is a second-order sym-
metric tensor. We also do not consider here hysteretic effects asso-
ciated with freezing and thaw, also for the sake of simplicity. The
REV can be considered as a closed or open system relative to pore
water and salt flow and we discuss below the difference between
the two assumptions considering the electrical properties of the
material undergoing freezing. This assumption is critical regard-
ing salinity change associated with temperature change below the
freezing temperature since the ice itself remains usually salt-free.
Finally, we consider electromagnetic fields to be harmonic with a
pulsation frequency w.

With the previous assumptions in mind, the total current density
J (A m~2) entering Ampere’s law,

VxH=1J, (1)

(H being the auxiliary magnetic field, expressed in A m™!) is

given by,
aD

J=0"E+ —. 2

o"E + o7 (2)

Eq. (2) can be seen as a generalized Ohm law (see Vinegar &

Waxman 1984). The current density expressed includes the con-

tributions of electromigration, electrodiffusion plus a displacement

current density. Usually the contribution of electromigration and
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Figure 2. Typical complex conductivity spectra for low- and high-cation
exchange capacity (CEC) porous materials. We see that the importance
of the Maxwell-Wagner—Sillars contribution depends on the CEC of the
material. For smectite-rich materials, we cannot even see it at 45 kHz.

0 Oxygen

(a) Representative volume (b) Ice crystal ® Hydrogen

O Coarse grains = Clay particles

Figure 3. Porous material with ice. (a) Representative elementary volume
of a rock with ice and clay minerals. (b) The ice can be considered as a
dirty protonic semiconductor and is susceptible to polarize if the current is
forced to go through the crystals. That said the crystals are usually more
resistive than the surrounding matrix and the current would flow around
them. Another possibility is the polarization of the ice through the charge
located on its surface.

electrodiffusion are collected in a complex conductivity term o*
(Vinegar & Waxman 1984). The displacement field D itself (in C
m~?) is related to the electrical field E (V m~') by D = exE where
ex (F m™') denotes the complex-valued permittivity. In the fre-
quency domain and for harmonic excitations, the expression of the
effective (apparent) conductivity 6* and effective (apparent) effec-
tive (apparent) permittivity £* are given as (e.g. Vinegar & Waxman
1984),

V xH=6"E(=iwét*E), 3)

where i> = —1 (i denotes the pure imaginary number). Furthermore,
assuming (1) K unique dielectric polarization mechanisms, (2) N
unique induced polarization mechanisms (e.g. associated with dis-
tinct electrical double layer polarization mechanisms or polarization
mechanisms of semiconductors), (3) small conductivity and dielec-
tric increments for each polarization mechanism and (4) that each
polarization mechanism can be described by Cole—Cole parametric
model at the scale of the REV (Cole & Cole 1941), then we can
write the effective (apparent) conductivity and effective (apparent)
permittivity as

N 00

0 K 0 o0

s or —o, , &) — &}
= — _— —_— |, 4
6" =0x Z T+ Gor,)” +iw |:Soo + ; T +(ia)tk)"":| (@)

n=I1
K 0 00 : N o) 0
. &, — &7 i oX —o,
& =60 + —— — — |05 — ———, (5
« ; I+ (o)* o < « ; 1 +(ia)r,,)"'> )

where the high-frequency conductivity and permittivity are given by,

N

O =Y 0, (6)
n;l

oo = ) &7, Q)
=1

In these equations, 7; (in s) denotes a relaxation time for the
dielectric polarization process labeled k, ¢ and £2° denote the low-
frequency and high-frequency dielectric constants for the polariza-
tion process k (Ag, = &) — £ is called the dielectric increment),
and 0 < ¢4 < 1 denotes the Cole—Cole exponent for the dielectric
polarization process k, o and o denotes the low-frequency and
high-frequency conductivities associated with the induced polariza-
tion contribution 7 (6,>° — ¢ is called the normalized chargeability
of contribution # or the induced polarizability increment), 7, de-
notes the relaxation time for the «-contribution n and 0 < ¢, <1
(dimensionless) denotes the Cole—Cole exponent 7.

For instance, we can consider simply two polarization processes
(n = 2) and one dielectric polarization process (k= 1). The induced
polarization model is associated with the polarization of the elec-
trical double layer coating the clay particles present in the rock plus
the effect of the ice acting while the dielectric polarization model
is associated with the Maxwell-Wagner—Sillars polarization mech-
anism associated with the discontinuity of the displacement current
at the interface between the different phases of the porous composite
including ice (e.g. Revil et al. 2015a, b; Misra et al. 2016a, b). In the
next sections, we describe two of these polarization mechanisms.
However, because the ice polarization is characterized by a very
high-polarization increment (as demonstrated below) and because
ice and the EDL polarization associated with minerals occur more or
less in the same frequency domain, we cannot use the superposition
principle simply described by eqs (4) and (5). We need to directly
combine ice and EDL polarization together by first formulating the
problem with ice being a non-polarizing component.
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Figure 4. Polarization of the ice. (a) In a porous material, ice subdomains
are generally embedded into the conductive liquid water. This means that
because of their low-electrical conductivity, the electrical current would not
penetrate into the ice subdomains to polarize them. The only polarization
that may takes place for ice would occur because of their surface charge
and associated electrical double layer. (b) Ice in a glacier with coarse grains
or bounders. In this case, the electrical current lines can flow into the ice
and would polarize the ice as a protonic semiconductor. (¢) Specific surface
conductivity (in S) of ice as a function of the frequency and for four different
temperatures (experimental data for the specific surface conductance from
Caranti & Illingworth 1983). M denotes the chargeability.

2.2. Contribution associated with the double layer in an
open system

In this section, we do not consider the direct effect of ice in the
polarization of the porous rock. We first assume that the change
of water into ice is slow enough so the salinity of the pore water
can equilibrate with an infinite reservoir in contact with the porous
material so there is no increase in salinity during the transformation
of liquid water into ice (open REV). We strongly believe that this
assumption hold for permafrost occurring over long timescales.
With these assumptions, the complex conductivity of the porous
material with inert ice can be written as (Duvillard et al. 2018)
1
oo — ®)
1+ (ior)"

where the instantaneous conductivity o°, the DC (Direct Current)
conductivity o, and the normalized chargeability M are given by

Induced polarization and permafrost 5

(see Duvillard ef al. 2018, for a detailed derivation and Revil 2012,
for the fundamental development of the DSL model)

o =0"0y + 60" py B CEC, 9)
o) = 0"ay, + 0™ py(B — 1)CEC, (10)
M} = 6" p,x CEC, (11)

respectively and where oy, denotes the pore water conductivity (S
m~"), p, denotes the mass density of the grains (2700 kg m~> for
silico-clastic materials and 2900 kg m~3 for carbonates and lime-
stones), 6 is the water content (at saturation it is equal to the poros-
ity ¢), m > (dimensionless) is called the first Archie’s exponent
of Archie’s law, the CEC (C kg™') denotes the Cation Exchange
Capacity of the material and A and B are two composite mobilities
(in m? V~! s71) for polarization and conduction, respectively. The
contribution involving the CEC in eqs (9) and (10) corresponds to
the surface conductivity while the first contribution corresponds to
the bulk conductivity (see Fig. 1). The polarization increment M
corresponds to the contribution of the Stern layer to the electrical
conductivity. When the system is above the freezing temperature
(T = Ty, T denotes the temperature in °C), we assume that the
porous material is water-saturated and 6 = 65 = ¢ (the water con-
tent is equal to the water content at saturation s which is equal to the
connected porosity ¢). Below the freezing temperature (7 < Tf),
we assume there is a decrease in the liquid water saturation and the
water content obeys 6 < ¢. If the system is open, the salinity will
remain the same as long as it has the time to equilibrate with the
surrounding reservoir.

2.3. Contribution associated with the double layer in a
closed system

If the system is closed, there is an increase in the salinity associ-
ated with the formation of ice (assuming the ice is salt-free) when
temperature decreases. So, we have (Duvillard ez al. 2018),

0 =6"" (o + Bp,CEC), (12)
0 __ om—1

o) =0""" [y + pe(B — 1)CEC], (13)

M! = 6" pa CEC. (14)

Our assumption is that this is typically the case of laboratory
experiments. We see that directly comparing laboratory and field
experiments may be misleading when the bulk conduction mecha-
nism dominates the overall conductivity response of the material.
Note however that when surface conductivity dominates the over-
all conductivity response of the material, the freezing response in
closed or open condition is the same. This will be discussed further
in the last part of this paper.

The liquid pore water and surface mobilities entering the previous
model depend on temperature and if a liquid water/electrolyte is
present down to the eutectic temperature (~ —21 to —23 °C), these
quantities follow a (classical) linear temperature dependence with 7
(T'is the temperature in °C) (see Duvillard e al. 2018, and references
therein),

ow(T) = ow(To) (1 + aw(T — Tp)) ., (15)
MT) = MTo) (1 + (T — T)) ., (16)
B(T) = B(To) (1 + a(T — 1)), a7
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Table 1. Petrophysical properties of the 25 core samples used in this study. For the CEC, we have 1 cmol kg=! =1
meq/100 g = 963.20 C kg~
Sample Type Porosity ¢ CEC F os
) (meq/100 g) (-) (107*sm™
ETAC-01 Micaschist 0.043 1.98 75.6 2.62
ETAC-02 Micaschist 0.012 1.56 303.2 2.50
ETAC-03 Micaschist 0.013 0.56 252.4 3.07
ETAC-04 Micaschist 0.013 1.43 306.1 2.71
ETAC-05 Micaschist 0.038 161.8 7.04
GRO-01 Granite 0.048 1.67 415.7 1.36
GRO-02 Granite 0.046 4.66 97.0 0.99
GRO-21a Granite 0.018 6.56 127.8 1.21
GRO-21b Granite 0.037 2.51 93.7 0.50
KAN-02 Granodiorite 0.022 0.68 932.9 0.18
KAN-03a Granodiorite 0.014 0.36 315.0 0.03
KAN-03b Granodiorite 0.022 0.47 228.8 0.32
THAB-02 limestone 0.022 3.74 168.8 6.46
THAB-03 marble 0.006 2.538 1067.2 0.27
THAB-04 marble 0.008 0.13 639.5 2.05
THAB-05 marble 0.022 1.01 358.9 321
HELB-04 Granite 0.010 2.28 774.8 0.96
LAURI-01 Granite 0.012 1.25 777.9 0.90
MON-01 Paragneiss 0.009 1.30 292.5 2.74
MOURTI-02 Gneiss 0.016 0.47 225.4 3.58
MONET-01 Cargneule 0.420 1.59 7.8 0.01
MONET-02 Marl 0.031 5.63 188.7 5.06
SISI-01 Tonatilite 0.032 422 82.8 6.92
SISI-02 Tonatilite 0.015 5.68 493.5 3.97
SISI-03 Tonatilite 0.026 3.01 286.4 1.41

where 7j denotes the reference temperature (7, = 25 °C), and
oy ~ 0.022 + 0.003/°C denotes the linear temperature coefficient
(e.g. Vinegar & Waxman 1984; Revil er al. 2017a). The dependence
of the mobility of the ionic carriers in the pore liquid water is due to
the temperature dependence of the dynamic viscosity of the liquid
pore water.

2.4. The freezing curve

The rate of freezing and thaw with temperature depends on the pore
size distribution (Luo et al. 2024, 2025 and references therein).
Therefore, depending on the pore size distribution, liquid water can
be present down to a temperature of —23 °C. Duvillard et al. (2018)
introduced the following simple freezing curve for the water content
(see also Coperey et al. 2019),

@—0)exp (- 152) +6, T = T
¢, T > Tf

o(T) = { (18)
where 7r < 0 °C denotes the macroscopic freezing temperature,
¢m = ¢ — 6, (dimensionless) denotes the maximum volumetric ice
content at low temperature, ¢ denotes the porosity (dimension-
less), O, the residual water content and where the temperature 7’
and the critical temperature 7¢ are expressed in °C. As explained
below, the critical temperature reflects the effect of the pore size
distribution on the pregressive freezing of the material when tem-
perature decreases. The ice content at a given temperature is given
by 0;(T)~ ¢ —0(T) < ¢m, T < Tr. Eq. (18) is chosen in such a
way it provides a fully liquid water saturated material at 7 = T%
and a residual pore water at low temperatures (around —23 °C) cor-
responding to pockets of saline water and water films between the
ice crystals themselves and the ice crystals and the minerals. The
choice of the freezing curve accounts for the pore size-dependent

freezing/melting point associated with the curvature of the pores, a
phenomenon known as the Gibbs—Thomson effect (Wan et al. 2020,
and references therein).

During freezing, it is often assumed that ice forms first in the
largest pore and when temperature decreases, it forms in smaller
and smaller pores growing from inside the pores by keeping a water
film at the mineral/ice interface (Anderson et al. 2009). This point
of view has, however, been recently challenged by recent studies
(e.g. Jia et al. 2019) that may provide evidence that this may not
be always the case. For instance, Nuclear Magnetic Resonance data
may suggest that capillary bound water in small pores could be
freezing before large pores. P-wave testing on frozen rock samples
also suggests that a simple ice formation in larger pores cannot ex-
plain the measured response (Dou et al. 2016). In all cases, however,
at a given temperature, there is a salinity variation through the pore
space of the porous material that may take some time to equilibrate.
During thawing, ice melts first in smaller pores at lower tempera-
tures. When thawing is investigated, the melting temperature of ice
Tw is different from the freezing temperature 7. This effect plays
a critical role in hysteretic behaviour of the freeze/thaw (freezing
characteristic) curves and the resulting complex conductivity. Be-
cause of the stress and strain conditions during freezing, there may
be also changes in the pore geometry of soft sediments like soils
that may impact in turn the contributions of bulk and surface con-
duction. As mentioned above, such effects will not be considered in
this paper.

2.5. Ice as a semiconductor: should it be considered?

In Sections 2.2 and 2.3, we have assumed that ice is inert with respect
to polarization. For crystalline rocks, it does not matter because the
total amount of ice remains small but if the porosity of the material is
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Figure 5. Cole—Cole properties of ice. (a) Chargeability and Cole—Cole exponent. (b) Instantaneous specific surface conductivity of ice versus temperature.
(¢) Relaxation time versus temperature. (d) Ice crystal showing the different crystalline planes hexagonal ice. The surface of the crystal planes is covered by
an electrical double layer comprising a Stern layer and a diffuse layer (Daigle 2021). The relaxation time is likely associated with the size of the ice crystals

explaining the Debye-type value of the Cole—Cole exponent (above 0.6).

high, the direct polarization effect of ice would be more pronounced.
Three questions arise (i) in what frequency range ice is expected to
polarize? (i) What is the effect of the volume fraction of ice in the
strength of this polarization? And (iii) what is the mechanism of ice
polarization? Is it a bulk or an interfacial polarization mechanism?

It is well-established that ice is a dirty protonic semiconductor
with different types of mobile charge carriers including ionic con-
tributions associated in its crystalline framework, holes and protons
in the crystalline framework (Eigen & Maeyer 1958). Its surface is
also known to conduct electricity (Bullemer & Rielh 1966). Accord-
ing to the literature review made by Kulessa (2007), the electrical
conductivity and polarization of ice at a given temperature are con-
trolled by the amount and type of impurities and their distribution
in the network of electrically coupled grain boundaries, ice crystal
lattices, veins and triple junctions (junctions between three ice crys-
tals, see Auty & Cole 1952; Bullemer & Rielh 1966; Mader 1992;
Petrenko & Whitworth 1999).

However, ice remains always a pretty poor electrical conduc-
tor and this remains true even at high frequencies (10 kHz). This
behaviour is very distinct from other well-studied semiconductors
such as pyrite and magnetite (Shuey 1975). As shown in Figs 4(a)
and (b), ice can be present in different proportions in the subsurface

of the Earth; for the theory developed by Revil ez al. (2015a, b) for
semiconductors to apply, the volume fraction of ice should be both
high (therefore at very low temperatures, below —15 °C, in highly
porous bodies, porosity >30 per cent) and the conductivity of ice
should be greater than the conductivity of the background material.
Clearly these conditions are fulfilled only for ice glaciers with a
high proportion of ice (Fig. 4b).

In the case sketched in Fig. 4(a), the electrical current lines would
not penetrate into the ice crystals because of their high resistivity
with respect to the liquid pore water around them. If we consider an
equivalent network of resistances, the electrical current would flow
in the high-conductive paths as long as there are above a percolation
threshold. Therefore only the surface of the ice crystals is expected
to polarize through the electrical double layer coating their surface
(like for clays). Regarding this EDL, Daigle (2021) demonstrated
that 99 per cent of the countercharge in the double layer at the
ice/liquid water interface is in the Stern layer. We advocate conse-
quently for a very strong role of the water film at the surface of
ice in its polarization in agreement with the seminal paper of Jac-
card (1967) and later those of Caranti & Illingworth (1983), Bitelli
et al. (2004), Kozhevnikov & Antonov (2012) and Kozhevnikov
(2022).
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Table 2. Petrophysical properties of the 25 core samples used in this study at 20 °C. The normalized chargeability is

here computed as the difference between the in-phase conductivity at 10 kHz and 10 mHz.

Sample o’(10 mHz) Sm™! o’(10kHz) Sm™! M, Sm™! 0’3Hz) Sm~!
ETAC-01 3.47e—04 3.87e—04 3.93e—05 2.35e—06
ETAC-02 2.72e—04 3.48e—04 7.58e—05 3.26e—06
ETAC-03 3.28e—04 4.08e—04 7.94e—05 5.88e—06
ETAC-04 2.86e—04 3.30e—04 4.41e—05 2.55e—06
ETAC-05 7.28e—04 8.34e—04 1.06e—04 1.27e—05
GRO-01 1.71e—04 2.11e—04 3.94e—05 2.49¢—06
GRO-02 2.83e—04 3.36e—04 5.22e—05 4.79e—06
GRO-21a 3.76e—04 4.86e—04 1.10e—04 1.02e—05
GRO-21b 3.30e—04 4.11e—04 8.06e—05 5.77e—06
KAN-02 1.87¢—05 3.07e—05 1.20e—05 2.55e—07
KAN-03a 9.17e—05 1.07e—04 1.50e—05 1.08e—06
KAN-03b 8.98e—05 1.35¢—04 4.54e—05 2.24e—06
THAB-02 7.42e—04 8.87e—04 1.45e—04 1.05e—05
THAB-03 3.62e—05 6.95¢—05 3.33e—05 2.48e—06
THAB-04 2.19e—04 2.84e—04 6.44e—05 3.24e—06
THAB-05 3.51e—04 6.93e—06
HELB-04 1.43e—04 2.09e—04 6.62e—05 2.49e—06
LAURI-01 1.04e—04 1.41e—04 3.71e—05 1.74e—06
MON-01 2.98e—04 5.88e—04 2.90e—04 2.24e—05
MOURTI-02 4.09¢—04 4.58e—04 4.86e—05 4.26e—06
MONET-01 1.33e—03 1.52e—03 1.91e—04 2.09e—05
MONET-02 5.14e—04 5.86e—04 7.22e—05 7.58e—06
SISI-01 7.31e—04 1.13e—03 4.03e—04 5.65e—05
SISI-02 2.98e—04 8.91e—04 5.93e—04 4.96e—05
SISI-03 1.75e—04 2.20e—04 4.50e—05 3.93e—06

Caranti & Illingworth (1983) measured the surface conductivity
of ice crystals. This surface conductivity can be characterized by a
specific surface conductance or conductivity (in S) ¥s(w), which is
measurable. The data shown in Fig. 4(c) (from Caranti & Illingworth
1983) indicate that the low-frequency polarization of ice occurs in
the frequency range 1-10° Hz. The fact that ice polarizes above
1 Hz will be important in what follow. Furthermore, ice crystals
can be considered as nearly perfect capacitors with a chargeability
close to 1 (Fig. 4c). This high polarizability is mostly due to the
frequency dependence of their surface conductivity. Since this data
set can be fitted by a Cole—Cole model, we can write the complex
specific surface conductivity of ice (in S) as

o M;
T * () = X (1 - m) , (19)

where X (in S) and M; (dimensionless) denote the instantaneous
specific surface conductivity (which has the dimension of a con-
ductance in S) and chargeability of ice, respectively while 7; (in s)
and ¢; (dimensionless) denote the relaxation time and Cole—Cole
exponent of ice, respectively. It is likely that the Cole—Cole expo-
nent describes the broadness of the ice crystal size distribution. To
give an idea of the Cole—Cole parameters, at —10 °C, we have X
=22x10778, M; =098, 7, =19 x 107 sand ¢; = 0.60 from a
fit of the data by Caranti & Illingworth (1983). The low-frequency
surface conductance of the surface layer of ice (Ih) = is on the or-
der of 1077 S, which can be compared to the 107!° S value reported
by Jaccard (1967) at —11 °C. The value of the relaxation time is
close to the value provided by Petrenko (1993), ; & 5 x 107> s at
—10 °C. Kozhevnikov & Antonov (2012) reported, thanks to time-
domain electromagnetic data, a time constant comprised between
5 x 107 and 10 x 107> s (see also discussion in Kozhevnikov
2022). The very high value of the instantaneous conductivity X
(compared to clay minerals for which it is close to 10~ S) implies

that the charge carriers on the surface of ice are likely proton, possi-
bly moving through Bjerrum defects on the hydration layer coating
the surface of the crystals. Writing £° = S(H")Qs (where S(H)
is the mobility of the proton on the ice surface and Qg denotes the
surface charge density) and using B(H*) =9 x 1078 m? s~! V™!
(consistent with Petrenko & Maeno 1987, and Table 1 of Stillman
et al. 2013), we have Qg = 2.4 C m~2, that is, ~15 elementary
charges per nm?. This implies that the surface of ice is an excellent
conductor (high value of %) at the opposite of its bulk component,
a point that has been overlooked in the literature in geophysics. Fur-
thermore this implies that most of the charges remain blocked in
DC conditions. These protons would remain blocked at the edge of
the crystals (in the direction of the electrical field) Since they are
locked on the surface of the ice crystals (tangential but no radial
movements). The only Direct Current (DC) component remaining is
the diffuse layer component, which is very weak in terms of charge
density according to Daigle (2021) (most of the countercharge oc-
curs in the Stern layer). In Fig. 5, using the same data set as above,
we look at the temperature dependence of the ice properties below
the freezing temperature. The relaxation time is temperature inde-
pendent while the instantaneous surface conductivity varies linearly
with temperature.

It follows from the previous arguments that the electrical field
has no need to penetrate inside the ice crystals to polarize the bulk
volume of ice. It is likely that the specific surface area of the ice
crystals play a critical role and since the specific surface area and
the volumetric content of ice can be somehow interelated, we use
the volumetric ice content as critical state parameter. Note that
Maeno & Nishimura (1978) show that ice can have a large range of
surface conductivities based on the ice surface conditions. Going
a bit further, it means that ice would come into play in the overall
polarization process only if its volumetric content is higher than a
critical value. For crystalline and low porosity rocks, the ice content
would remain low (smaller than the porosity, which is small) and
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Figure 6. Pictures of the core samples. Most rock samples are crystalline rocks characterized by a rather low porosity (<5 per cent). The samples named
ETAC come from Etache close to the Vanoise Park (France), the GR samples are from Greenland, the GRO samples are also from Greenland as well as the
KAN samples, the THAB are from the Thabord site (Duvillard ef al. 2025), the HELB are from the Helbronner in Italian Alpes, LAURI is from the Ecrin Park
(France), the MOURTI is from the Valais Alps in Switzerland, the MON (paragneiss) is from Mont-Fort (Switzerland), the MONET samples are from Monetier
(MONET-01 is a cargneule from the dolomitic Triassic formation), and finally the SISI samples are from Greenland. The properties of the core samples are

reported in Tables 1 to 4.

the direct effect of ice as a capacitor would be difficult to observe.
So the first conclusion we can draw is that the direct effect of ice is
difficult to observe in crystalline rocks.

We can go one step further in our modeling effort. A relatively
insulating crystal with a frequency-dependent surface conductivity
s * (w) can be assimilated to a crystal with an equivalent bulk
conductivity ~ Xg % (w)/d where d is the crystal size (e.g. Revil &
Glover 1997). Using eq. (19) with a proper renormalization of the
specific surface conductivity to a bulk equivalent conductivity, we
can write the conductivity of ice as

M;
Pl . < - (20)
1+ (io7)"

ot o (U0 @1
1+ (io7)"

since the chargeability of ice is close to 1. In order to have an idea
of the instantaneous conductivity 6,>°, we can look at the equivalent
conductivity of ice at high frequencies (here ~10 kHz). The litera-
ture provides values around 2 x 1075 S m~! (50 000 Ohm m). The
instantaneous conductivity of ice can be written as,

0 = p;i Bi CEC;, (22)

where p;, B; and CEC; denote the mass density of ice (kg m™),
the mobility of the protons (m? s~! V1), and the Cation Exchange
Capacity of ice (C kg™"). In order to compute the CEC of ice, we

need to know the size of the crystals, which is in turn known to be
related to the kinetics of freezing. Fast freezing favours ice crystals
in the form of needle-like rods with sizes in the range 0.5-100 um
(e.g. Hou et al. 2021). Slow freezing favours ice crystals in the form
of block-like particles with sizes >100 pum. Taking a crystal size
of 1 um and a surface charge density of 15 elementary charges
per nm? (2.4 C m~2), we get a CEC; equal to ~10 meq/100 g, so
a value comparable to kaolinite. This is not an exceptionally high
value compared to clay minerals.

2.6. A generalized complex conductivity model

Since ice is nucleating and growing in the pore space of the porous
material and following the previous statements and observations, we
propose to add the ice polarization to the EDL polarization occurring
in the pore space of the rock/sediment. Combining eqs (8) and (20),
the following complex conductivity for a rock undergoing freezing

is obtained
M,
! ) , (23)

o =[Ul +¢,Ul]<l—m

where M; = M!/o°. We assume that the direct contribution of
ice to polarization of the rock mixture can be added (through its
volumetric portion) to the high-frequency conductivity of the rock.
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Table 3. Petrophysical properties of the 25 core samples used in this study. Parameters relevant of the in-phase conductivity versus temperature. The experiments
are performed at the pore water conductivity o reported in the second column at 7 = 25 °C (the temperature dependence of the liquid pore water conductivity

is given in the main text).

Sample ow(25°C, Sm™1) o’ (To)(10~* Sm™1) ar(°C™h) Tr(°C) Tc(°C) 0:(—)
ETAC-01 0.007 422 0.021 -2 —1.02 0.0029
ETAC-02 0.010 4.03 0.019 —6 —0.75 0.0006
ETAC-03 0.010 474 0.021 -6 —0.83 0.0013
ETAC-04 0.010 5.01 0.019 -2 —1.92 0.0010
ETAC-05 0.007 11.0 0.020 -2 —2.40 0.0020
GRO-01 0.018 1.69 0.021 -3 —0.75 0.0037
GRO-02 0.019 3.35 0.021 -3 —1.10 0.0193
GRO-21a 0.042 3.93 0.021 -2 —0.38 0.0095
GRO-21b 0.042 2.92 0.022 —4 —0.66 0.0150
KAN-02 0.009 0.25 0.021 -5 —0.71 0.0004
KAN-03a 0.038 0.89 0.019 —4 —0.99 0.0009
KAN-03b 0.038 0.92 0.020 —4 —0.75 0.0009
THAB-02 0.015 8.17 0.021 -2 —1.90 0.0020
THAB-03 0.015 0.32 0.019 —4 —1.20 0.0030
THAB-04 0.017 2.10 0.022 —4 —1.00 0.0040
THAB-05 0.017 4.05 0.023 -2 —0.13 0.0020
HELB-04 0.013 121 0.024 -2 —1.80 0.0030
LAURI-01 0.016 0.71 0.022 -2 —1.50 0.0030
MON-01 0.020 4.00 0.021 0 —1.65 0.0022
MOURTI-02 0.018 420 0.020 -3 —1.05 0.0068
MONET-01 0.012 21.6 0.021 -2 —0.51 0.0060
MONET-02 0.012 5.98 0.021 -2 —1.43 0.0088
SISI-01 0.010 10.7 0.025 -3 —0.40 0.0130
SISI-02 0.010 4.90 0.024 -3 —0.60 0.0100
SISI-03 0.012 2.01 0.021 -3 —0.85 0.0036

Reworking the ice contribution, we obtain:

N x (fwt)" B M,
7= [01 ey (1 +(iwri)ci>] (1 1+ (iot)" ) 24

The instantaneous conductivity of the mixture is obtained as,
O = 0° + 907, (25)

0o = 0" 0y + 0" ' py BCEC + ¢, p; B;CEC;, (26)

while the DC (Direct Curent) conductivity o, remains unchanged
because of the very small contribution of the DC conductivity of
ice below 1 Hz. This yields:

00 ~ 0" 0y + 6" py(B — 1)CEC; @7

This is the second conclusion obtained in this section. Below
approximately 1 Hz, the DSL model developed in Duvillard et al.
(2018) remains valid. Above this frequency, an additional contribu-
tion would show up: the direct contribution of ice.

The chargeability is defined by,

000 — 00
M= ——.

(28)

Oco

Therefore using eq. (24) in the low- and high-frequency ranges,
we obtain after few algebraic manipulations, the following expres-
sion of the chargeability of the mixture:

_ 6"'p,ACEC + p; B, (¢ — 6)CEC;
070y + 6" ~1p, BCEC + (¢ — 0)p; BiCEC;

29

At low ice contents (¢ — 6 << 1) and with the surface conduc-
tivity associated with clay dominates the conductivity response, we
have M ~ R = A/B = 0.10 % 0.02 as discussed in Duvillard et al.
(2018) (the dimensionless number R introduced by Revil and co-
workers is independent on temperature and saturation, see Revil

et al. 2017a, note that for kaolinite R = 0.20, Piolat et al. 2025a). At
high-ice contents, the chargeability is proportional to the ice con-
tent and at very high-ice contents, we have M ~ 1, a point that we
will investigate further in the second paper of this series in which
we will show that this conclusion is consistent with both field and
laboratory data. Similar conclusion could be drawn by using the
Percentage Frequency Effect (sometimes called the Resistivity Fre-
quency Effect), which is proportional to the chargeability (Revil
etal 2017a).

2.7. Maxwell-Wagner-Sillars contribution

At the interface between water and ice, which have different con-
ductivities and permittivities, Maxwel-Wagner—Sillars polarization
(e.g. Sillars 1937; Cosenza et al. 2008) is likely to occur and exist
even at low frequencies. A process, however, can exist at low fre-
quencies and being mask at these low frequencies by the induced
polarization mechanisms described above. This is particularly well-
shown by Fig. 2, see Casotti et al. 2025a, showing that when the
CEC of the material increases, the critical frequency at which the
Maxwell-Wagner—Sillars polarization starts to be visible increases
at increasingly higher frequencies (>10 Hertz to 1 kHz, sometimes
above 10 kHz depending on the cation exchange capacity of the
material (Revil 2012, 2013). We can just consider that there is a
high-frequency polarization that can be modelled by a Debye or
a Cole—Cole model in order to retrieve the true induced polariza-
tion response of the material and that ice may have a strong effect
on the Maxwell-Wagner—Sillars polarization of the mixture (see
Zorin & Ageev 2017). In order to see the effect of icing on the
high-frequency response, we will plot the quadrature conductivity
of the rock or sediment at 1 kHz as a function of the tempera-
ture. Since at this frequency, the complex conductivity response
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measure the complex conductivity spectra in a broad temperature range (typically +15 °C to —15 °C) and frequency range (10 mHz to 45 kHz).

of the rock is dominated by dielectric effects associated with the
Maxwel-Wagner—Sillars polarization, we shall see no temperature
dependence above the freezing temperature and a temperature de-
pendence below the freezing temperature associated with the re-
placement of the liquid water (high-frequency relative permittivity
around 80) by ice (high-frequency relative permittivity around 3.2).

2.8. Summary of the model predictions

The model leads to five predictions that can be checked with exper-
imental data.

(1) Surface conductivity dominates bulk conductivity. This is
true above freezing conditions for low-salinity pore waters, this
remains true below freezing conditions in Alpine areas. There-
fore Archie’s should not be used as a conductivity equation but
remains valid as a relationship between the formation factor and
the porosity. By surface conductivity, we mean the conductivity
mostly associated with the CEC of the alumino-silicates above
and below the freezing conditions. Note that below the freezing
temperature, the presence of ice would further enhance surface
conductivity.

(2) Normalized conductivity and surface conductivity are pro-
portional to each other. This observation is truly crucial because it
offers a way to use induced polarization to infer surface conduc-
tivity in field conditions. We will check if it is still true below the
freezing temperature.

(3) Below 1 Hz, the conductivity and the normalized charge-
ability follows the same dependence with the temperature, which
can be described by an exponential freezing curve. This prediction
implies that we may use, in the future, induced polarization as a
geothermometer exactly the way induced polarization is used as a
geothermometer in hydrothermal systems (see Piolat et al. 2025b)
but for different reasons.

(4) For crystalline rocks, the direct polarization effects associated
with ice is expected to be difficult to observe because of the very
small volume fraction of ice with respect to the total volume of ice.
Indeed, the direct contribution of ice depends on the ice content.
The ice content cannot be higher than the porosity, which is low.

For highly porous rocks, the situation would be very different (for
instance for rock glaciers as discussed in the companion paper).

(5) At 1 kHz, if the Maxwel-Wagner—Sillars polarization domi-
nates the overall polarization response of a rock or a sediment, the
associated quadrature conductivity is independent of the tempera-
ture above the freezing temperature. The quadrature conductivity
depends on saturation of the liquid water phase below the freezing
temperature. As shown in Fig. 2, the Maxwel-Wagner—Sillars po-
larization may exist at much lower frequencies but would not show
up because of the induced polarization contribution, which depends
on the CEC of the material.

3. EXPERIMENTS

3.1. Development of an experimental database

We consider 25 core samples (Fig. 6) including 22 crystalline rock
and 3 sedimentary rocks (see Tables 1—4). The samples labelled
ETAC come from Etache close to the Vanoise Park (France, see
Cathala er al. 2024a). The samples labelled GR, SISI, GRO and
KAN are all from Greenland (Marcer et al. 2024; Marcer et al.
2025). The THAB samples are from the Thabord site (Duvillard
et al. 2025). The HELB are from the Helbronner in Italian Alps.
The LAURI sample is from the Ecrin Park (France). The MOURTI
sample is from Switzerland. More precisely the Pointes de Mourti
correspond to a mountain range in the Swiss Pennine Alps in the
Canton of Valais. The MON sample is from Mont-fort (Switzer-
land, paragness) while the MONET samples are from Monetier
(MONET-01 is a cargneule from the dolomitic Triassic formation,
Cathala er al. 2024b). The samples are chosen to help the inter-
pretation of field data at various test sites where the acquisition of
field data were performed (see the second paper of this series). The
samples are first dried during 24 hr at about 50 °C and then saturated
under vacuum with a very low pore water conductivity correspond-
ing to snow melt (the snow was collected at Val Thorens, its snow
melt conductivity at 25 °C is 10 uS cm™"). This snowmelt is rep-
resentative of the infiltrating water in most field conditions met in
Alpine environments. The samples were left in the solution at least
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Figure 8. Complex conductivity spectra. (a) In-phase conductivity of Sample LAURI (granite). (b) Quadrature conductivity of Sample LAURI (granite). (c)
In-phase conductivity of Sample ELB (granite). (d) Quadrature conductivity of Sample HELB (granite). MW stands for Maxwell-Wagner—Sillars polarization.

The lines are just guides for the eyes.

1 month until their pore water conductivity stabilizes, which was
checked by measuring their conductivity over time until asymptotic
conditions were reached. The pore water conductivity at equilibrium
with the minerals is higher than the initial pore water conductivity
and typically at 0.017 & 0.002 S m~' at 25 °C, i.e. 170 £ 20 uS
cm™! at 25 °C, so one order of magnitude higher than the snowmelt
water conductivity). This conductivity is the final conductivity of the
bucket in which the samples are stored after saturation the vacuum
chamber with the degassed snowmelt solution.

The complex conductivity measurements are performed with
the high-precision ZEL-SIP04-V02 impedance meter (see Fig. 7
and Zimmermann et al. 2008). The complex conductivity spectra
are obtained in the frequency range between 10 mHz to 45 kHz
by measuring the amplitude and phase of the impedance. We use

four self-adhesive carbon electrodes to perform the measurements
(Fig. 7).

The measured impedance is converted into complex conductiv-
ity using the geometric factor calculated based on the geometry
of the sample and the position of the ABMN electrodes (AB de-
note the current electrodes and MN the voltage electrodes). The
surface area of the electrodes is accounted for in the numerical cal-
culations. The samples are put in a plastic impermeable bag and
immersed into a thermally controlled bath (Kiss K6 from Huber;
see Fig. 7) with a solution of monoethylene glycol mixed with wa-
ter. The temperature of the bath is regulated by a precision of 0.1
°C and controlled by an independent thermometer. We investigated
the complex conductivity measurement over the range of 4+ 20 °C
to —15°C.
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Figure 9. Complex conductivity spectra. (a) In-phase conductivity of Sample MONET-01 (cargneule issued from dolomitic Triassic formations). (b) Quadrature
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(marl). MW stands for Maxwell-Wagner—Sillars polarization. The lines are just guides for the eyes.

In order to characterize the rock samples, we perform two ad-
ditional petrophysical measurements, the porosity and the CEC.
The CEC is determined using the cobalt hexamine chloride method
(Aran et al. 2008), which is a titration method of the surface ac-
tive sites of the mineral surface. Because clay minerals have a
high-specific surface areas, their CEC dominates the overall CEC
response of porous rocks. The porosity data are obtained using the
volume of the samples and their dry and water-saturated weights.
The values of the CEC and porosity data are reported in Table 1. As
expected, the porosity of most of the rock samples is very low (<4
per cent) and their CEC is comprised between 0.3 and 7 meq/100 g
with 1 cmol kg™! = 1 meq/100 g = 963.20 C kg~ !.

3.2. Complex conductivity spectra

Figs 8—10 display some representative complex conductivity spectra
of six samples. We display the in phase and quadrature conductivity
spectra. The in-phase conductivity characterizes the ability of the
rock to conductivity an electrical current and the quadrature con-
ductivity its ability to reversibly store electrical charges. Fig. 8(d)
(HELB granite) is a very good example why the electrical properties
should be evaluated over the frequency spectrum rather than evalu-
ated at a single frequency. This is due to the shift of the relaxation
peaks with the temperature itself. All the samples show a significant
decrease in the conductivity and quadrature conductivity with the
temperature with a characterized drop below the freezing tempera-
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Figure 10. Complex conductivity spectra. (a) In-phase conductivity of Sample THAB-02 (limestone). (b) Quadrature conductivity of Sample THAB-
02 (limestone). (¢) In-phase conductivity of Sample GRO-02-02 (granite). (d) Quadrature conductivity of Sample GRO-02-02 (granite). MW stands for
Maxwell-Wagner—Sillars polarization. The lines are just guides for the eyes.

ture. In the next sections, we first characterize the materials above
the freezing temperature at ambient temperature (25 °C) and then,
we will discuss their properties below the freezing temperature.

4. COMPARISON BETWEEN THE
MODEL AND THE EXPERIMENTS AT 25
°C

We first made some comparison between the DSL model and the
new set of experimental data at the temperature of 25 °C. In the next
section, we will investigate the case of the low-temperature data set.
This first step will allow to better characterize the rock samples and
to check some of the model predictions.

4.1. Archie’s law

The formation factor and surface conductivity of the rock samples
were first obtained at room temperature using three salinities (pore
water at equilibrium around 0.017 S m~" at 25 °C and two NaCl
solutions at 0.5 and 6 S m~! at 25 °C). Above the freezing tempera-
ture and assuming water saturation (0 = 05 = ¢,0s being the water
content at saturation), the instantaneous conductivity can be written
from eq. (9) (see also Waxman & Smits 1968) as (for 7 > 0 °C),
o = Tw
F
where F = ¢~ denotes Archie’s law (Archie 1942), ¢ (dimen-
sionless) the connected porosity and m (dimensionless) the first
Archie exponent. The quantity o$° (we use usually og) denotes the

+ o3, (30)
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Figure 11. Formation factor versus porosity for the samples used here ver-
sus the granites measured by Piolat et al. (2025). The value of the power-law
exponent m (called the first Archie exponent or the porosity or cementa-
tion exponent) is equal to 1.5 & 0.2, slightly smaller than the cementation
exponent recently reported in Piolat ez al. (2025)

(instantaneous) surface conductivity while oy, /F denotes the bulk
conductivity assumed to be the dominant conductivity contribution
in most studies performed to date. The formation factors are re-
ported as a function of the corresponding (connected) porosities
in Fig. 11. At room temperature, we fitted the porosity/formation
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factor relation (called Archie’s law) to obtain the mean value of
the Archie’s exponent m, which is equal to 1.5 £ 0.3. Low val-
ues of the cementation exponent in crystalline rocks may be in-
dicative of the presence of cracks or semiconductors as pyrite or
magnetite.

4.2. Importance of surface conductivity

In low-salinity environments, the surface conductivity associated
with conduction on the surface of minerals and ice is often neglected
and geophysical practitioners use Archie’s law as a conductivity
equation. This practice that is very common in the literature is
generally not supported by any experimental evidence. Assuming
Archie’s law as a conductivity equation yields,

0"~ P oy. (31)

By comparing eq. (31) with eq. (30), this implies that the bulk
conductivity dominates the surface conductivity. We are now in the
position to validate the first prediction of our model: Surface con-
ductivity is usually dominant in permafrost. Indeed, the pore water
conductivity in most environments hosting permafrost in mountain-
ous areas is very low and this supports the idea that not only surface
conductivity cannot be neglected but this is likely the dominant con-
duction mechanism. To validate this preduction, we first consider
the value of the pore water conductivity oy, obtained using melted
snow in equilibrium with the crushed mineral grains from the rock
samples (see Tables 3 and 4). Then, we compare oy /F and og in
Fig. 12.

Fig. 12 demonstrates that for most of the rock samples (with the
exception of 2 out of 25), surface conductivity is the dominant con-
duction mechanism or cannot be neglected at 25 °C. What about
at lower temperatures? Bulk conductivity decreases quicker with

Table 4. Petrophysical properties of the 25 core samples used in this study. Parameters relevant of the normalized chargeability versus temperature. The
experiments are performed at the pore water conductivity o reported in the table at 7p = 25 °C (the temperature dependence of the liquid pore water

conductivity is given in the main text).

Sample ow(25°C, Sm™") M, (To)(S m™") ar(*C™h Te(°C) Te(°C) 0:(=)
ETAC-01 0.007 8.70E—06 0.021 -2 —1.90 0.005
ETAC-02 0.010 1.03E—-05 0.019 -6 —-1.10 0.001
ETAC-03 0.010 2.40E—-05 0.021 —6 —0.90 0.002
ETAC-04 0.010 5.00E—05 0.019 -2 —1.92 0.003
ETAC-05 0.007 2.13E-05 0.021 —4 —1.20 0.007
GRO-01 0.018 7.75E—06 0.021 -3 —0.92 0.007
GRO-02 0.019 1.24E—-05 0.021 -3 —1.11 0.027
GRO-21a 0.042 1.52E—05 0.021 -2 —1.21 0.007
GRO-21b 0.042 1.04E—05 0.019 —4 —0.61 0.009
KAN-02 0.009 - - - - -

KAN-03a 0.038 2.11E-06 0.020 —4 —1.00 0.001
KAN-03b 0.038 9.00E—06 0.024 —4 —0.71 0.001
THAB-02 0.015 3.84E—-05 0.021 -2 —2.10 0.001
THAB-03 0.015 4.19E—06 0.015 —4 —2.00 0.004
THAB-04 0.017 9.61E—06 0.021 —4 —1.00 0.004
THAB-05 0.017 1.81E—-05 0.023 -2 —1.30 0.002
HELB-04 0.013 4.46E—06 0.024 -2 —1.10 0.005
LAURI-01 0.016 3.07E—-06 0.026 -2 —0.50 0.003
MON-01 0.020 1.50E—-05 0.021 0 —0.70 0.001
MOURTI-02 0.018 5.07E—05 0.019 -3 —1.23 0.019
MONET-01 0.012 1.75E—04 0.022 -2 —0.59 0.045
MONET-02 0.012 4.89E—05 0.017 -2 —2.00 0.013
SISI-01 0.010 9.70E—05 0.022 -3 —0.73 0.014
SISI-02 0.010 1.25E-04 0.022 -3 —0.60 0.010
SISI-03 0.012 9.6 E-06 0.020 -3 —0.82 0.004
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Figure 12. Comparison between the surface conductivity versus the bulk
conductivity component. The experimental data indicates that surface con-
ductivity is, for most of the samples the dominant conduction mechanism.
For most of the samples (bulk conductivity dominant), the surface conduc-
tivity component cannot be totally neglected since the data points are located
close to the isoconductivity line (which corresponds to the line for which
surface and bulk conductivity are equal, i.e. 0 = o/F). Most of the data
points are located in the dark area for which we cannot neglect surface con-
ductivity at all (at the opposite of what is often claim, without any support,
in the literature). This emphasizes once more that the electrical resistivity
method cannot be used as a stand-alone method to characterize permafrost.
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Figure 13. Normalized chargeability (10 mHz—10 kHz) versus surface con-
ductivity (at room temperature 1 Hz) for the data set investigated in this study.
The data are comprised between two curves. The first is characterized by
M =1 in presence of pyrite and/or magnetite while the second is character-
ized by M = R = 0.2 for kaolinite (the alteration product of the mica and
feldspar of granite, see Piolat et al. 2025).
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Figure 14. Normalized chargeability (10 mHz—10 kHz) versus quadrature
conductivity (at room temperature 3 Hz) for the data set investigated in this
study. The measured slope (o = 10) is very close to the predicted slope from
the Constant Phase Angle model (which leads to yields & = 11, see Revil
et al 2017a). A comparison is performed with the recent data of Piolat et al.
(2025). The linear fit is done with the data from this work.
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Figure 15. Normalized chargeability (10 mHz-10 kHz) versus the normal-
ized CEC (the CEC divided by the tortuosity of the pore space expressed
as the product of the formation factor and the connected porosity) at room
temperature for the data set investigated in this study (1 meq/100 g = 963.20
Ckg™h.
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Figure 16. In-phase conductivity and normalized chargeability versus temperature. Experiments performed in closed conditions. (a) In-phase conductivity
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conductivity.

the saturation than the surface conductivity. Therefore, surface con-
ductivity would be even stronger at low temperatures. Therefore
this rules out the use of Archie’s law as a conductivity equation
in the interpretation of electrical resistivity data and confirmed our
first model prediction. This result is in itself a breakthrough if we
count the number of papers using Archie’s law to interpret elec-
trical resistivity data in permafrost environments. Few works have
recognized the importance of complex conductivity in account-
ing for surface conductivity in permafrost conditions (see recently
Maierhofer er al. 2024). This proves, once more, that electrical
conductivity/resistivity cannot be used as a stand-alone technique
in such environments as it was already demonstrated in volcanic
and geothermal environments (Revil ef al. 2017b, c; Piolat et al.

2025a). In other words, eq. (31) is not valid whatever the rock con-
sidered. Fortunately, surface conductivity and normalized charge-
ability are proportional to each other as shown in the next section.
So induced polarization offer a way to separate bulk and surface
contributions.

4.3. Normalized chargeability versus surface conductivity

As demonstrated by Weller et al. (2013), surface conductivity and
normalized chargeability can be proportional to each other. Such
proportionality is well-explained by the DSL model proposed by
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conductivity.

Revil (2012, 2013). Fig. 13 shows this is the case for the data set
used in this work. This explains why making induced polarization
together with electrical resistivity measurements is very important.
It can be used to separate the bulk conductivity from the surface
conductivity in all types of environments including in ice-rich envi-
ronments for which the conductivity of the pore water is very small,
on the same order of magnitude as the surface conductivity.

4.4. Normalized chargeability versus quadrature
conductivity

In Fig. 14, we check that the normalized chargeability and the
quadrature conductivity are proportional to each other at 25 °C.

The normalized chargeability is determined as the difference be-
tween the in-phase conductivity at 10 kHz and 10 mHz while the
quadrature conductivity is determined at the geometric mean of the
two frequencies (3 Hz in the present case). According to Revil ez al.
(2017a, see their Appendix A), the two quantities characterizing
polarization are related to each other by,

My(fi )~ ao” (VAT

where @ ~ (2/7)In 4 and 4 denotes the ratio between the frequency
f>2(> f1) and frequency f;. In the present case, the number of
decades separating the low and high frequencies is 6, this yields «
= 11 while we measure « = 10 in Fig. 14. There is therefore a good
agreement between the observations and the model prediction.

(32)
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4.5. Dependence on the CEC

Still at 25 °C, we can check the effect of the CEC upon the
surface conductivity or normalized chargeability data (both be-
ing proportional to each other). Fig. 15 demonstrates that the
normalized chargeability is proportional to the CEC divided by
the tortuosity of the pore space (product of the formation fac-
tor by the porosity) as predicted by the DSL model. We have
approximately M, (10kHz, 10mHz) ~ M, and the fit of the data
yields,

CEC
M, ~ (22404 x 107H)—.

7o (33)

Since we have M, = psA CEC/F¢ and using CEC = 1
meq/100 g = 963.20 C kg~' (see Section 3.1), using the slope
of the trend reported in eq. (33), we obtain A(Nat, 25°C) =
88 + 02 x 107" m=2 s! V- Since B(Na*, 25
°C)=3.1£03 x 10" m2s~! V°!, we have R = A/B=0.03.

4.6. Influence of temperature above the freezing point

Above the freezing point, the in-phase conductivity, the sur-
face conductivity, the normalized chargeability and the quadra-
ture conductivity has the same temperature dependence, which

GZ0Z JequienoN 9z uo 1senb Aq G666 1£8/E14eBb/ L /Y 1z/e0me/B/woo dno-ojwepeoe//:sdly woly pepeojumod


art/ggaf443_f18.eps

20 A. Revil et al.
1073:""I""I""I""1""1""1""1""1""':
E L
2 .
2_‘10:- 3
= -
5 C
o L
© L
=
Q L
o
@
_‘:510'5:- 9]
C']_ L
e |
r sample THAB-02 limestone
10-6 PETETETES EFETETErSl BT ETETS B E TS B ErEr S B ST A
20 -15 -10 -5 0 5 10 15 20
Temperature (°C)
10—4 LA B B ELEL LI LU LA LRI B L RL R B
L (c)
N L
I
x -
g L
-2
54 L
=
©
= | L
o
c
]
o
o .
§ L
o
o
©
S
a
1-5 PR SRTT [ T N N NN T U T T T W W U [N S T W W S S A Y S A1
20 -15 -10 -5 0 5 10 15 20

Temperature (°C)

25

Normalized chargeability (S/m, 0.01-1 Hz)

Quadrature conductivity (S/m, 100 mHz)

-
o
FS

LI B B B B B B B L B e B B

()

-

S
&

T

-

=
-
T

-7 1 PEFEN PRSI BPETErEE B SR ATE SPE i B R

-20 -15 -10 -5 0 5

25

10 15 20
Temperature (°C)
104:""I""I“"I“"I'"'|""l""|""|"".
[ (d)
10° | E
10°F ¢
0-7-!|’ll|||l||||(||||||||||||I|l|||||||||||||
-20 -15 -10 -5 0 5 10 15 20 25

Temperature (°C)

Figure 19. In-phase conductivity and normalized chargeability versus temperature. Experiments performed in closed conditions. (a) In-phase conductivity
versus temperature. (b) Low-frequency normalized chargeability versus temperature. (¢) High-frequency quadrature conductivity. (d) Low-frequency quadrature

conductivity.

is dictated by the temperature dependence of the ionic mobili-
ties with temperature. This temperature dependence is the one
shown in eqs (15) to (17), that is a linear temperature depen-
dence with a coefficient a =~ 0.022 £ 0.003/°C (see for in-
stance Figs 16a and b). This is confirmed by the temperature
dependence shown by the plain lines above the freezing tem-
perature and at low frequencies (below 1 kHz). For the quadra-
ture conductivity and in agreement with the model described
above, there is no temperature dependence of the quadrature con-
ductivity when the Maxwell-Wagner—Sillars polarization mech-
anism dominates the overall polarization response of the rock
(see Fig. 16c).

5. INFLUENCE OF THE TEMPERATURE
BELOW THE FREEZING TEMPERATURE

5.1. Adequacy of the exponential freezing curve

The next and final step of our investigation is to check the model
prediction for the effect of the temperature below the freezing point.
We use eqs (12) to (18) to fit the data of the in-phase conductivity,
quadrature conductivity and normalized chargeability versus tem-
perature. Figs 16-19 show that below the freezing point, we can
generally fit the data with our physics-based model (including the
effect of the exponential freezing law). The resulting fitting param-
eters for the freezing curve are reported in Tables 3 and 4. This
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provides a database to model the freezing curve and the resulting
resistivity and induced polarization properties in field conditions
for different lithologies. Fig. 20 provides a comparison between the
fitted parameters for the freezing curve obtained by fitting either
the conductivity data or the normalized chargeability data. They are
generally consistent. Our approach is physics-based and may appear
therefore better than empirical fitting procedure proposed by some
authors.

The exponential freezing curve introduced by Duvillard et al.
(2018) is making a great job in capturing the temperature depen-
dence of the conductivity, normalized chargeability and quadrature

conductivity below the freezing point. Since this curve has a physical
meaning in terms of pore size distribution, it should be compared to
capillary pressure curves. This would establish an additional bridge
between properties.

5.2. Evidences of direct ice polarization?

The last question to handle is to see if there is any trace of the
polarization of the ice in our data set. As shown in Fig. 4(c), the po-
larization of the surface of ice crystals is a relatively high-frequency
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polarization process (relaxation frequency around 1 kHz). There is
no dispersion observed below 1 Hz. This implies that in presence of
ice, we expect to see the direct effect of ice polarization only above
1 Hz and possibly through a superposition of Maxwell-Wagner—
Sillars and ice polarization, which may make the deconvolution of
the two effects rather difficult. Figs 21(a) and (b) provide a way to
see the effect of ice.

Fig. 21(a) analyse the relationship between the normalized
chargeability in the high-frequency range (1 Hz-10 kHz, 4 orders
of magnitude) versus the quadrature conductivity at the geometrical
mean of the two frequencies (100 Hz). We observe that the data
show some dispersion below the freezing point (different slope).
The slope of the trend is « = 7 while eq. (32) with @ ~ (2/7)1In A
predict a slope with & &~ 6 using the prescribed frequencies. There
is therefore a small discrepancy between the model prediction and
the observations that can be possibly attributed to the presence of
ice.

Fig. 21(b) shows the relationship between the normalized charge-
ability in the low-frequency range (10 mHz—-1 Hz, 2 orders of mag-
nitude) versus the quadrature conductivity at the geometrical mean
of'the two frequencies (0.1 Hz). We see no change of the slope above
and below the freezing temperature indicating no effect of the ice
itself. Furthermore, the slope of the trend is @ = 3.0 while eq. (32)
predict a slope of 2.9. There is therefore no discrepancy between
the model prediction and the observations.

6. RESISTIVITY: FIELD VERSUS
LABORATORY DATA

We provide in this section a comparison between laboratory and
field data to start bridging the petrophysical results obtained in
this section with the field data, which will be the main research
target of the companion paper. We end our analysis with the data
reported in Fig. 22 comparing field data in terms of resistivity versus
temperature and laboratory data on core samples. The Aiguille du
Midi is equipped of four 10-m-depth boreholes in four different
sun-exposure. In this study, we use the borehole installed on the
NW face of the Central Pillar. It was drilled in September 2009,
normal to the surface of a west facing (270°N) and vertical (90°)
rockwall at an elevation of 3745 m, that is c. 80 m below the
anthropogenic disturbances. The borehole is equipped with a 15
sensors YSI44031 Stump ForaTech AG thermistors (accuracy =+ 0.1
°C) thermistor chain that is associated with a Campbell CR1000
logger running with a solar pannel. Temperature is registered every
3 hratdepths 0f0.3,0.5,0.7,0.9,1.1,1.4,1.7,2,2.5,3,4,5,7,9 and
10 m. The monitoring as started in December 2009 and is running
since then without any specific maintenance (other boreholes have
however experiences various sensor breaks and replacement). At
2.5 m, the borehole crosses an open network of fractures and cracks
that causes air ventilation and a local cooling (Magnin et al. 2015).
The active layer thickness (i.e. maximum depth of the 0 °C isotherm)
interpolated between sensors is ranging between 1.26 m (2014) and
2.72 m (2022). It has increased by about 1.05 m per decade over
the period 2011-2020, while the temperature at 10-m-depth has
increased by 0.96 °C over the same period, reaching —4 °C in
average over the recent years (Magnin et al. 2024). It is noteworthy
that at 10-m-depth, seasonal oscillations are still important (about
1 °C amplitude) and that the warmest period is generally in January
while the lowest temperature is generally registered in June.

Fig. 22 offers a comparison between the field data recorded at
this borehole at ADM (including monitoring of electrical resistivity

Induced polarization and permafrost 23

with electrical resistivity tomography) and experimental data per-
formed with core samples. The temperature/resistivity fluctuations
observed in the field are consistent with experimental data obtained
for freezing and thaw conditions on several samples of granites. This
offers a way to include the geophysical data and numerical mod-
elling of freeze and thaw to get 4-D temperature changes at such a
site using machine learning algorithms, numerical modelling of the
heat and temperature, and a combination of in sifu and geophysical
measurements (Abdulsamad ez al. 2025). In the second paper of
this series, we will extend such comparison to induced polariza-
tion measurements obtained in field conditions to better see how
laboratory and field results are consistent.

7. CONCLUSIONS

We have developed a new database of experimental data using 25
mostly crystalline rock samples in a broad temperature range be-
tween approximately +15 °C/420 °C to —15 °C. The complex
conductivity spectra are performed in the frequency range 1 mHz—
45 kHz with a high-precision impedance meter. The rock samples
have been characterized by measuring their connected porosity and
cation exchange capacity (the CEC is in the range 0.1 to 7meq/100 g,
i.e. covering nearly two orders of magnitude). The DSL model was
used to make five model predictions regarding relationships be-
tween the electrical properties of interest and their chemical and
textural characteristics. We have successfully tested these five pre-
dictive relationships. The model will be tested on field data in the
second paper of this series using two field data sets in crystalline
rocks and a third one in sedimentary rocks to show the effect of
the ice content on the induced polarization properties in permafrost
conditions. The good comparison between experimental data and
field data for the resistivity at the Aiguille du Midi test site indicates
that surface conductivity dominates the field response in agreement
with our petrophysical analysis. Our paper underlines the strong
role of surface conductivity in the case of permafrost in agreement
with those of Kozhevnikov & Antonov (2012) using time-domain
electromagnetic data applied to permafrost in field conditions.

DATA AVAILABILILY

The data used in this manuscript are available upon request to the
corresponding author.
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