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Induced polarization response of porous media with metallic
particles — Part 10: Influence of desiccation

Timothé Tartrat', André Revil', Feras Abdulsamad', Ahmad Ghorbani?, Damien Jougnot®,
Antoine Coperey', Béatrice Yven*, and Rémi de la Vaissiére*

ABSTRACT

Desiccation influences the complex conductivity of porous me-
dia with disseminated metallic particles. We expand the mechanis-
tic model developed in the previous papers of this series to include
the effect of saturation upon the complex conductivity of mixtures
of mineral grains, pyrite, and pore water. During desiccation, the
salt is assumed to be segregated in the liquid pore water; therefore,
the conductivity of the pore water increases when saturation de-
creases. We have performed 14 experiments corresponding to 91
complex conductivity spectra. In these experiments, the saturation
of the water phase is changed over time by desiccation. The re-
sulting spectra are fitted by a double Cole-Cole model used as the
fitting model. We also developed a mechanistic model in which
the chargeability and the relaxation time of the low-frequency
polarization are expected to change with saturation in a predictable

way. We first characterized the properties of the background
material made by an illitic clay material. We determine how the
Cole-Cole parameters depend on saturation. The Cole-Cole expo-
nent is essentially independent on saturation. When the charge-
ability of the mixture is dominated by the presence of pyrite, it
becomes independent of the saturation but a small effect on the
chargeability is observed at low pyrite contents. The instantaneous
conductivity of the background decreases with the saturation in
a predictable way. The relaxation time depends on the inverse
of the instantaneous conductivity and therefore on saturation. This
dependence is well-explained through numerical simulations
made with the finite-element method. Finally, we analyze the com-
plex conductivity spectra of two clay-rock core samples from the
Callovo-Oxfordian formation in the Paris Basin (France). The
spectra are shown as a function of their desiccation and explained
thanks to the newly developed model.

INTRODUCTION

Electrical conductivity tomography has been a key method in hy-
drogeophysics to monitor dynamic processes occurring in porous
media undergoing pore-fluid phase changes (Binley et al., 2015).
A natural extension of the electrical conductivity method is spec-
tral-induced polarization (e.g., Bleil, 1948, 1953; Olhoeft, 1985), in
which rocks are characterized by a complex-valued conductivity (e.
g., Zonge and Wynn, 1975). The real part of this conductivity (the
so-called in-phase conductivity) is due to the conduction of the cur-
rent and characterizes the electromigration of the charge carriers

(cations and anions in the pore water and electrons and p-holes
in semiconductors) in response to the application of an external
electrical field. This conductivity characterizes the ability of rocks
to conduct an electrical current under the effect of an imposed
electrical field. The imaginary part (the so-called quadrature conduc-
tivity) characterizes the polarization of the material, i.e., its ability to
store reversibly electrical charges under the effect of the same applied
electrical field (Marshall and Madden, 1959; Wait, 1959). This
reversible storage of electrical charges is due to the polarization of
the electrical double layer around the insulating grains of the material
(Dias, 1972, 2000), especially around clay minerals (Lesmes and
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Frye, 2001; Revil et al., 2017b, 2017c) and the accumulation of
charges at the (external or internal) boundaries of semi-conductors
such as pyrite (Pelton et al., 1978; Wong, 1979; Revil et al., 2015a,
2015b; Mao and Revil, 2016; Mao et al., 2016).

Our previous works (Revil et al., 2015a, 2015b, 2017a; Mao and
Revil, 2016; Mao et al., 2016) were performed in saturated condi-
tions, and a fundamental understanding of the polarization of pyrite-
bearing rocks in unsaturated conditions is still missing. However,
such knowledge is important, for instance, to interpret well-log data
in oil-bearing sandstones containing pyrite. There are other appli-
cations of the spectral-induced polarization method media in such
partially saturated media. For instance, induced polarization can be
used to monitor the excavation damaged zone (EDZ) that forms
around galleries, in clay-rich formations, used for long-term reposi-
tory of (radioactive) wastes. The excavation of underground openings
induces fracture networks in the surrounding rock. This fracture net-
work is determined by basic mechanical properties and excavation
geometry parameters versus in situ stress and bedding parameters
(Volckaert et al., 2004). In the Meuse/Haute-Marne Underground
Research Laboratory, the French national agency for radioactive
waste management (ANDRA) has developed an extensive research
program to understand the mechanisms and the possible pattern and
extent of induced fracture zones. This URL is built in the Callovo-
Oxfordian (COx) clayrock that contains small proportions of pyrite.
Armand et al. (2014) describe the methods used and the excavation-
induced fracture network for different excavation and support
techniques. During the operating phase of the repository, tunnel ven-
tilation will lead to the desiccation of the COx clayrock along the
fracture network. Zhang et al. (2019) investigate the effect of desic-
cation on the complex conductivity of sandstones, but a fundamental
model of spectral-induced polarization in pyrite-rich materials is still
missing.

Although electrical resistivity has been applied to image the EDZ
(Kiewer, 2000; Kruschwitz, 2002; Yaramanci and Kiewer, 2004),
there is no work to date to connect induced polarization parameters
to saturation and pyrite content with the exceptions of Kruschwitz
and Yaramanci (2004), Jougnot et al. (2010), and Okay et al. (2013).
In addition, probing how saturation may influence the complex con-
ductivity of pyrite-bearing rocks is important to further test the
theory developed in the previous papers of our series. The approach
developed below is also of crucial importance in mining geophysics
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Figure 1. Sketch of the complex background clay material and the
mixture between the background (an illitic clay in our case) and the
metallic particles (pyrite grains in our case). The background material
can be partially saturated with a partial saturation s,,. In the case of
desiccation, the salinity of the pore water increases when the satura-
tion decreases.

to locate shallow ores in the vadose zone especially with the devel-
opment of airborne time-domain electromagnetic methods (e.g.,
Kratzer and Macnae, 2012; Kwan et al., 2015; Kaminski and Viez-
zoli, 2017).

The present paper is divided into four sections. In the first section,
we expand our model to unsaturated conditions and for desiccation
and we developed a so-called physical or mechanistic model. We
make predictions regarding the dependence of the Cole-Cole param-
eters used to represent complex conductivity spectra with the satu-
ration. Some of these dependencies are also checked through some
finite-element modeling of the polarization of a single cube of pyrite
in a background (porous) material undergoing desiccation. Then, we
present the experimental setup, the core samples, and the experiments
that are performed in the context of this paper. The core samples are
made of mixes of illite and pyrite. We also use two COx core samples
undergoing desiccation. Understanding these data is important to
monitor the EDZ that forms around galleries of the Meuse/Haute-
Marne Underground Research Laboratory for the long-term reposi-
tory of radioactive wastes. A comparison between the predictions of
the semiempirical model and the experimental data is provided in the
following section. Finally, we discuss how these results can be ap-
plied in understanding the signature of the desiccation of the COx
formation upon their complex conductivity spectra, which can be
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Figure 2. Sketch of the polarization of the metallic and nonmetallic
grains. (a) The nonmetallic grains such as clays possess an electrical
double layer coated to their surface. Under the influence of an external
electrical field E,, this electrical double layer polarizes and provides a
dipole moment to the grain. The main mechanism of polarization is
the Stern layer (SL) polarization. (b) Polarization of a pyrite cube. The
charges carriers inside the grain (electrons and p-holes) polarize the
grain. A second polarization component is associated with field-in-
duced diffuse layers (DLs). The first column defines the instantaneous
conductivity, whereas the second column defines the DC conductivity.
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fully characterized by a double Cole-Cole parametric model (the fit-
ting model).

THEORY

In the absence of metallic particles, the polarization of colloidal
particles such as clays can find its origin in the polarization of the
inner part of their electrical double layer called the Stern layer (e.g.,
Vinegar and Waxman, 1984; Rosen and Saville, 1991; Rosen et al.,
1993; Razilov and Dukhin, 1995; Revil and Florsch, 2010). There-
fore, we start here by introducing the principle of the electrical dou-
ble layer model around the clay minerals.

The surface of clays is generally negatively charged because of
isomorphic substitutions in the crystalline framework plus ampho-
teric reactions on the edges of the crystals. This surface charge

Table 1. Characteristics of the background material made of
an illitic clay.

Property Value

CEC 9.744 meq/100 g
(9401.5 Ckg™)

Porosity ¢ 0.65

Formation factor F' 2.08

Surface conductivity o, 2% 1072 Sm™!

Quadrature conductivity o'/ 2x107* Sm~!

(1 Hz)

Note: CEC in meq/100 g (= 963.20 Ckg™"). The porosity was computed thanks to
mass of the saturated material and its volume. Formation factor and surface conductivity
were determined from the data shown in Figure 4.

10° T T T T T T
L In-phase conductivity 1
10°
E
0| 7
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Z
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=
E 10° [ S —— |
(3 -.,.-F"'" "
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107 [ -~ 7
e
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10 10" 10° 10’ 10 10° 10* 10°

Frequency(Hz)

Figure 3. Complex conductivity (in-phase and quadrature compo-
nents) of the background clay material. The high polarizability of
the background material is consistent with its high CEC (see Table 1).
The polarization reaches its peak between 1 and 10 kHz. The asso-
ciated relaxation time is associated with the small size of the clay
particles (no pyrite here).

attracts counterions (e.g., Na™) and repels the co-ions (e.g., CI7),
forming an electrical double layer around the minerals in the ab-
sence of an external electrical field. This electrical double layer
is composed of the Stern layer and the diffuse layers. When an elec-
tric field is applied to such porous material, the positive charges of
the Stern layer migrate to accumulate on one side at the surface of
the grains. This lets a fixed (structural) negative charge behind that
is not locally compensated anymore. This migration of positive and
negative charges in the electrolyte and Stern layer confers a dipole
moment to the grains. The counterions of the Stern layer essentially
move tangentially along the grain surface under the gradient of their
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Figure 4. Complex conductivity of the background material. (a) In-
phase conductivity at 1 Hz. Conductivity of the background clayey
material as a function of the conductivity of the pore water at 25°C.
The plain line corresponds to the fit of the data with a linear con-
ductivity model (here in a log-log space) used to determine the for-
mation factor and the surface conductivity og of the background
material here determined at 1 Hz. The inverted triangle and filled
circles are from experiments 1 and 8. (b) Quadrature conductivity
versus pore water conductivity at 1 Hz.
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electrochemical potentials (i.e., through electromigration and diffu-
sion in their surface concentration gradients). The counterions can
still have the possibility to leave the Stern layer, so the grains are
considered as leaking capacitances and not perfect capacitances.
This is due to sorption/desorption phenomena as pointed out by
Rosen and Saville (1991) and Rosen et al. (1993). These phenom-
ena are at the origin of the induced polarization of the background in
our experiment, and are described by Rosen and Saville (1991),

Table 2. Desiccation experiments (experiments 1-14).

Rosen et al. (1993), Revil and Florsch (2010), and recently Hou
et al. (2018).

Now, we consider the mixture of a porous background material
(as described above) and dispersed metallic particles such as shown
in Figure 1. In this type of mixture, the clay particles and the met-
allic grains are polarizable with distinct polarization mechanisms
(Figure 2). Immediately after the application of an (external/ap-
plied) electrical field, all the charges at the surface of the metallic
and nonmetallic grains are put in motion because
their velocity is controlled by the gradient of the
electrochemical potential of the charge carriers
(Figure 2). This state corresponds to the high-fre-

quency limit with the maximum conductivity
written as o,. On the contrary, when a direct

electric current has been applied for a long time,
the cations in the Stern layer are held back on one
side of the grain and are not available anymore for
the conduction of the current. This corresponds to
the low-frequency limit of the complex conduc-
tivity function also called the direct current (DC)
conductivity o, (Figure 2). The chargeability
(dimensionless) is defined as the following ratio
of conductivity:

1, 0.90, 0.77, 0.62, 0.61, 0.49, 0.36 M=———-, (D

where o, and ¢, (S m™~!) define the instantaneous
electrical conductivity and the DC electrical con-
ductivity of the mixture between the metallic par-
ticles and the background material. In the presence

Experiment @O (%) 6, (Sm™) s,, Saturation range
Experiment 1 0 0.115 1, 0.98, 0.84, 0.69, 0.52, 0.34
Experiment 2 0.11 0.115 1, 0.99, 0.88, 0.75, 0.61, 0.45
Experiment 3 0.29 0.115 1, 1, 0.89, 0.77, 0.65, 0.51
Experiment 4 0.81 0.115 1, 0.99, 0.89, 0.75, 0.63, 0.49
Experiment 5 2.13 0.115 1, 0.99, 0.89, 0.73, 0.59, 0.44
Experiment 6 5.87 0.115 1, 0.99, 0.87, 0.70, 0.55, 0.40
Experiment 7 15.82 0.115 1, 0.99, 0.85, 0.66, 0.50, 0.32
Experiment 8 0 1.081 1, 0.88, 0.74, 0.56, 0.54, 0.38, 0.24
Experiment 9 0.11 1.081

Experiment 10 0.30 1.081 1, 0.90, 0.78, 0.63, 0.62, 0.49, 0.36
Experiment 11 0.89 1.081 1, 0.86, 0.72, 0.54, 0.54, 0.37, 0.24
Experiment 12 2.13 1.081 1, 0.86, 0.73, 0.57, 0.56, 0.42, 0.33
Experiment 13 5.79 1.081 1, 0.86, 0.72, 0.52, 0.52, 0.35, 0.21
Experiment 14 13.00 1.081 1, 0.86, 0.71, 0.52, 0.52, 0.35, 0.21

of metallic particles mixed with nonmetallic grains

Note: The quantity ¢,, denotes the volume fraction of pyrite. A total of 91 spectra are covered by these
experiments. Saturation was determined with equation 15. The pore water conductivity is the initial pore

water conductivity.
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Figure 5. Quadrature conductivity (1 Hz) versus surface conduc-
tivity for porous clayey materials without metallic particles. Filled
circles: data from the study of Revil et al. (2017c, soils) for a pore
water conductivity (NaCl) of 0.03 Sm™!. Present data at the pore
water conductivity of 0.1 Sm~!.

(e.g., silica grains and clays), Revil et al. (2015a,
2015b) develop a model based on a linearized
version of the self-consistent Maxwell-Clausius-
Mossotti approximation. In this model, the charge-
ability of the mixture is given by

9
M:§¢m+Mb’ 2

where ¢,, (dimensionless) denotes the volume fraction of metallic par-
ticles in the mixture and M, (dimensionless) denotes the chargeability
of the background material (which is the porous mixture around the
metallic particles).
To go further, we need to describe how the chargeability of the
background material (dimensionless)
) 0
M, =2 "% 3)

(o]
o)

may depend on saturation. In equation 3, 6° and ¢ denote the in-
stantaneous conductivity and the DC conductivity of the back-
ground material, respectively. Each of these conductivities is the
sum of two contributions. The first contribution comes from the
conduction in the bulk pore water, and it is associated with the pore
water conductivity &, (Sm™!). The second contribution, called
surface conductivity, can be related to the cation exchange capacity
of the material (CEC, C kg‘l) (Waxman and Smits, 1968; Lima and
Sharma, 1990). The expressions of the instantaneous and DC
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conductivities of the background material are given by (Revil et al.,
2017¢c)

1 aet [ 1
GZO = s?vFGw + sy : (F¢>prCEC’ (4)

n 1 n— 1
o) = st o+ 51 (F_¢>pg(3 _JCEC, (5

where F (dimensionless) denotes the formation factor related to the
connected porosity by Archie’s law F = ¢~ (Archie, 1942), ¢
(dimensionless) is the porosity, and m (dimensionless) denotes the

a
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cementation or porosity exponent. The term p, denotes the grain den-
sity (typically 2650 kg m~3), 5,, denotes the pore water conductivity
(Sm™"), s,, (dimensionless) denotes the saturation, and n (dimen-
sionless) is the saturation exponent of the Archie model (most of
time, this exponent is approximately 2 like m). The mobility B
(m?s~! V=1) denotes the apparent mobility of the counterions for
the surface conduction, and A (m?s~! V~!) denotes the apparent
mobility of the counterions for the polarization associated with the
quadrature conductivity (see Revil et al., 2017c). The last terms of
equations 4 and 5 correspond to the so-called surface conductivity
with the instantaneous and DC surface conductivity written as g’ =
sp~p,BCEC/F¢p and 6% = 57" p,(B — A)CEC/F, respectively.
A dimensionless number R is also introduced by R = 41/B
(for further explanations, see Revil et al., 2017b, 2017c). From
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Figure 6. Background conductivity versus saturation (test of the second Archie’s law). (a) In-phase conductivity (at 1 Hz) for a pore water
conductivity o,, of 0.115 Sm™' of the background clayey material (experiment 1, no pyrite). (b) In-phase conductivity (at 1 Hz) for a pore
water conductivity of 1.081 Sm™! of the background clayey material (experiment 8, no pyrite). (c) Quadrature conductivity (at 1 Hz) for a pore
water conductivity &,, of 0.115 Sm™' (experiment 1, no pyrite). (d) Quadrature conductivity (at 1 Hz) for a pore water conductivity of
1.081 Sm™' (experiment 8, no pyrite, only the data with small standard deviations are used).
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our previous studies (e.g., Ghorbani et al., 2018), we have
B(Na*,25°C)=3.140.3x10"m™2s"! V™! and A(Na",25°C)=
3.0+£0.7x1079m2s"'V~!, and the dimensionless number R is
approximately 0.09 &£ 0.02 (independent of saturation). This dimen-
sionless number can be used to connect surface conductivity in
metal-free porous media to quadrature conductivity and/or normal-
ized chargeability (Weller et al., 2013). The background chargeabil-
ity being defined in equation 3, we have with the help of equations 4
and 5:

_ pCEC
$s,0, + p,BCEC’

M, (©)

We can easily show that at low salinity (¢,, < p,BCEC/¢s,,), we
have M, = R. However, equation 6 considers that there is no
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Figure 7. Complex conductivity (in-phase and quadrature compo-
nents) spectra. (a) For experiment 4 (low pyrite content). The peak
frequency decreases to lower frequencies when the saturation de-
creases. (b) For experiment 14 (high pyrite content). The peak fre-
quency decreases to lower frequencies when the saturation decreases.

change in salinity during the change of saturation. In the case in
which a porous material is undergoing desiccation, its pore-water
conductivity increases due to the increase of the salinity in the liquid
water; therefore, 6,, = o3,/s,,, Where o3, denotes the conductivity of
the pore water at 100% water saturation (s,, = 1). In that case, the
background chargeability is independent of the saturation because

1 1
o = sp! {F oy, + (F_¢> prCEC} , @)
0 n—1 1 s 1
o= st |zoh + (74 ps(B=2)CEC|,  (8)
pACEC

M, €))

" ¢o3, + p,BCEC

Therefore, during desiccation, the background chargeability does
not explicitly depend on saturation. That said, the increase of salin-
ity may play a certain role in the parameters involved in equation 9
as explained below and in Niu et al. (2016). Such a change is as-
sociated with the density of the counterions in the Stern layer and
the increase of this density (and therefore the associated polariza-
tion) when the salinity increases.

We can now connect the chargeability to the complex conduc-
tivity of the mixture between the background and the metallic
particles. We write the complex conductivity of this mixture as
0% = ¢’ + ic'', where 6’ and 6 (S m™!) stand for the in-phase and
quadrature components, respectively. Considering a Cole-Cole
parametric model (Cole and Cole, 1941), we have

O =0 (1 +3¢,,), (10)

50 T
Pyrite

Grain size distribution 7]

Frequency (-)

10° 10’ 10°
Grain diameter (mm)

Figure 8. Distribution of the grain sizes for pyrite. Note that the
distribution is approximately a log normal distribution (plain line)
with a mean grain size of 4.5 £ 2.6 mm.
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Figure 9. Fit with the double Cole-Cole complex
conductivity model (the plain lines) of the mea-
sured spectra (the symbols). (a and b) In-phase
and quadrature conductivities for experiment 2
(pyrite content 0.11%). (¢ and d) In-phase and
quadrature conductivities for experiment 5 (pyrite
content 2.13%).

Figure 10. Fit with the double Cole-Cole complex
conductivity model (the plain lines) of the mea-
sured spectra (the symbols). (a and b) In-phase
and quadrature conductivities for experiment 11
(volumetric metallic content 0.89%). (c and d)
In-phase and quadrature conductivities for experi-
ment 14 (volumetric metallic content 13%).
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where M is defined in equation 2. Note that this Cole-Cole model is
quite different with respect to the Cole-Cole model proposed by
Pelton et al. (1978) and Johnson (1984) (see the details in Tarasov
and Titov [2013], who explicitly compare different Cole-Cole mod-
els and connect their Cole-Cole parameters). The instantaneous
conductivity of the mixture shown in Figure 1 is related to the in-
stantaneous conductivity of the background by (Revil et al., 2015a,
2015b)

6 = 03 (1 + 30, (11)

The last parameter to define in equation 10 is the Cole-Cole time
constant that is given by (Revil et al., 2018a)

2,2
ae C
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Figure 11. Chargeability M versus saturation and pyrite content.
(a) Chargeability as a function of the saturation for an initial pore
water conductivity ¢,, of 0.115 Sm™' and different volumetric con-
tents ¢,, of pyrite. The plain lines represent the predictions of the
model. (b) Chargeability as a function of the volume fraction of
pyrite for an initial pore water conductivity of 0.115 Sm~!. The
fitted background value for the chargeability is M, = 0.07.

where a denotes the diameter of the metallic particle (m), C,, de-
notes the concentration of the charge carriers in the solid metallic
particle (m™), e denotes the elementary charge (1.6 x 1071°C), k,,
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Figure 12. Chargeability contribution M; determined from the fit-
ting model described in Appendix A. We see that at low pyrite con-
tents, the component M, describes the pyrite contribution, whereas
at higher pyrite contents (above 0.5%), the component M; describes
the pyrite and clay contributions. The chargeability M2 in the sec-
tion of low pyrite content (only clay) corresponds to the chargeabil-
ity associated with the clay only.
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Figure 13. Chargeability as a function of the saturation s, for an
initial pore water conductivity of 1.081 Sm™! and different volumet-
ric content of pyrite (experiments 8—14). The plain lines represent the
predictions of the model. The values given on the graph denote the
volumetric contents in pyrite. The chargeability is here defined from
the conductivity at 0.1 Hz and 45 kHz. The chargeability of the back-
ground material is close to 0.01.
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Figure 14. Chargeability as a function of the volumetric contents of
pyrite for an initial pore water conductivity of 1.081 Sm™~! (at each
pyrite content, we took an average of the values obtained at the dif-
ferent saturations). The plain line represents the predictions of the
model with a background chargeability of 2.9 x 1072, which is
slightly different from the value used in Figure 13 (0.01). We ob-
serve that the background chargeability is smaller due to the higher
salinity of the pore water. Each black circle is obtained by taking the
median of all the values obtained at different saturations for the
same value of the pyrite content. The coefficient of determination
r-=0.95.

denotes the Boltzmann constant (1.38 x 10723 m? kg s72K™"), and
T denotes the absolute temperature (K). The product of the Cole-
Cole time constant by the instantaneous conductivity of the mixture
is given by

2
~——=(143¢p,). (13)

Because in our experiments, we use the same pyrite, and because
the term (1 + 3¢,,) does not vary in a huge range in our experi-
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3 Pyrite content 5.86%

n=1.80=0.14 (* =0.89)

Cole-Cole relaxation time (s)

0.001 . . e
0.1 1
Saturation (-)

Figure 16. Cole-Cole relaxation time 7; versus saturation for a rep-
resentative experiment (experiment 6, volume content of pyrite
5.87%). The saturation exponent n obtained by fitting equation 19
is consistent with the value obtained for the background material at
high salinity (see Figure 6).
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Figure 15. Cole-Cole relaxation time 7z, versus the instantaneous
conductivity of the mixture. We see that the two quantities are
inversely proportional to each other (the plain line). Coefficient of
determination 7> = 0.888. The data of experiments 2, 9, 10, and
14 have not been added to the graph because of higher uncertainty
in the determination of the time constants for these experiments. The
line corresponds to the fit between the relaxation time and the instan-
taneous conductivity according to 7 = A /o, with A denotes a fitting
constant. The uncertainty in the determination of the time constants
can be significative, i.e., on the same order than the dispersion of the
data points.
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Figure 17. Cole-Cole exponent versus saturation. We see that the two
quantities are independent of each other. In other words, the Cole-Cole
exponent is distinct for different pyrite content, but its value for a
given pyrite content does not change much with saturation.
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Q, n
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Exp2 0.11% 1.74+0.12
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Figure 18. Instantaneous conductivity of the mixture versus satu-
ration for experiments 1-7 during desiccation. The instantaneous
conductivity is defined as the conductivity just after the application
of the electrical field. It is equivalent to high-frequency conductivity
in frequency-domain induced polarization.
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Figure 19. Saturation exponent and instantaneous conductivity ver-
sus pyrite content. (a) Saturation exponent versus saturation for ex-
periments 1-7. As expected, the saturation exponent is independent
of the volume fraction of pyrite. (b) Instantaneous conductivity ver-
sus pyrite content for the low and high salinities. The plain lines
correspond to the theory (equation 11). We use here the instanta-
neous conductivity contribution corresponding to the first polariza-
tion contribution discussed in Appendix A.

ments, the product o7, should be roughly constant or, in other
words, the Cole-Cole relaxation time should be inversely propor-
tional to the instantaneous conductivity of the mixture in the presence
of pyrite.

Finally, a quantitative relationship can be determined between the
quadrature conductivity (measured at the geometric mean of two
frequencies f| and f,) and the normalized chargeability defined as
the difference between the in-phase conductivity at frequency f, > f;
and the in-phase conductivity at frequency f; (Shuey and Johnson,
1973; Revil et al., 2017c)

Table 3. Characteristics of the material used for the numerical
experiment parameters with finite-element simulation.

Parameters Value

D(_) 1.7%x107° m?s™!
D) 1.1x 107 m?s™!
D, =Dp, 29%107° m?s!

m,=Cny 2.8% 10?2 m™3

£ 8.81x 107 2Fm™!
&g 10.9¢,

£, 80¢,

¢ 0.40

A 500 pm

Note: The quantity ', (m~3) denotes the charge concentration in the semiconductor
grain at equilibrium state, DE"i) (m?s~") denotes the diffusion coefficients of the charge
carriers in the metallic particle, D) denotes the diffusion coefficients of cations and
anions in the solution, and &, g, and &,, denote the permittivity (Fm~") of free space,
metallic grain, and electrolyte, respectively (their temperature dependence is small and
neglected). The quantity ¢ denotes the porosity of the background. The instantaneous
conductivity of the metallic grain is 10 Sm™" (at 25°C), whereas the conductivity of the
solution at 25°C is 0.105 Sm~'. The quantity a denotes half the length of the metallic
particle.

10 Electrical potential distribution (V)
7 4 vxi
155 1
1
0.5
0.5
§ ’ Pyﬂte) ’
-0.5
-0.5
-1
-1.5 -1
2
-3 2 -1 0 1 2 3 x10
X (m) x1073

Figure 20. Results of the numerical simulations (with the finite-
element method) showing the dipolar character of the secondary elec-
trical field associated with the polarization of a pyrite grain under the
influence of a primary electrical field (see for comparison the sketch
shown in Figure 2b). The simulation is here shown at full water sat-
uration (s,, = 1).
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O_//(\/R)N_Mn(flvfé) _ _5/(.f2> ;G/(fl)' (14)

a

The value of a is determined by a = (2/7) In A, where A is the num-
ber of decades separating the high and low frequencies (see Revil et al.,
2017c). Typically, a is on the order of 8-9 if we consider very low and
very high frequencies (e.g., 10 mHz and 10 kHz, Revil et al., 2018a)
used to define M,, = o, — 0.

Four predictions can be made based on the previous model (equa-
tions 1-14). (1) Under the condition of desiccation, the chargeabil-
ity should be weakly dependent on the saturation. For the samples
characterized by a high proportion of semiconductors (typically
approximately 0.2%), the chargeability should be controlled by
the volume fraction of semiconductors as shown in equation 2.
(2) The instantaneous conductivity should depend on a predictable
way with the saturation accounting for the effect of the saturation on
the bulk and surface conductivities. (3) The Cole-Cole relaxation
time should be dependent on the saturation through the dependence
on saturation of the instantaneous conductivity. In other words, the
Cole-Cole relaxation time should be inversely proportional to the
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Figure 21. Results of the numerical simulations. (a) Relaxation time
versus saturation. (b) Instantaneous conductivity versus saturation
showing a power law relationship 6%°(s,,) = s 16%(s,, = 1).

instantaneous conductivity when the saturation changes. (4) The
Cole-Cole exponent should be independent of the saturation, which
implicitly means that all of the time constants should have the same
dependence with the saturation.

MATERIALS AND METHODS
Material

The background material considered in our experimental study is a
natural illite material, which once hydrated appears muddy. We also
determined its CEC with the cobalt hexamine chloride method (Cie-
sielski et al., 1997). We prepared two samples of 2 g of the clay in a
solution of 40 ml of cobalt hexamine. We then centrifuged the sam-
ples for 10 min. Then, we did absorbance measurements of the sam-
ples with a spectrophotometer and compared them to the absorbance
of a standard solution of cobalt hexamine at a 100% dilution ratio,
75%, 50%, and 25%. We found a dilution ratio of 90.22%. We de-
duced the quantity of cobalt hexamine sorbed at the surface of the
clay, and knowing the initial mass of dry clay, we found a CEC
0f 9.744 meq/100 g or 9401.5 C kg~! Table 1). The metallic particles
used to form the mixture with the background are pyrite grains.

Characterization of the background material

We first characterized the background material in terms of for-
mation factor F and surface conductivity ¢,. With this in mind, we
filled three beakers with demineralized water and NaCl to get three
conductivities of pore water: 0.1, 1, and 10 Sm™" (25°C, NaCl). In
addition, we prepared another beaker with tap water whose conduc-
tivity was 0.0589 Sm~! at 25°C. We then added the clay samples to
the solution. To reach equilibrium, the mixture was left to rest for
one month. The samples were covered during the resting time to
avoid evaporation. At the end of the resting period, the conductivity
(at 25°C) of the supernatant water for the four samples was 0.0724,
0.122, 0.809, and 7.396 Sm~! for the solutions. Then, we removed

1 T
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Figure 22. Relaxation time versus instantaneous conductivity of the
mixture for the numerical simulation. The numerical simulation
shows that the two quantities are inversely proportional to each other,
which is consistent with the physical model involving an intraparticle
polarization process for the pyrite grain.
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the supernatant water and filled four buckets with the mud. To do
the measurements, we used a similar experimental setup as shown
by Revil et al. (2017b, 2017c). We performed complex conductivity
measurements with a high-precision impedance meter (Zimmer-
mann et al., 2007, 2008) between 10 mHz and 45 kHz. The sample
holder includes four nonpolarizing Ag-AgCl sintered electrodes
fixed on a cap (for further discussion, see Revil et al., 2018b). The
electrodes are 2 cm apart, their diameter is 4 mm, and the geometric
factor is 16.6 m™'. The data are shown in Figures 3, 4, and 5 and
will be analyzed in the next section.

Unsaturated experiments with desiccation

We performed two sets of experiments at two distinct pore water
conductivities and seven pyrite contents. These experiments are la-
beled experiments 1-14 in Table 2. For both sets of experiments, a
homogeneous mixture was prepared with the background clay,
demineralized water, and NaCl to mimic the mixture shown in
Figure 1. Once prepared, we closed the core samples and let them
rest for approximately 10 days. After this period, the conductivity of
the supernatant water was 0.115 Sm~! for the first set of experi-
ments (experiments 1-7) and 1.081 Sm™! for the second set of ex-
periments (experiments 8—14). Then, we removed the supernatant
water and filled seven buckets with the mixture. We added pyrite
fragments into those samples to get an approximately log normal

Table 4. Relaxation time for COx sample EST29296.

distribution of the volume content of the metallic particles. We form
seven samples with a volume fraction of pyrite of 0%, 0.11%,
0.29%, 0.81%, 2.13%, 5.87%, and 15.82% for the first set of experi-
ments and seven additional samples with a volume fraction of pyrite
of 0%, 0.11%, 0.30%, 0.89%, 2.13%, 5.79%, and 13.00% for the
second set of experiments.

For these 14 experiments, spectral-induced polarization measure-
ments were performed from 100 mHz to 45 kHz with an imposed
injection voltage of 0.5 V for experiments 1-7 and 1 V for experiments
8-14. The data are shown in Figures 6, 7, 8, 9, and 10. Measurements
were done every day on each sample during their desiccation. Between
the measurements, the buckets containing the mixture were not
covered to get a gradual desaturation of samples at the relative humid-
ity of the room (approximately 40%) and at the room temperature of
approximately 22°C. We also weighed the samples every day to de-
termine the evolution of the saturation. Because the weight loss of the
sample is due to a water loss, we can monitor the water volume and
deduce the saturation using the following equation:

Vw/)mix
=—, 15
S W s)

where V,, is the volume of water and p,;, and W, are the density
and the mass of the mixture without pyrite, respectively. The density
of the mixture is given by pix = ¢p,, + (1 — ¢)p,, where the density
of the pore water is 1000 kgm™ and the grain
density p, is 2650 kg m~3. The porosity that we
consider in this paper is the porosity of the back-
ground material, not the porosity of the mixture

Saturation 7 (s) T (8) ¢ (=) (=) My (=) My (-) 04 (S/m) rms (%)

(pyrite plus background). The initial volume of
water was determined by

0
0.77 0.01786 1.25E-06 0.453 0.504 0.034 0.097 3.867E-04 0.652 Vo — PW ix (16)
w ’
0.74 0.02736 6.81E-07 0.488 0.463 0.033 0.128 3.343E-04 0.616 Pmix
0.6 0.02070 2.17E-06 0.490 0.596 0.039 0.100 2.535E-04 0.726

with W?mx being the initial mass of the mixture

0.5 0.01999 4.78E-07 0.508 0.525 0.041 0203 1.704E-04 0.442 without pyrite. The inversion of the Cole-Cole
0.38 0.01464 1.62E-06 0.482 0.650 0.051 0.156 1.353E-04 0.489 in Appendix A and discussed in detail by Qi et al.
0.38 0.01737 1.13E-06 0478 0596 0.051 0.193 1.125E-04 0422  (2018). Two spectra are shown in Figure 7a (ex-
032 0.01850 5.81E-07 0463 0566 0052 0271 9317E-05 0428  Periment4, low pyritecontent)and 7b (experiment
) 204 62E.07 47 61 6 25 7757 774 14, high pyrite content). Figure 8 shows the grain
029 0.02049 9. -07 0478 0.615 0.05 0265 157E-05 0. size distribution of the pyrite grains used in the
0.28 0.02226 8.91E-07 0.456 0.579 0.058 0.295 6.546E-05 0.498 mixtures. Tt can be represented fairly well by a
0.27 0.02016 9.62E-07 0.466 0.593 0.056 0311 6.144E-05 0.461 log normal distribution.
0.26 0.02058 1.17E-06 0.457 0.599 0.059 0305 5.411E-05 0.570
0.24 0.02549 1.38E-06 0.471 0.588 0.061 0335 3.822E-05 0.577 RESULTS
0.22 0.02533 9.68E-07 0.447 0.596 0.060 0.401 3.622E-05 0.517
021 0.02367 120E-06 0428 0623 0068 0410 3.067E-05 0666  Characterization of the background
0.2 0.03648 1.34E-06 0.447 0.611 0.063 0.455 2.440E-05 0659 Flgure 4a shows the in_phase Conductivity of
0.2 0.02587 1.46E-06 0.419 0.634 0.068 0.457 2470E-05 0.511 the background for four salinities. These data are
0.196  0.03883 8.27E-07 0.442 0.586 0.054 0.554 2.368E-05 0510  used to determine the formation factor and sur-
0.19 0.03878 1.03E-06 0420 0.604 0060 0.566 1876E-05 0527 iaceconductivity of the background (reported in
Table 1). Figure 4b illustrates the quadrature con-
0.18 0.04390 1.79E-06 0.385 0.643 0.060 0.631 1.244E-05 0.739 - o
ductivity of the background for four salinities.
0.14 0.02679 1.63E-06 0.298 0.666 0.059 0.769 7.020E-06 0.986 We observed a quite strong dependence of the
0.06 0.00115 2.06E-06 0.181 0.722 0.032 0932 1.100E-06 2.081 quadrature conductivity with the pore water con-

Note: Cole-Cole parameters using the double Cole-Cole model described in Appendix A.

ductivity. This dependence is explained well
with the simple model described in Appendix B.
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Figure 5 shows that for the illite sample used in the present study,
the surface conductivity and quadrature conductivity are consistent
with the data reported by Revil et al. (2017c¢) for smectite-rich soils.
Figure 6 shows the conductivity data at two salinities versus satu-
ration. These data, performed in condition of desiccation, are used
to estimate the value of the second Archie exponent n, which is
found to be between 1.42 and 1.79. The difference between the two
values is possibly due to different packing conditions in the two
experiments. The saturation exponents are consistent between the
in-phase and quadrature conductivities.

Cole-Cole parameters for the mixtures

Figures 9 and 10 show four examples of data fitting by the double
Cole-Cole model introduced in Appendix A (equation A-1). This fit-
ting model should not be mistaken with the physical model described
above in equations 1-13. All seven Cole-Cole parameters used in the
fitting Cole-Cole model are used as model parameters and inverted
using the procedure described in more detail by Qi et al. (2018). The
real and imaginary parts of the complex conductivity are well repro-
duced by this model. Because the investigated frequency band is lim-
ited to 45 kHz, we discuss only the low-frequency polarization in the
following, i.e., the parameters M, c;, 71, and o{°.

The chargeability M is shown as a function of
saturation and pyrite content in Figures 11, 12,
13, and 14 for experiments 1-14. In first approxi-
mation, there is a fair agreement between the pre-

ized chargeability are proportional to each other (see equation 14),
(2) the background chargeability is essentially the background nor-
malized chargeability to the surface conductivity at low salinity,
(3) the ratio of the quadrature conductivity to surface conductivity
increases with the salinity, and (4) salinity increases during the de-
crease of the saturation in desiccation, it follows that the background
chargeability is expected to increase during the decrease of the sat-
uration. This effect should disappear at higher salinities. An alterna-
tive way to plot the data is to plot the chargeability as a function of the
pyrite content (Figure 11b). A comparison with equation 2 indicates a
fair comparison between the physical model and the chargeability
obtained from the fitting model applied to the data. In Figure 12,
we plot only the component M; determined from the fitting model
as described in Appendix A. This component reflects only the pyrite
content at low values of the pyrite contents; therefore, M, corre-
sponds to the clay contribution for these low pyrite contents. At
higher pyrite contents (above 0.5%), contribution 1 is the sum of
the pyrite and clay contributions.

The same exercise is now repeated for the highest salinity. In this
case, equation 17 still applies but the background chargeability is
expected to be lower by comparison with its value at low salinity.
This is clearly shown in Figures 13 and 14 with a background char-
geability M, = 2.9 x 1072 The saturation effect on the chargeability

Table 5. Relaxation time for COx sample EST29300.

dictions of our model (equations 1-13) and the
experimental data. In Figure 11a, we plot the

Saturation 7 (s)

() ¢ (5 (=) My (=) My () oy (S/m) 1ms (%)

chargeability M as a function of the saturation

for the lowest salinity. In Figure 11aand 11b, the ~ 0.75 0.01987 7.52E-07 0.422 0454 0.062 0.134 2.029E-04 0.421
chargeability is defined in equation 1 with the (.74 0.01824 1.97E-06 0.421 0.525 0.067 0.102 1.855E-04 0.537
DC conductivity determined from the in-phase ) g9 0.01971 1.78E-06 0.439 0.538 0.068 0.117 1.666E-04 0.722

conductivity at 0.1 Hz and the high-frequency
conductivity determined by the in-phase conduc-
tivity at 45 kHz. Our physical model is described

0.55 0.02736 2.02E-06 0.463 0.546 0.067 0.132 1.260E-04 0.700
0.52 0.02591

1.30E-06 0.445 0.529 0.069 0.151 1.230E-04 0.446

in equations 2 and 9 for desiccation leading to the 0.47 0.02407 1.79E-06 0.443 0.577 0.077 0.141 1.059E-04 0.492
following explicit relationship: 0.41 0.03433 8.01E-07 0.454 0.489 0.075 0.205 8.215E-05 0.505
9 . JCEC 0.37 0.03275 1.33E-06 0.449 0.552 0.085 0.195 6.644E-05 0.529

M, = qum + qw's—gi—p—BCEC' 17 0.34 0.03389 1.38E-06 0.444 0.565 0.085 0.210 6.200E-05 0.563

v g 0.31 0.04518 3.47E-07 0.444 0.467 0.074 0.309 6.002E-05 0.496

For the lowest salinity, the last term of equation 17

0.3 0.03623

7.60E-07 0.404 0.531 0.093 0.272 4.691E-05 0.313

(corresponding to the background chargeability) ~ 0.27 0.04317 9.78E-07 0.438 0.533 0.087 0.287 3.825E-05 0.695
is dominated by the surface conductivity and is 0.26 0.03914 1.35E-06 0.419 0.576 0.093 0.287 3.313E-05 0.649
close to R = 0.10. Equation 17 shows that the (.25 0.04785 1.08E-06 0.419 0.543 0.090 0.326 2.985E-05 0.600

chargeability should depend only on the volume 0.24 0.04748

content of pyrite ¢,, and not on the saturation

1.30E-06 0.419 0.563 0.094 0.327 2.710E-05 0.702

e 0.21 0.06670 1.10E-06 0.419 0.541 0.094 0.393 1.993E-05 0.676
s,,. The agreement between the chargeability data
and the model (plain lines) is rather good. How- 02 0.06482 9.19E-07 0.400 0.549 0.094 0424 1.849E-05 0.601
ever, for the lowest pyrite contents, we observe 0.19 0.06768 1.29E-06 0.397 0.589 0.097 0.439 1.473E-05 0.663
that the chargeability increases when the satura- 0.188 0.07301 9.73E-07 0.388 0.574 0.093 0.489 1.432E-05 0.595
tion decreases. The most plausible explanation () 183 0.07715 1.08E-06 0.385 0.563 0.094 0.481 1.383E-05 0.609

is that the increase of the salinity in the pore water
increases the value of the background chargeabil-

ity (Zhang et al., 2019). Indeed, Niu et al. 2016, 017 0.11743
their Figure 11) show that the ratio between the 0.16 0.13477
quadrature conductivity and the surface conduc- 0.11 0.19443

0.175 0.08855

1.13E-06 0.392 0.574 0.094 0.516 1.172E-05 0.604
3.92E-07 0.395 0.525 0.070 0.646 1.278E-05 0.466
8.33E-07 0.381 0.565 0.079 0.641 9.230E-06 0.564
9.27E-07 0.319 0.598 0.061 0.807 3.550E-06 0.841

tivity increases slightly with the salinity. Because
(1) the quadrature conductivity and the normal-

Note: Cole-Cole parameters using the double Cole-Cole model described in Appendix A.
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has been reduced. For this data set too, there is a fair agreement be-
tween the model predictions (the plain lines) and the data determined
from the fitting model.

In Figure 15, we show the Cole-Cole relaxation time 7; as a func-
tion of the instantaneous conductivity of the mixture ¢$°. The physi-
cal model (equation 13) implies that

a’e*C,,

~EE T4 3p). 18
kaGcl,o( +3¢) (18)

7]

Therefore, the physical model implies that the Cole-Cole relaxation
time 7; should be inversely proportional to the instantaneous con-
ductivity of the mixture o§° at a given volume fraction of pyrite.
This is in agreement with the data shown in Figure 15. The scatter
shown in Figure 15 is due to the fact that the experiments are con-
ducted at different volume fractions of pyrite. We can now plot the
relaxation time as a function of the saturation for a given volume
content of pyrite. In this case, the conductivity of the mixture varies
with the saturation according to a power law relationship, i.e.,
o (s,,) = s%716%(s,, = 1), where 6%°(s,, = 1) denotes the value
of the instantaneous conductivity of the mixture at full water sat-
uration. Combined with equation 18, this yields

Tartrat et al.

T (sw) ~ Svlv_n

a’eC
— " (143 . 19

According to equation 19, the relaxation time z; depends to the sat-
uration according to a power law function. Taking n = 2, the relax-
ation time 7, should be inversely proportional to the saturation. In
Figure 16, we show for one experiment (at a fixed volume content
of pyrite) that indeed the relaxation time is inversely proportional to
the saturation (the plain line).

The Cole-Cole exponent c¢; is shown as a function of the satu-
ration in Figure 17 for different values of the pyrite content. Here
again in agreement with the theory, the Cole-Cole exponent appears
to be essentially independent of the saturation. This implies in turn
that all of the relaxation times should depend the same way on the
saturation because the broadness of the distribution (measured by
c1) seems preserved.

In Figure 18, we plot the instantaneous conductivity o§° versus
the saturation s,,. As predicted by the model (see equations 7 and
11), the data can be fitted by a power law relationship with respect
to the saturation, i.e., 6%°(s,,) = 5716 (s,, = 1). The fit provides
the value of the instantaneous conductivity at full saturation
6°(s,, = 1) and the saturation exponent n. These two quantities
are shown as a function of the saturation in Figure 19. As expected,
the exponent # is independent of the pyrite content, and it is equal

to 1.7 £ 0.2 (Figure 19a). The instantaneous con-
ductivity of the mixture at saturation 63°(s,, = 1)
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linearly increases with the pyrite content ¢,, as
predicted in equation 11.

NUMERICAL MODELING
Description of the approach

To study the induced polarization around a
metallic grain, Abdulsamad et al. (2017) solve
the Poisson-Nernst-Planck equation in 2D with
the finite-element approach using the values of
the parameters reported in Table 3. The approach

1070+ T
10° 10° 107" 10°
Frequency (Hz)

10°° T T T T T T T
10° 10 107" 10° 10' 10* 10° 10* 10°
Frequency (Hz)

T

10" 10* 10° 10* 10°

— was simplified by Revil et al. (2018a), who dem-
onstrate that the dominant mechanism for large

grains (e.g., >500 pm) is the polarization of the
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~
-
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o
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3
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o
>
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-
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metallic grain itself so we could consider the polar-
izable metallic grain in a purely ohmic background
neglecting the formation of field-induced diffuse
layers in the vicinity of the metallic particles.
Therefore, following this approach, we consider
a metallic particle with an ohmic background
material undergoing desiccation. Because the
equations are the same as in Revil et al. (2018a),
they will not be repeated here. The shape of the
metallic particle is a square to mimic the classic

105 °C - 5,=0.007 EST29300 cubic shape of pyrite in nature. The instantaneous
107 T T T — T T 1072+ — T T T T T ;
and DC conductivities of the background material
10 10% 107 10° 10" 10° 10° 10* 10° 10° 10% 10" 10° 10" 10° 10° 10* 10° . . er
Frequency (Hz) Frequency (Hz) are given from equations 4 and 5 by
Figure 23. Complex conductivity data for samples EST29296 and EST29300 (COx o2 (s,) = siloP (s, = 1), (20)

clayrock samples from the Paris Basin) undergoing desiccation. The data (the symbols)
are fitted by a double Cole-Cole model in complex conductivity (the plain lines). For
each saturation (in the range of 0.77-0.06), we have determined the Cole-Cole param-

eters. (a and b) Sample EST29296. (c and d) Sample EST29300. The bad fit corresponds 0

to the data with the lowest phase values.

op(s,) = sy lop(s, =1).  Q2I)
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The simulations are performed for a range of pore water saturations s,
in the range of 1 (full saturation) to 0.1 with a linear saturation step of
0.1 and n = 1.5.

Results

Figure 20 shows an example of the numerical simulation of the
polarization phenomena in the presence of pyrite grain. We see
clearly in this figure that the secondary voltage implies that the grain
has acquired a dipole moment. If we would pick up the voltages at
two electrodes M and N on a smaller volume, the voltage difference
would be higher and the chargeability would be higher for the
higher pyrite fraction in the volume considered for the calculation.
These simulations are used to create a synthetic data set that can be
compared with the real data discussed above. The numerical result
(the decay curve or discharge curve) can be fitted with a Cole-Cole

model, which actually takes the form of a Debye model for a single
grain (¢ = 1, no leaking effect).

The Cole-Cole relaxation time and the instantaneous conduc-
tivity of the mixture are shown in Figure 21. We clearly observe
that the magnitude of the Cole-Cole relaxation time increases when
the saturation decreases (Figure 21a). The trend is actually consis-
tent with 7(s,)~1/,/5, in agreement with equation 19 and
n = 1.5. The instantaneous conductivity of the mixture decreases
with decreasing the saturation as shown in Figure 21b. The trend
is consistent with 65°(s,,) ~ |/s,,. In Figure 22, we observe that

03— 7T 71 T T T

005~ ® EST29296 i
+ EST29300

Chargeability (-)
o
o
T
1

0.1 b bt i
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T +{.o v * e oy
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- o o -
0.05 o o N
o [ X ]

b 1 1 1 P R

0 0.2 0.4 0.6 0.8 1

Saturation (-)

Figure 25. Chargeability versus saturation for the COx clayrock
undergoing desiccation. Samples EST29296 and EST29300. The
increase of the chargeability with the decrease of the saturation
may be due to the increase of the salinity during desiccation.
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Figure 24. Instantaneous conductivity versus saturation for the COx
clayrock undergoing desiccation. In domain 1, the instantaneous con-
ductivity data follow a power law function of saturation, whereas there
is a clear departure of this trend in domain 2. Domain 2 may corre-
spond to the hydration water. (a) Sample EST29296 and (b) sample
EST29300.
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Figure 26. Cole-Cole exponent versus saturation for the COx clayr-
ock undergoing desiccation. The data show a constant Cole-Cole ex-
ponent ¢; in domain 1 with a mean value of 0.44. There is a departure
from this trend in domain 2 in which the Cole-Cole exponent gradu-
ally falls down indicating flatter spectra. We do not provide a corre-
lation coefficient here because this is not a fit but a comparison
between the model and the data.
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the relaxation time is inversely proportional to the instantaneous
conductivity of the mixture in agreement with the physical model,
see equation 18, and the experimental data shown in Figure 15.

APPLICATION TO THE COx CLAYROCK

‘We can now compare our results to the complex conductivity data
obtained with the COx clayrock by Jougnot et al. (2010). The COx
clayrock contains a minor amount of pyrite, and we are interested to
see how this pyrite may affect the complex conductivity spectra dur-
ing desiccation. In Figure 23, we show the complex conductivity
spectra for two core samples (samples EST29296 and EST29300)
at different water saturations during desiccation. The plain lines in
Figure 23 correspond to the fit of the data with the double Cole-Cole
model discussed in Appendix A. The Cole-Cole parameters are re-
ported in Tables 4 and 5. First, we note that this complex conductivity
model fits the data very well nearly at all the saturations. The
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Figure 27. Cole-Cole relaxation time versus the instantaneous con-
ductivity of the mixture for the COx clayrock undergoing desicca-
tion. (a) Sample EST29296. (b) Sample EST29300. The plain lines
correspond to the inverse relationship between the Cole-Cole relax-
ation time and the instantaneous conductivity predicted for pyrite-
dominated responses.

Cole-Cole parameters discussed below are those associated with
the low-frequency part of the spectra.

The two COx samples, EST29296 and EST29300, are 0.108 and
0.167 m long cylinders with radii of 0.063 and 0.055 m, respectively.
They were not processed after sampling. That is, they contain the in
situ pore water solution and were not resaturated with a synthetic pore
water. Their initial saturation state was not fully saturated (s,, < 0.80),
and the saturation was estimated afterward as described by Jougnot
et al. (2010). The data presented in Figure 23 were obtained by re-
peating spectral induced polarization (SIP) measurements with the
exact same setup (electrode location and measurement settings) at dif-
ferent water saturations following the procedure proposed by Cosenza
et al. (2007): First, there is a natural drying period of 29 days, fol-
lowed by heating steps in an oven (24 h at 70°C, 90°C, and 105°C).

In Figure 24, we plot the instantaneous conductivity of the rock
sample as a function of the saturation. According to equations 7 and
11, for the desiccation we have oo, = 576, (s,, = 1). This power
law relationship is used to fit the data and provide the value of
the instantaneous conductivity of the rock at saturation o (s,, = 1)
and the saturation exponent n (1.73 for EST29296 and 2.40 for
EST29300) for the high water content of domain 1. Equation 20
fits the data very well down to a critical value of saturation between
20% and 30%. Below this critical saturation, the residual pore water
is possibly bound (hydration) water and the conductivity saturation
trend does not follow an Archie-type behavior anymore, and the
new trend is not captured by our model in domain 2.

In Figure 25, we plot the chargeability versus the pore water sat-
uration. According to our model and during desiccation, the char-
geability should be independent of the saturation. We see a small
increase of the chargeability (by a factor of two) when the saturation
decreases. Below a critical saturation of approximately 20%, the
chargeability associated with the polarization of the electrical dou-
ble layer of the grains seems to decrease. Similarly, Figure 26 shows
the Cole-Cole exponent versus the pore water saturation. The Cole-
Cole exponent of the two core samples is independent of the satu-
ration down to 20% (with a mean value of approximately 0.45), and it
falls down with the decrease of the saturation below this value. The
behavior is consistent with the spectra becoming very flat at very low
water contents (see Figure 23).

Finally, in Figure 27, we show the Cole-Cole relaxation time (for
the low-frequency polarization) as a function of the instantaneous
conductivity of the rock. At low saturations only, the Cole-Cole re-
laxation time is inversely proportional to the instantaneous conduc-
tivity of the rock, which could indicate an effect of pyrite (see
Figures 15 and 22). Indeed, in the presence of pyrite, the Cole-Cole
relaxation time is inversely proportional to the saturation according
to equation 19. At higher water contents, the polarization of the
background is dominating the overall observed polarization re-
sponse and the Cole-Cole relaxation time is not expected to depend
on the conductivity of the material anymore. A complete complex
conductivity model able to include the two contributions together is
still missing and will be the focus of a future work.

CONCLUSION

We have performed 14 experiments at different pore water sat-
urations and pyrite content. The background material is a natural
illitic clay, in which electrical properties have been characterized.
The model we developed is an extension of our prior models in
which the polarization of the nonmetallic grains is due to the Stern
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layer coating these grains, whereas the polarization of the metallic
grains is an intragrain polarization mechanism. Indeed, the migration
of the charge carriers inside the metallic particles is submitted to
electrochemical potential gradients; therefore, because of its finite di-
mensions, the particle is expected to polarize in an electrical field.
The extension was done to include explicitly the effect of saturation
and the effect of desiccation when the salt remains segregated into the
liquid water phase. The spectra were fitted with a Cole-Cole model.
Based on our model, four predictions were made, which could be
tested to the experimental data. (1) The chargeability is observed
to be weakly dependent on saturation for desiccation. When the back-
ground chargeability is sufficiently small, the chargeability is inde-
pendent of salinity. (2) The instantaneous conductivity should depend
on a predictable way with the saturation accounting for the effect of
the saturation on the bulk and surface conductivities. (3) The Cole-
Cole relaxation time should be dependent on the saturation through
the dependence on saturation of the instantaneous conductivity. In
other words, the Cole-Cole relaxation time should be inversely pro-
portional to the instantaneous conductivity when saturation changes.
(4) The Cole-Cole exponent is independent of the saturation.
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APPENDIX A

DOUBLE COLE-COLE PARAMETERIZATION AND
INVERSION

To account for the polarization of the background (made by illite)
and the polarization associated with the pyrite, we use a double
Cole-Cole model written as

M M
ox =041 - LI 2 ), (AD
1+ (iwz) 1+ (iwr,)*

where ¢* denotes the complex conductivity,  is the angular fre-
quency, and 6, denotes the instantaneous conductivity (S/m). In
the following, the indices 1 and 2 refer to the lower and higher
frequency dispersions, respectively. The instantaneous and DC
conductivities can be decomposed into two contributions

0s =07 + 05, (A-2)

op = o} + oY, (A-3)

plus a continuity condition on the conductivity given as

o = o). (A-4)

In these equations, M and M, denote the chargeabilities associated
with high- and low-frequency polarization components, ¢, and ¢, are
the two Cole-Cole exponents (dimensionless), and 7, and 7, are the
(relaxation) time constants (s). The two chargeabilities are defined as

o _ 0

My =220 (A-5)
600
o _ 0

M, =22"2 (A-6)
000

If the global chargeability is defined by M = (64 — 0()/0cs WE
have M =M;+ M, and because O0<M <1, we have
0 <M, + M, < 1. The above model is called the fitting model in
the main text. The physical interpretation of the inverted Cole-Cole
parameters should be done with caution. Indeed in the absence of
metallic particles, the two Cole-Cole distributions correspond to
the Clay and Maxwell-Wagner polarization. When pyrite is present,
the two Cole-Cole distributions at low frequencies may correspond
to the clay and pyrite polarization components. Therefore, great care
should be exerted in comparing too quickly the fitting model param-
eters and the physical model developed in the main text.

The complex conductivity spectra are inverted using this double
Cole-Cole model and the nonlinear iterative method proposed by
Mosegaard and Tarantola (1995) based on a Monte Carlo Markov
Chain sampling algorithm. The approach is described by Qi et al.
(2018) and will not be repeated here. The seven model parameters
are functions of M, M, ¢y, ¢;, 71, 72, and o4, (We use Jeffrey’s
parameters for the inversion to keep the following conditions sat-
isfied: 0 < (M, M,,c;,¢;) <1 and 64, > 0; see Ghorbani et al.,
2007). It follows that all the model parameters involved in equa-
tions A-1-A-3 can be retrieved. However, the high-frequency
model parameters are determined with a high uncertainty if the fre-
quency band is limited to 45 kHz like in the present study. Finally, if
we want then to retrieve the two conductivity contributions ¢§° and
65 from M, M,, and 6, we need to go through additional alge-
braic manipulations given by

1
O'TOZEGOO(I—MQ), (A—7)
1
O'So :E(Foo(l +M2) (A—S)
APPENDIX B
SALINITY DEPENDENCE OF THE BACKGROUND
CHARGEABILITY

The polarization of clayey materials has been observed to depend
on salinity (e.g., Weller et al., 2011). Our goal here is to determine
the dependence of the quadrature conductivity of the background
with the pore water conductivity. We start with the complexation
reactions on the edge of illite
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> SH + Na* <> S~Na* + H*, (B-1)

> SH® &> S~ + Ht, (B-2)

where > S refers the surface sites attached to the crystalline frame-
work of illite and H? denotes the protons. The weakly sorbed Na™ is
considered to be mobile in the Stern layer. There is also an electrical
charge associated with isomorphic substitutions in the crystalline
framework. The equilibrium constants are

1—‘SNa[H ]
= B-3
N [gy[Na*]®” B
o rg+1°
Ky = % (B-4)
SH

where the [H*]? and [Na*]° correspond to the concentration of the
protons and sodium counterions on the edge of the crystals of illite,
respectively. The conservation equation of the surface species con-
sidering the sorption of sodium in the Stern layer of illite is

¢ = Tgna + g + 18- + T (B-5)

where I“O denotes the total surface site density (m~2), FSNa, F(S’f, and
'Y, represent the surface site density of the surface sites > S™Na™,
> S~, and > SHY, respectively, and I} represents the number of
equivalent sites corresponding to isomorphic substitutions. If we
use the associated equilibrium constant, the surface site density
in the Stern layer can be expressed as (for details, see Niu et al.,
2016)

KnaCy

o )
107" + KN, Cr + Ky

SNa — (Fg -Tx)

(B-6)

We consider that I'{ is related to the CEC by el's = CEC/S,,
where S, is the specific surface area. The normalized chargeability
is given by

Mt = 7 ¢ poAel dnaSsp- (B-7)
KnoCy
M= Je(TY—T Sy, (B-8
n F¢[)J 6‘( X) lo_pH“‘KNaCf"'KH Sp ( )
1 KNa0y
Mb = —ple(Ty —Tx) Na Ssps  (B-9)

F ¢ eﬂKH + KNao-w
where e denotes the elementary charge and f is the equivalent
mobility in the expression of the pore water conductivity written as
0,, = efC;. The high-salinity normalized chargeability of the back-
ground is defined as

MEHS — I'x)Ss,- (B-10)

= ¢pgﬂe(

It corresponds to the maximum charge of the Stern layer that can be
polarized through the application of an external electrical field.
From equations B-9 and B-10, we have

Oy

ef(Ky/Kna) + 0y

According to equation 14, the quadrature conductivity is propor-
tional to the normalized chargeability according to

Mb = M5HS (B-11)

o' = Mn _ grums T . (B-12)

o eﬂ(KH/KNa) + Oy

where the high salinity quadrature conductivity is defined by

//HS Mb HS/ (B—13)
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